RESEARCH ARTICLE

Brain Pathology ISSN 1015-6305

A Lack of Amyloid 3 Plaques Despite Persistent
Accumulation of Amyloid B in Axons of Long-Term Survivors

of Traumatic Brain Injury
Xiao-Han Chen'?; Victoria E. Johnson™?; Kunihiro Uryu?; John Q. Trojanowski'?*#* Douglas H. Smith"2

" Department of Neurosurgery, School of Medicine, University of Pennsylvania, 2 Penn Center for Brain Injury and Repair, ® The Center for
Neurodegenerative Disease Research, Pathology and Laboratory Medicine, and # Institute of Aging. University of Pennsylvania, Philadelphia, Pa.

Keywords

amyloid-precursor protein, BACE,
beta-amyloid, diffuse axonal injury, dystrophic
neurites, human, kinesin, neprilysin, PS-1,
traumatic brain injury.

Corresponding author:

Douglas H. Smith, MD, Department of
Neurosurgery, University of Pennsylvania, 105
Hayden Hall, 3320 Smith Walk, Philadelphia,
PA 19104-6316 (E-mail:
smithdou@mail.med.upenn.edu)

Received 18 June 2007; accepted 17 March
2008.

doi:10.1111/j.1750-3639.2008.00176.x

INTRODUCTION

In humans, traumatic brain injury (TBI) has been shown to induce
neuropathological changes similar to those found in Alzheimer’s
disease (AD). In particular, plaques composed of amyloid beta
(AB), a hallmark pathology of AD, have been found deposited
throughout the brain in about 30% of fatal TBI cases (20, 37, 44).
However, in contrast to AD, extensive plaque formation after TBI
can occur within days, even in young individuals (37). In addition,
several studies have shown that a history of TBI can increase the
risk of developing AD (18, 28, 29, 31, 33, 36, 41). Thus, it has been
suggested that progressive AP plaque pathology after TBI may play

arole in the epidemiological link with AD.

Axonal injury, a very common feature of TBI (3, 43), may
provide a mechanism for rapid AP plaque formation. Disruption of
axonal transport after TBI results in the rapid and massive accumu-
lation of amyloid precursor protein (APP), potentially providing
ample substrate for AP production (14). Indeed, in a model of
diffuse axonal injury (DAI) in the pig and subsequently in humans,
AP plaques were found in association with extensive axonal accu-
mulations of AP throughout the white matter within days after
injury (44, 45). AP has also been found accumulating in damaged
axons in rat models of TBI, although in the absence of A plaques
(21, 49). More recently in the pig model, APP was consistently
found to co-accumulate in axonal swellings with the enzymes
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Abstract

Traumatic brain injury (TBI) is a risk factor for developing Alzheimer’s disease (AD).
Additionally, TBI induces AD-like amyloid B (AB) plaque pathology within days of injury
potentially resulting from massive accumulation of amyloid precursor protein (APP) in
damaged axons. Here, progression of AB accumulation was examined using brain tissue
from 23 cases with post-TBI survival of up to 3 years. Even years after injury, widespread
axonal pathology was consistently observed and was accompanied by intra-axonal
co-accumulations of APP with its cleavage enzymes, beta-site APP cleaving enzyme and
presenilin-1 and their product, AB. However, in marked contrast to the plaque pathology
noted in short-term cases post TBI, virtually no AP plaques were found in long-term
survivors. A potential mechanism for AP plaque regression was suggested by the post-injury
accumulation of an AR degrading enzyme, neprilysin. These findings fail to support the
premise that progressive plaque pathology after TBI ultimately results in AD.

required for AP formation, including B-site APP cleaving enzyme
(BACE) and presenilin-1 (PS-1) (9). Thus, after TBI there may be a
unique mechanism of AP formation within the membrane compart-
ment of damaged axons. Lysis or leakage of injured axons would
release AP into the tissue, potentially contributing to plaque
formation.

Intra-axonal production of A is not without precedent. Cleav-
age of APP by BACE and PS-1 recently observed in human periph-
eral nerve axons (25, 26). It was further noted that APP, PS-1 and
BACE are actually transported together down the axon by kinesin
(26). However, these findings are controversial and contradicted by
another report (27). Nonetheless, a more recent study also suggests
that interrupted axon transport may stimulate the proteolysis of
APP, leading to the development of AP plaques (47, 48).

It remains unknown how axonal pathology and associated A}
accumulation evolves over time following TBI. In particular, it is
unclear whether AR accumulation is a self-limiting, acute-phase
response or whether it persistently accumulates over a more pro-
tracted time course, possibly leading to AD. Furthermore, potential
catabolic mechanisms that might clear A after TBI have not been
explored. For example, a major endogenous AP degrading enzyme,
neprilysin, which has been implicated in the pathogenesis of AD
(40), has not been examined in TBI.

Here we used immunohistochemistry (IHC) to evaluate axonal
pathology and accumulation of APP, PS-1, BACE, AP, kinesin and

Brain Pathology 19 (2009) 214-223
© 2008 The Authors; Journal Compilation © 2008 International Society of Neuropathology


mailto:smithdou@mail.med.upenn.edu

Chen et al

Table 1. Clinical Characteristics of Cases

Long-Term Amyloid-Beta Accumulation after Traumatic Brain Injury in Humans

Age (yrs) Sex Surv.  Causeof PMdelay Skull# ICH Contusions DAl HBD Swelling Herniation Cause Death
Injury

Acute Cases

16 M 48h RTA 43 h + RSDH + 1 Severe B + Raised ICP

59 M 96 h Fall 48 h + LEDH (e) + - - - + Raised ICP

59 F 120h  Fall 144 h + LSDH + - Mod L + Raised ICP

71 M 19h  Fall 27 h + BSDH + - Mild - + Raised ICP

17 M 37h RTA 72 h - - + Severe B + Raised ICP

Long Term Cases

31 M 27d Fall 4d + LSDH (e) + 1 - - Pneumonia

76 M 5w Fall 47 h + RP + 1 - - - Pneumonia

76 M 6w Assault 32h + RSDH (e) + 1 Mod - + Pneumonia

50 M 7w NK 90 h — RSDH (e) + 1 Mod - + Pneumonia

18 M 4w Assault 1day + - + 2 Mild - - Pneumonia

23 M 4w Assault. 81h - - - 2 - - - Pneumonia

18 M 3m RTA 64 h + - + 3 - - + Pneumonia

79 M 4m RTA 75 h - LSDH (e) + 1 Mod - - Cardiac Failure

65 M 5m NK 5d + - - - - - - Pneumonia

56 M 5m NK 5d - - + - Mild - - Pneumonia

31 M 6m RTA 3d - - + 3 - - - Pneumonia

39 M 6m RTA 12 h — — + 3 - - - Pneumonia

67 M 8m Fall 3d + RSDH (e) + 1 Mod - + Pneumonia

28 M 9m RTA 8d - - - 3 Mild - - Pneumonia

58 M 9m RTA NK — — - 3 - - - Pneumonia

64 M 18 m Assault 24 h - - - 3 Mild - - Pneumonia

48 M 2y Fall 5d + LSDH (e) + - Mild - - Alcohol Abuse

56 M 3y Assault 20 h - - + 3 - - - Pneumonia

Controls

21 F N/A N/A 63 h - - - - - - - Septic Shock

33 M N/A N/A 36 h - - - - - - - Acute Tracheobronchitis

15 M N/A N/A 5d - - - - - - - Aspiration pneumonia

F =female; M = male; PMD = post-mortem delay; # = fracture; Survl = survival time post-trauma; R =right, L =left, B = bilateral; RTA = road traffic
accident; SDH = subdural hematoma; HBD = hypoxic brain damage; DAl = traumatic axonal injury as graded by Adams et a/ (1989); ICH = intracerebral
hematoma; EDH = Extradural Hematoma; (e) = evacuated; RICP = raised intracranial pressure; + = present; — = absent; NK = not known; N/A = not

applicable.

neprilysin following TBI in humans. We examined tissue from
cases who died acutely following injury as well as cases who sur-
vived long-term, up to 3 years, post trauma.

MATERIALS AND METHODS

Brain tissue

Brain tissue from 23 cases (22 male and 1 female) was obtained at
autopsy from fatal head injury cases treated at The Southern
General Hospital, Glasgow, UK. Cases were aged between 16-79
years (mean 47 years). For comparisons between short- and long-
term changes, five cases were selected with survival times ranging
from 19 to 120 h (mean 64 h) post injury, and 18 cases were
selected with post-injury survival times ranging from 27 days to 3
years (mean 245 days). Causes of injury included automobile
crashes, falls and physical assault. Post-mortem delays ranged
from 12 h to § days (mean 64 h) (Table 1). Controls consisted of
three cases (2 male, 1 female), aged 15-33 years (mean 23 years)
who died from non-neurological causes and with no known history
of TBI. DAI was graded according to Adams et al (1). Hypoxic
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brain damage was assessed by Graham et al (16). Evidence of there
having been raised intracranial pressure was determined according
to Adams and Graham (2). Clinical and neuropathological infor-
mation for each subject is listed in Table 1.

All brain sections that were examined contained white matter
tracts from the subcortex, deep white matter and corpus callosum.

Use of tissue for this study was approved by the Ethics Commit-
tee of the Southern General Hospital, South Glasgow University
Hospitals NHS Trust.

Immunohistochemistry

THC staining was performed on serial paraffin-embedded sections.
Single, double or triple labeled IHC was performed using a well-
characterized panel of primary antibodies (Table 2).
Neurofilament (NF) was detected using monoclonal antibody
N52 at a dilution of 1:400 (Sigma, St Louis, MO, USA). APP was
detected using monoclonal antibody 22C11 at a dilution of 1:40
(Chemicon, Temocular, CA, USA) and polyclonal antibody Karen
(courtesy of Dr VM.-Y. Lee) at a dilution of 1:800. Amyloid beta
peptide (AP) was detected using antibodies 4G8 (54) (courtesy of
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Table 2. Summary of antibodies used for

Antibody Epitope protein/Amino acids Type Dilution Company immunohistochemistry. Abbreviations:
22C11 APP/60-100 M 1:40 Chemicon M = monoclonal; P = polyclonal; APP = amyloid
Karen APP/N terminal P 1:800 * precursor protein; Ap = amyloid beta;
6F/3D AB/8-17 M 1:50 Dako NF = neurofilament.
4G8 AB/17-24 M 1:1000 *
13335 AB/1-42 P 1:1000 *
AMY33 AB/1-28 M 1:500 Zymed
BCO5 AB-42 C terminal M 1:10000 *
BACE B-secretase Asp1 P 1:500 Alpha
PS-1 C-terminal presenilin P 1:200 Zymed
L1 Kinesin-L M 1:200 Chemicon
N52 NF-H M 1:400 Sigma
CD10 Neprilysin M 1:50 Novocastra
NEP Neprilysin P 1:500 Chemicon
OX42 Macrophage M 1:100 Serotec
Macrophage macrophage inflammatory P 1:100 Abcam
protein
SMI-94 Mylin basic protein M 1:1000 Covance

*Antibody obtained courtesy of Dr V.M.-Y. Lee

Dr VM.-Y. Lee), 13335 (30) (courtesy of Dr VM.-Y. Lee), 6F/3D
(6) (Dako Corporation, Carpentaria, CA, USA), Amy33 (7)
(Zymed, San Francisco, CA, USA) and BCO5 (50) (courtesy of Dr
V.M.-Y. Lee) at dilutions of 1:1000, 1:1000, 1:50, 1:500, 1:10,000,
respectively. Because of the potential cross-reactivity of antibody
4G8 with both AP and APP, this antibody was used for analysis of
plaques only, not AP in axons.

Beta-site APP cleaving enzyme (BACE) was detected using poly-
clonal antibody BACE (Alpha Laboratories, Hampshire, UK) at
dilution 1:500. Presenilin-1 (PS-1) was detected using polyclonal
antibody PS-1 (Zymed) at a dilution of 1:200. Kinesin was detected
using monoclonal antibody L1 (Chemicon) at a dilution of 1:200.
Neprilysin was detected using monoclonal antibody CD10 (Novo-
castra Laboratories, Newcastle Upon Tyne, UK) and polyclonal
antibody NEP (Chemicon) at dilutions of 1:50 and 1:500, respec-
tively. These anti-neprilysin antibody dilutions were chosen so that
no background staining could be detected in the control cases, that
is, permitting interpretation of significant staining in trauma cases.

Macrophages/microglia were detected using antibody CD11b, at
dilution1:100 (Serotec Inc., Raleigh, NC, USA) and rabbit poly-
clonal antibody to macrophage inflammatory protein 1 alpha at
dilution 1:100 (Abcam Inc., Cambridge, MA, USA). Myelin basic
protein was stained for using; SMI 94, at dilution 1:1000 (Covance:
Berkeley, CA, USA).

Single-label IHC examination

The sections were deparaffinized and endogenous peroxidase
activity was quenched using 20% H,O, (Sigma) in methanol
(Fisher, Pittsburgh, PA, USA) for 30 minutes. Antigen retrieval was
achieved by immersion in 88% formic acid (Sigma) for 5 minutes
followed by boiling (using a microwave) for 5 minutes. Sections
were then blocked by 2% normal horse serum (Sigma) in 0.1 M
Tris, pH 7.4 for 30 minutes. The slides were incubated overnight
with a primary monoclonal antibody or polyclonal antibody at 4°C
and then incubated with the appropriate biotinylated secondary
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antibodies at room temperature for 1 h (ABC kit 1:1000, Vector
Laboratories Inc., Burlingame, CA, USA). Visualization was
achieved using the DAB peroxidase substrate kit (Vector). Anti-
bodies were diluted in 0.1 M/L Tris buffer with 5% normal horse
serum and 0.1% Triton X-100, and tissue sections were washed
with 0.1 M/L Tris buffer. Sections were counterstained with hema-
toxylin (1:20), dehydrated and coverslipped. In order to obtain a
negative control, the above process was performed with omission
of primary antibody.

Double or triple label examination

To examine the co-accumulation of proteins within the tissue, sec-
tions were incubated using various combinations of primary anti-
bodies (details on request).

Processing of each primary antibody on the sections was as
described above. Incubations of fluorescent secondary antibodies
were performed in a darkroom. The secondary antibodies were:
fluorescein conjugated goat anti-rabbit IgG (1:200, Molecular
probes Inc., Eugene, OR, USA); Texas red conjugated horse anti-
mouse IgG (1:200, Vector laboratories Burlingame); fluorescein
conjugated goat F,, fragment anti-rabbit IgG (1:200, Jackson
ImmunoReseach Laboratories Inc., West Grove, PA, USA), and
AMCA donkey anti-goat IgG (1:200, Jackson ImmunoReseach
Laboratories). In general, IHC staining was performed sequen-
tially; that is, one primary antibody was applied followed by its
respective secondary antibody and the procedure repeated using
secondary and tertiary staining sequences. As a negative control,
each pair of primary antibodies was processed separately to
confirm the lack of cross-reactivity between the two or three sec-
ondary and primary antibodies.

All sections were examined with fluorescence microscopy using
a Nikon Microphoto SA with a UFX-DX camera system (Optical
Apparatus, Ardmore, PA, USA) and appropriate filters. The images
were captured using a Nikon Eclipse E600 with spot RT digital
camera (Diagnostic Instruments Inc., Sterling Heights, MI, USA).

Brain Pathology 19 (2009) 214-223

© 2008 The Authors; Journal Compilation © 2008 International Society of Neuropathology



Chen et al

Table 3. Summary of Immunohistochemical Data

Long-Term Amyloid-Beta Accumulation after Traumatic Brain Injury in Humans

Case No. Survl. PMD Age Axonal Bulbs Soma AB Plagues
AB APP NF BACE PS1 Kinesin NEP NEP
Acute Cases
1 48 h 43 h 16 ++ -+ R ++ ++ + ++ + ++
2 96 h 48 h 59 + + ++ + + + + - ++
3 120 h 144 h 59 + + + + + - — _
4 19h 27 h 71 - + + + + + - - -
5 37h 72 h 17 + +H+ +H+ ++ + ++ ++ + ++
Long-Term cases
1 27d 96 h 31 + + + + - + ++ +H+ -
2 5w 47 h 76 + + + - - + + + -
3 6w 32h 76 + + + - - + - + -
4 7w 90 h 50 ++ ++ ++ + + + ++ +++ -
5 4w 24 h 18 ++ ++ ++ + + + ++ - -
6 4w 81h 23 + ++ ++ + + + ++ -+ -
7 12w 64 h 18 + + + + - + + ++ -
8 16 w 75 h 79 + + + + + + - - -
9 5m 120 h 65 + ++ + + + + ++ o+ +
10 5m 120 h 56 + + + + - + - - _
I 6m 72 h 31 ++ + + + + + ++ ++ -
12 6m 12 h 39 + + ++ + + + - - _
13 8m 72 h 67 + + ++ + + + + ++ -
14 9m 192 h 28 + + + + + + - - _
15 9m NK 58 + + + + + + — - _
16 18m 24 h 64 + + + - - — — _ _
17 2yr 120 h 48 + + + + + + - ++ -
18 3yr 20 h 56 + ++ + - + - - ++ -
Control Cases
C1 n/a NK 21 - - - - - - - _ _
C2 n/a NK 33 - - - - - - - - -
C3 n/a 4d 15 - - - - - - - - -

+=fewer than 5 profiles; ++=6 to 15 profiles; +++ = greater than 15 profiles; PMD = post-mortem delay; Survl = survival time post-trauma;
PS1 = presenilin-1; BACE = beta-site APP cleaving enzyme; APP = amyloid precursor protein; A = amyloid beta; NF = neurofilament; NEP = neprilysin;

NK = Not known.

Luxol fast blue staining

Tissue was deparaffinized and hydrated to 95% alcohol. Luxol fast
blue solution (Sigma) was applied overnight at 60°C. Following
rinsing using distilled water, lithium carbonate solution was
applied (5 minutes) followed by emersion in 70% alcohol
(2x10s). Steps beyond deparaffinization and hydration were
repeated until a sharp contrast between the blue of the white matter
and colorless gray matter is evident. Following this, slides were
rinsed in 70% alcohol and counterstained with eosin and cresyl
violet.

Semi-quantitative analysis

Observations were conducted blind to the demographic and clinical
information for all cases. For each stain, two sections from each
block of tissue were examined. Only immunoreactive profiles that
could be clearly identified based on morphological characteristics
(axonal bulbs and plaques) were counted in each section. Profiles
were counted manually using light microscopy at X200 magnifica-
tions over five fields (each field measuring 1.2 mm?) for each brain

Brain Pathology 19 (2009) 214-223

section. The average number of each profile type was then deter-
mined. The average number of profiles was categorized by applying
the following ranked scale; minimal—fewer than 5 profiles (+);
moderate—6 to 15 profiles (++) or extensive—greater than 15
profiles (++ +).

RESULTS

A summary of all immunohistochemical findings are shown in
Table 3.

Axonal pathology

Axonal pathology was identified immunohistochemically using
antibodies targeting NF (N52) and APP proteins (22C11 and
Karen (9)), in accordance with previously published criteria for
the detection of axonal pathology in long-term survival cases (4,
5, 24).

Within the TBI group, axonal bulbs and axonal swellings were
detected in all cases, both with acute and long-term survival
groups, using antibodies specific for both APP and NF (Figure 1).
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Figure 1. Axonal pathology. Representative immunoreactivity for neu-
rofilament (NF) and amyloid precursor protein (APP) demonstrating
axonal bulbs and varicosities in both short- and long-term survival cases
of traumatic brain injury. Scale bar = 50 um.

Chen et al

Most axonal bulbs had the classic appearance of discrete spheri-
cal profiles surrounded by a halo where the bulb has pulled away
from the tissue. These bulb profiles were up to 40 um in diameter,
connected to the proximal portion of the axon which was com-
paratively normal in diameter. The morphology of the axonal
bulbs was distinct from the elongated, varicose swellings often
seen effecting non-disconnected axon shafts. These varicosities at
times spanned up to several hundred micrometers.

Cases with a short-term post-injury survival time generally
appeared to have more profiles indicative of axonal pathology than
long-term survivors (27 days to 3 years).

As was noted previously (46), no axonal injury, protein accumu-
lation or AP plaque-like profiles were detected by stains in any
control cases.

BACE, PS-1, kinesin and APP accumulation

Immunoreactivity demonstrating accumulation of BACE in
swollen axonal profiles was established by specific antibody BACE
(Table 2). BACE immunoreactivity was found in the axonal bulbs
in virtually all head injury cases. Within the short-term survival
group, BACE staining was noted to be extensive. Cases with long-
term survival tended to have less abundant immunoreactivity
although it was still detectable in axons in all but four cases
(Figures 2 and 3).

Immunoreactivity for PS-1 protein in swollen axonal profiles
was detected using the specific antibody PS-1. PS-1 immunoreac-
tivity was less prevalent than that of BACE with predominantly
minimal immunoreactivity being detected in both groups.

A
Long-term axonal injury
[ 1
AR BACE PS-1 L IANERL IS
TS | * T
- = e : . ;
B
" ok & " Figure 2. Long-term intra-axonal pathology
AR . W and short-term amyloid plaques. (A) Axonal
s ! bulb immunoreactivity for amyloid B (AB)
. : (6F/3D) antibody, B-site APP cleaving enzyme
" g e el (BACE), presenilin-1 (PS-1) and neprilysin in
- » : : ' o long-term survival cases. (B) AR plaques found
& - i o S in short-term survival cases (4G8 antibody).
& 2w ] X 3 + === Scale bar=50pum.
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Short-term axonal injury

Macrophage

Figure 3. Axonal bulb accumulations, macrophages/microglia and
myelin. Top panels: representative triple labeling of amyloid precursor
protein (APP), amyloid B (AB), B-site APP cleaving enzyme (BACE),
presenilin-1 (PS-1), kinesin, neprilysin (NEP), and APP within both short-
and long-term survival cases. Immunoreactivity gives the typical appear-
ance of these proteins accumulating within axonal bulbs in the subcorti-
cal white matter. 13335 and Amy33 antibodies demonstrate A within
axonal bulbs. Neprilysin can be found co-localizing with APP and AB.

However, it was clear that PS-1 immunoreactivity was ele-
vated in cases surviving up to 3 years post TBI (Figures 2
and 3).

Immunoreactivity for kinesin protein in swollen axonal profiles
was identified by antibody specific to kinesin (L1). Kinesin immu-
noreactivity was demonstrated in almost all cases in axonal bulbs.
In terms of the extent of immunoreactivity, both the long- and
short-term survival groups had moderate to extensive staining
(Figure 3).

Using double or triple-fluorescence IHC, we consistently found
co-immunoreactivity of combinations of APP or A with BACE
and PS-1 in axonal profiles by using specific antibodies
(Figure 3). This co-immunoreactivity was seen in cases who died
shortly after trauma as well as in those who survived long-term
(Figure 3).

Brain Pathology 19 (2009) 214-223
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Long-term axonal injury

..
BACE BACE

Kinesin

Long-term

Ek_' . 5 ._. g ; T o v 5

Macrophage

Scale bar =50 um. Bottom Panels: Immunofluorescence demonstrated
macrophages/ microglia in the brain tissue in short- and long-term sur-
vival cases detected by antibodies OX42 and macrophage inflammatory
protein. Luxol fast blue and immunostaining for myelin basic protein
(SMI 94) revealed patchy loss of immunoreactivity in the subcortical
white matter in both short- and long-term survival patients. Scale
bar =50 um.

Ap accumulation

In total, a panel of five antibodies were used to detect various AP
epitopes. Initially, for detection of plaque-like profiles, 13335 was
used in all sections from all cases. 4G8 was used on 11 sections
from 11 cases to confirm the presence or absence of plaque pathol-
ogy as identified by 13335. Staining for AP plaque pathology also
revealed the presence of AP within axon bulbs. Thus, confirmatory
detection of AP accumulation in damaged axons was accomplished
using BCO5, 6F/3D and Amy33; all of which are specific for Ap
and do not cross-react with full-length APP. BC0O5 was used in all
cases, 6F/3D in 16 cases, and Amy33 in 11 cases. When compared,
these antibodies revealed consistent immunoreactivity to Af.
Axonal swellings stained for AP had the typical appearance of
axonal bulbs at the terminal ends of disconnected axons following
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TBI. Double immunostaining demonstrated co-localization of AB
with markers of axonal pathology (APP and NF) within some of the
axonal bulbs. Although APP and AP co-localization could be seen,
this was not the case in all axon bulbs, with some bulbs staining
with APP alone. Classically observed varicose swellings were dem-
onstrated within non-disconnected axons, yet A accumulation
was not detected within these sites despite the accumulation of
other proteins including APP and NF. A accumulation appeared
to be restricted to the axonal bulbs. Notably, the multiple antibodies
used, with their different epitope recognition, may suggest that
multiple forms of AP accumulate in axon bulbs following trauma.
Within the short-term survival group, AR accumulation was
consistently observed within axonal bulbs in three of the five cases,
as detected by anti-Af antibodies. In addition to the intra-axonal
accumulation, three of five cases in the short-term survival group
also demonstrated plaque-like profiles in the extracellular space, as
shown by antibodies 13335 and 4G8 (Figure 2). AP containing
plaque-like profiles were found in both gray and white matter,
often, but not exclusively, found close to immunoreactive axons.
The long-term survival group also demonstrated accumulation
of AP within axonal bulbs in virtually all cases, detected by anti-Af3
antibodies (Figures 2 and 3). However, within this group, only one
case was found to have a minimal number of extracellular plaques.

Macrophage/microglia and mylein staining

Immunofluorescence and distinct morphologic characteristics
demonstrated macrophages/microglia in the brain tissue in short-
and long-term survival patients detected by antibodies OX42 and
macrophage inflammatory protein (Figure 3). Luxol fast blue
and immunostaining for myelin basic protein (SMI 94) revealed
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Figure 4. Neprilysin staining.
Photomicrographs demonstrating
immunoreactivity to neprilysin representative
of positive cases found up to 8 months post
injury. (A and B) Clusters of positively stained
axons are seen within the subcortical white
matter. Note the classic appearance of halos
surrounding the swollen axon terminals. This
phenomenon occurs secondary to dehydration
of the tissue during processing. (C and D)
Swollen axon bulbs seen at higher
magnification. (E) Clusters of soma within the
subcortical white matter demonstrating
positive neprilysin staining. (F) Somal neprilysin
staining seen at a higher magnification. Note
the staining has a granulated quality. All scale
bars =50 um.

patchy loss of immunoreactivity in the subcortical white matter
in both short- and long-term survival patients (Figure 3; scale
bar =50 um).

Distribution of immunoreactivity for neprilysin

Within the short-term survival TBI group, specific antibodies
(CD10 and NEP used in all cases with consistent immunostaining)
demonstrated immunoreactivity for neprilysin protein in axonal
bulbs in the subcortical white matter in two of five cases. (Figures 2
and 4A-D). Notably, this staining demonstrated the classic appear-
ance of axonal bulbs or varicosities surrounded by a halo caused by
tissue dehydration.

Cases with a long-term survival were positive for neprilysin
immunoreactivity in axons in approximately half of the cases
examined. However, it was not observed past 8 months survival
(Figures 2 and 4A—D). Within the soma of these cases, neprilysin
immunoreactivity was detected in the majority of cases (11 of 18),
up to 3 years post TBI (Figure 4E and F). Staining of soma
appeared almost granular in nature.

Following injury, neprilysin immunoreactivity was also observed
in cells displaying the morphological features of macrophages/
microglia, particularly within the short-term survival group.

In control cases, no immunoreactivity for neprilysin protein was
demonstrated in axons or soma as was predicted by setting dilu-
tions for detection of a significant staining threshold beyond
control cases.

DISCUSSION

This study provides the first evidence that axonal swelling and
degeneration persists for years after TBI in humans. These axonal
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swellings were consistently found to contain accumulations of AP
and the proteins necessary for its generation, including APP,
BACE and PS-1. Although AB plaques were found shortly after
TBI as has been reported earlier (20, 37, 44), almost no A plaques
were found months to years after injury, despite apparent A} pro-
duction in axons. This finding was a surprise considering that pro-
gressive and escalating plaque pathology after injury was antici-
pated. To the contrary, these data suggest that plaques may actually
regress over time after TBI. If so, this process may be mediated via
proteolysis of AB by neprilysin, for which immunoreactivity was
also increased in injured brains. These collective data provide the
first evidence that TBI in humans triggers progressive axonal
degeneration in association with the anabolism and possible
catabolism of A for years after injury. However, the absence of A
plaques in long-term survivors of TBI fails to provide a pathologic
mechanism that might explain the epidemiological association
between TBI and AD.

Axonal injury is one of the most frequently found, and arguably
most important, pathological findings following TBI (3, 43). It is
characterized by the presence of axonal swellings, either as discrete
bulb formations or as elongated varicosities. As the axon undergoes
cytoskeletal disorganization and progressive protein accumulation,
secondary axotomy will eventually result with swollen axonal
bulbs seen at the axon terminal (34, 43). The heterogeneous nature
of TBI is such that axonal pathology may be attributed to not only
the direct traumatic mechanical disruption of axons, but also poten-
tially to secondary acute changes such as raised intracranial pres-
sure or compromised vasculature and resultant hypoxia (12).
However, a far greater number of cases than those evaluated in the
present study would be necessary to determine the relative contri-
bution of primary and secondary pathologic processes on the extent
of axonal pathology and protein accumulation.

APP and NF (transported by fast and slow axonal transport,
respectively) are useful markers of protein accumulation associated
with axonal pathology (8, 15, 55). Using these markers, swollen
and disconnected axons were found in virtually all the TBI cases
examined. It is generally believed that this traumatic axonal pathol-
ogy is a relatively acute feature of brain trauma, being completely
cleared after a few months following injury (1). Here it is shown
that axonal pathology actually persists for at least 3 years after
injury. However, the degree of axonal pathology found within the
long-term survival group was generally less extensive than those
cases who survived for a shorter duration, as has previously been
shown in a pig model of DAI (9). Why axons should continue to
swell and disconnect over such a protracted time course is not clear.
The long duration and persistent nature of this pathology suggests
that TBI can induce a progressive neurodegenerative process. Thus,
there may be two phases of axon degeneration after TBI; (i) an
immediate and reactive process of axons undergoing acute degen-
eration subsequent either to devastating mechanical disruption or
secondary pressure/vascular complications; and (ii) a delayed
process in axons that, despite remaining relatively intact shortly
after injury, are primed to undergo degeneration even years later
through unknown mechanisms. It may be that this is a form of
wallerian degeneration that has not been described previously.

This chronic axon degeneration is also associated with a patchy
loss of myelin staining, potentially related to short- and long-term
death of oligodendrocytes that has previously been observed after
TBI in humans (42, 53). Additionally, there appears to a be long-
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term inflammatory response after TBI, with the identification of
macrophages/microglia in brain tissue even years after injury, as
has previously been observed (13). However, it remains unknown
whether these phagocytic cells are simply clearing debris resulting
from ongoing axonal degeneration or are actively involved in the
degenerative process (10).

A final step towards axon degeneration in TBI is failed axonal
transport, a process that has recently gained momentum as a
mechanism for several neurodegenerative diseases, including AD
(39, 48, 51). The current data demonstrate that for TBI, the patho-
logic accumulation of AR caused by impaired axonal transport
continues for at least 3 years following injury in humans. As previ-
ously shown in swine (9), long-term axonal accumulation of AP in
humans was accompanied by the co-accumulation of proteins nec-
essary for its generation, including APP, BACE and PS-1. This is
strongly suggestive that the generation of A is intra-axonal. Under
normal conditions, APP, BACE and PS-1 are transported as distinct
cargoes in axons. Disruption of axonal transport may provide a
unique environment whereby pathologic accumulations of these
proteins interact resulting in the production of AB. Indeed, recent
studies have described AP production mediated by BACE and PS-1
in the axonal membrane compartment of peripheral nerves (25,
26). Although these observations are in debate (27), a more recent
study has shown that interruption of axonal transport may stimulate
the proteolysis of APP, leading to the development of AP plaques
(48).

A potential intra-axonal location of A metabolism is unclear
when considering that AP is conventionally thought to be pro-
cessed via the cell membrane. However, there is accumulating
evidence implicating lipid rafts as important sites of AP process-
ing within neuron cell bodies (10, 19). Considering that axons are
rich with lipid rafts, this may provide a mechanism for AP pro-
duction completely within the axonal membrane compartment
after TBI.

If damaged axons provide an environment conducive to AR
formation and accumulation, subsequent lysis or degeneration of
these axons could result in the expulsion of AP into the parenchy-
mal tissue. Indeed, AP containing plaque-like structures have been
identified in brain injured tissue just hours after trauma, often close
to damaged axons (17, 20, 37, 44). Additionally, elevated AR
peptide has been identified in the cerebrospinal fluid of TBI cases
(11, 35). Our data suggest that the anabolism of AP remains
elevated in axons both acutely and up to 3 years after trauma.
However, plaque formation appears to be minimal in those cases
surviving long term.

Potential long-term regression of AP plaques formed acutely
after TBI may reflect a change in the balance between Af} anabo-
lism and catabolism. In terms of catabolism, neprilysin has
emerged as a primary endogenous AP degrading enzyme (23) and
has increasingly been implicated in the pathogenesis of AD (for
review, see (22)). Neprilysin is a transmembrane glycoprotein
whose C-terminal catalytic site lies on the extracellular surface (38,
52). Here extensive neprilysin immunoreactivity was found in the
soma of the majority of long-term survival cases as well as being
identifiable in swollen axonal bulbs. Interestingly, these cases com-
prise the same group that have a virtual absence of AP plaques.
These findings may reflect a long-term process involving an
upregulation of neprilysin that continually clears both intracellular
and of extracellular AP, thereby promoting plaque regression.
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What stimulates neprilysin production is not well understood,
although a recent study demonstrated that amyloid intracellular
domain, a cytoplasmic fragment generated from PS-1 dependant
cleavage of AP, acts as a mediator of neprilysin expression at a
transcriptional level (32). Thus the persistent generation of A} may
trigger a feedback loop that results in its own clearance. However, it
is unclear whether this process can occur in response to A produc-
tion within the axonal compartment.

If neprilysin is playing a role in AP clearance after trauma, varia-
tions in this mechanism may explain why some TBI patients form
plaques while others do not. Further work is required to clarify the
exact role neprilysin is playing under post-traumatic conditions and
how neprilysin effects AR accumulation, not only in relation to
TBI, but also how it may contribute to the development of AD. It
may be such that aberrations of neprilysin mediated A catabolism
combined with TBI as an environmental trigger produces a unique
subset of TBI patients who go on to develop AD.

Overall, our data suggest a long-term process of A metabolism
initiated by TBI. Ongoing axonal pathology appears to supply all of
the essential elements for both the anabolism and catabolism of Af.
However, the absence of AP plaques in the brains of long-term
survivors for up to 3 years after TBI does not support the premise
that plaque pathology progressively fulminates over time, ulti-
mately resulting in the clinical manifestations of AD. To the con-
trary, based on the present data, A plaques formed in the initial
weeks after injury may actually regress with time. Here, a continu-
ously renewed supply of AP in degenerating axons may be kept in
check through degradation by endogenous mediators such as
neprilysin. Nonetheless, our data do not rule out the possibility that
in some individuals with TBI, the balance between A} anabolism
and catabolism eventually shifts during aging, accounting for the
epidemiologic evidence of a link between TBI and AD.
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