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Plaques composed of amyloid 3 (AB) have been found
within days following brain trauma in humans, sim-
ilar to the hallmark plaque pathology of Alzheimer’s
disease (AD). Here, we evaluated the potential source
of this AB and long-term mechanisms that could lead
to its production. Inertial brain injury was induced in
pigs via head rotational acceleration of 110° over 20
ms in the coronal plane. Animals were euthanized at
3 hours, 3 days, 7 days, and 6 months post-injury.
Immunohistochemistry and Western blot analyses of
the brains were performed using antibodies specific
for amyloid precursor protein (APP), A3 peptides,
B-site APP-cleaving enzyme (BACE), presenilin-1 (PS-
1), caspase-3, and caspase-mediated cleavage of APP
(CCA). Substantial co-accumulation for all of these
factors was found in swollen axons at all time points
up to 6 months following injury. Western blot analy-
sis of injured brains confirmed a substantial increase
in the protein levels of these factors, particularly in
the white matter. These data suggest that impaired
axonal transport due to trauma induces long-term
pathological co-accumulation of APP with BACE, PS-1,
and activated caspase. The abnormal concentration of
these factors may lead to APP proteolysis and Af3
formation within the axonal membrane compart-
ment. (Am J Pathol 2004, 165:357-371)

A series of investigations suggest a link between trau-
matic brain injury and Alzheimer’s disease (AD). Several
epidemiological studies have found that even a single
incident of brain trauma is a significant risk factor for
developing AD."® In addition, plaques composed of
amyloid B (AB) have been found within days following a
single incident of brain trauma in humans, similar to the
hallmark plague pathology of AD.”® However, it has re-
mained unknown how AB is so rapidly produced after
brain injury or how long this process persists.

In AD, the primary mechanism for production of AB
peptides is thought to be via transmembrane cleavage of
amyloid precursor protein (APP) by B- and y-secreta-
ses.® "2 Following brain trauma in humans and several
experimental animal models, a marked accumulation of
APP has been found in damaged axons, suggesting that
there may be ample substrate for AB production. We
have previously identified extensive co-accumulation of
AB with APP in swollen axons within days following injury
in a pig model of diffuse axonal injury (DAI)."® Likewise,
we have recently found widespread axonal AB accumu-
lations associated with AB plaques in brain-injured hu-
mans with DAI.'* These observations suggest that dam-
aged axons serve as a key source of AB following brain
trauma. Although intra-axonal proteolysis of APP to AB is
not a typical process proposed for AD, a recent study has
demonstrated AB production within the axon membrane
compartment of peripheral nerves.'® 6 This process was
mediated by B-site APP-cleaving enzyme (BACE) and a
catalytic component of +y-secretase, presenilin-1
(PS-1).1917

Here, we used the pig model of DAI to explore the
relationship of AB accumulation in damaged axons with
proposed mediators of AB production. Due to the long-
term neurodegenerative changes induced by brain trau-
ma,'®2" we examined the accumulation of APP, AB,
BACE, and PS-1 in the brain over 6 months following
injury. In addition, we evaluated potential caspase acti-
vation and caspase-mediated proteolysis of accumulat-
ing APP.

Materials and Methods

This study was conducted in accordance with the animal
welfare guidelines set forth in Guide for the Care and Use
of Laboratory Animals, U.S. Department of Health and
Human Services Publication Number 85-23, 1985. All
animal procedures were previously approved by the Uni-
versity of Pennsylvania Institutional Animal Use and Care
Committee.
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Pre-Injury Preparation

Fifteen young adult (6 months old) miniature swine (Han-
ford strain, Sinclair Research Center, Inc., Columbia,
MO), both male and female, 17 to 20 kg, were used for
this study. The animals were fasted for 12 hours, following
which anesthesia was induced with an initial injection of
midazolam (400 to 600 mg/kg). Once sedated, animals
received 2 to 4% isoflurane via snout mask until they
reached a plane of surgical anesthesia. A venous cath-
eter was then inserted in the ear, and the animals were
endotracheally intubated and maintained on 1.5 to 2%
isoflurane. Physiological monitoring and apparatus in-
cluded noninvasive ECG electrode leads affixed to the
chest and extremities, a pulse oximeter placed on the
skin of the tail, a rectal thermometer, and sampling tubes
for end tidal CO, measurement attached to the endotra-
cheal tube. Arterial blood gasses were also periodically
evaluated pre- and post-injury. The pigs were continu-
ously monitored and all data from physiological monitor-
ing were collected on a computer-driven storage system.
Intracranial pressure monitoring was not performed since
previous studies demonstrated only small transient
changes using the injury parameters applied in this
study.?°

Brain Injury

Brain trauma was induced via head rotational accelera-
tion as previously described in detail.?>2° Briefly, the
animals’ heads were secured to a padded snout clamp,
which, in turn, is mounted to the linkage assembly of a
pneumatic actuator, or HYGE device, that converts the
linear motion to an angular (rotational) motion. For these
experiments, the linkage was adjusted to produce a pure
impulsive head rotation of 110° in the coronal plane, with
the center of rotation close to the brain center of mass.
Head rotational acceleration was biphasic with a pre-
dominant deceleration phase. Triggered release of pres-
surized nitrogen rotates the linkage assembly the full
110° in 20 msec. Following brain injury, animals’ heads
were released from the clamp. Sham (control) animals
received identical treatment without injury.

Tissue Preparation

For histopathological analyses, animals were sacrificed
at 3 days (n = 3), 7 days (n = 3), and 6 months (n = 3)
post-injury or sham treatment (n = 2 at 6 months of age,
n = 1 at 11 months of age). After animals received an
overdose of pentobarbital (150 mg/kg i.v), the descend-
ing aorta was clamped and the animals were transcardi-
ally perfused with 4 liters of saline followed by 10 liters of
4% paraformaldehyde. The brains were carefully re-
moved, post-fixed in 4% paraformaldehyde solution for 2
hours, and stored in phosphate buffer solution (Millonig’s
buffer). Fixed brains were subsequently blocked into
0.5-cm coronal sections for gross examination and pho-
tography. All blocks were cut into coronal slices 2- to
4-mm thick and processed for paraffin-embedding in an

automated tissue processor (Shandon Hypercenter XP,
Shandon Scientific Instruments, Pittsburgh, PA). Serial
sections of 6 um were cut on a Leitz rotary microtome
(Leica, Malvern, PA) and mounted on poly-L-lysine-
coated slides.

For protein analysis, animals were deeply anesthetized
and perfused with heparinized saline at 3 hours (n = 3),
3days (n = 3), and 7 days (n = 3) following brain trauma.
Sham animals (n = 2) were perfused in the same manner.
Surgical resection of 2 cm?® of brain tissue from the left
frontal lobe was performed before transcardial perfusion.
Gray and white matter were rapidly dissected from the
tissue on crushed dry ice and stored at —80°C.

Immunohistochemistry

Immunohistochemistry (IHC) staining was performed on
serial paraffin-embedded sections that were coded to
hide the injury and age status of the animals to blind the
analysis. We performed both single- and double-label
IHC on the tissue to detect accumulations of APP, neu-
rofilament (NF) proteins, AB, BACE, PS-1, caspase-3,
caspase-mediated cleavage of APP (CCA), and kinesin,
and to identify macrophages. We used a well-character-
ized panel of primary antibodies for these studies listed in
Tables 1, including their specificities, dilutions, and ref-
erences. One antibody, “249”, was created specifically
for this study to detect CCA. This antibody was raised in
a rabbit to react with the amino-terminal fragment of APP
generated by caspase-3 cleavage. The peptide corre-
sponding to the carboxy-terminus of this APP fragment,
CGVVEVD, was synthesized by Research Genetics and
its sequence confirmed by mass spectrometry. It was
coupled covalently through its cysteine residue to male-
imide-activated KLH, and the conjugate was used to
immunize mice and generate the Ab249 antiserum.

Single-Label IHC Examination

Single-label examinations were performed using the
panel of primary antibodies listed in Table 1. Sections
were deparaffinized and endogenous peroxidase activity
was quenched with 5% H,O, (Sigma, St. Louis, MO) in
methanol (Fisher, Pittsburgh, PA) for 30 minutes. Sections
were then blocked using 2% normal horse serum (NHS)
(Sigma) in 0.1 mol/L Tris, pH 7.4 for 30 minutes and
incubated overnight with a primary monoclonal antibody
(mADb) or polyclonal antibody (pAb) at 4°C. Sections were
then incubated at room temperature for 1 hour each with
the appropriate biotinylated secondary antibodies and
ABC kit (1:1000, Vector Laboratories, Inc., Burlingame,
CA), followed by DAB peroxidase substrate kit (Vector).
Antibodies were diluted in 0.1 mol/L Tris buffer with 2%
NHS and 0.1% Triton X-100, and tissue sections were
washed in 0.1 mol/L Tris buffer. Sections were counter-
stained with hematoxylin, dehydrated, and cover-
slipped. For the single-label immunostaining, omission of
primary antibody or application of control serum instead
of primary antibody on selected sections of pig tissue
provided a negative control. Paraffin-embedded sections
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Table 1. Summary of Antibodies Used for Immunohistochemistry
Antibody Epitope protein/famino acids Type Dilution Company Reference
22C11 APP/60-100 M 1:40 Chemicon 47
APP APP/C terminal & C99 fragments P 1:200 ProSci 48,49
APP APP/N terminal P 1:00 Serotec 50
249 caspase cleavage of APP P 1:2000 > 51
6E10 AB/l1_17 M 1:500 Signet 57
6F/3D ABlg 17 M 1:100 DAKO 52,53
10A5 ABi_og M 1:50 * 54-56
4G8 AB17-oa M 1:1000 * 57,58
ABi_ao ABi_ao P 1:100 Chemicon 59,60
AB1_a0 ABi_a0 P 1:1000 Signet 59,60
70 ABi_ao P 1:1000 > 61
AB17_ao AB17_a2 P 1:100 Chemicon 62-64
1_ap ABi_un P 1:1000 Signet 62-64
13335 ABi_an P 1:1000 * 14,65
BCO5 1_a2(43) M Wako Pure 66,67
AB1 AB & C99 fragments P 1:1000 > 68,69
N52 NF-H M 1:400 Sigma 70,71
P20 Procaspase-3 P 1:100 Santa Cruz 72,73
Large subunit
BACE2/ B-secretase P 1:500 Alpha 12,74
Asp1
PS-1 C-terminal P 1:200 Zymed 75
Presenilin
PS-1 N-terminal P 1:50 Chemicon 76
Presenilin
L1 kinesin-L M 1:200 Chemicon 77,78
H1 kinesin-H M 1:200 Chemicon 79
OX42 CD11b M 1:100 Serotec 80
*, antibodies from Dr. V.M.-Y. Lee; **, antibodies from Dr. Robert Siman; M, monoclonal antibody; P, polyclonal antibody.

from confirmed human AD brain tissue served as positive
control for AB accumulation (including AB accumulation in
neurons and AB plagues). Additional pig brain sections
were stained with hematoxylin and eosin (H&E) and cresy!
violet for verification of and comparison with previously es-
tablished of traumatic neuron loss and pyknosis.?°

Double-Label IHC Examination

To examine co-accumulation of proteins in pathological
profiles in the brain tissue, sections were incubated in
combinations of primary antibodies listed in Table 2.
Processing of each primary antibody on the sections was
as described above. Incubations of fluorescent second-
ary antibodies were performed in a darkroom. The sec-

Table 2. Antibodies for Immunohistochemical Double Staining

ondary antibodies were, respectively, Alexa-594-conju-
gated goat anti-rabbit IgG (1:200, Molecular Probes, Inc,
Eugene, OR), fluorescein-conjugated goat anti-rabbit
IgG (1:200, Molecular Probes), Texas red-conjugated
horse anti-mouse IgG (1:200, Vector Laboratories), fluo-
rescein-conjugated horse anti-mouse IgG (1:200, Vec-
tor), TRITC-conjugated rabbit anti-goat 1gG (1:200,
Sigma) and fluorescein-conjugated rabbit anti-goat IgG
(1:200, Jackson ImmunoReseach Laboratories, Inc.,
West Grove, PA) (Table 2). In general, IHC staining was
performed sequentially; ie, one primary antibody was
applied followed by its respective secondary antibody
and the procedure repeated using secondary staining
sequence. As a negative control, each pair of primary
antibodies was processed separately to confirm the lack

Primary Secondary
antibody Target Source Type antibody Source Type Chromogen
13335 AB Rabbit P Anti-rabbit 1IgG Goat P Alexa-594
6F/3D AB Mouse M Anti-mouse IgG Horse P Fluorescein
N52 NF200 Mouse M Anti-mouse 1gG Horse P Texas red
APP APP Rabbit P Anti-rabbit IgG Goat P Fluorescein
22C11 APP Mouse M Anti-mouse IgG or Horse P Fluorescein
anti-mouse I1gG Horse P Texas red
249 CCA Rabbit P Anti-rabbit 1IgG Goat P Alexa-594
P20 Caspase-3 Goat P Anti-goat IgG Rabbit P Tritc
BACE BACE Rabbit P Anti-rabbit 1gG or Goat P Alexa-594
anti-rabbit 1gG Goat P Fluorescein
PS-1 presenilin Rabbit P Anti-rabbit 1gG or Goat P Alexa-594
anti-rabbit 1gG Goat P Fluorescein
L-1 Kinesin Mouse M Anti-mouse 1gG Horse P Texas red
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of cross-reactivity between the two secondary and pri-
mary antibodies. All sections were examined with light and
fluorescence microscopy using a Nikon Microphoto SA with
an UFX-DX camera system (Optical Apparatus, Ardmore,
PA) and appropriate filters. Some images were captured
with a Nikon Eclipse E600 with spot RT digital camera
(Diagnostic Instruments Inc, Sterling Heights, MI).

Thioflavin S and Congo Red Stain

Brain sections were also stained with Thioflavin S (ICN
Biomedicals, Inc, Aurora, OH) and Congo red (ICN Bio-
medicals) to detect protein aggregation. Sections were
deparaffinized and hydrated through xylene, alcohol to
water, fixed in 10% PBS-buffered formalin for 1 hour (for
Thioflavin S) or 10 minutes (for Congo red), rinsed in PBS,
and then stained with 0.0125% Thioflavin S in 40% alco-
hol in 60% PBS for 5 minutes or with 0.5% Congo red in
50% alcohol for10 minutes. Slides were differentiated in
50% alcohol in 50% PBS for 2 X 10 seconds (for Thiofla-
vin S) or in 80% alcohol until pink stain (for Congo red). In
addition, double-labeling of tissue sections was per-
formed with Thioflavin S and the anti-AB mAb, 4G8, which
was visualized with Texas red-conjugated goat anti-
mouse antibody. After rinsing with PBS for 3 times X 5
minutes, sections stained for Thioflavin S alone or Thio-
flavin S and AB were cover-slipped using anti-fade me-
dium (Southern Biotechnology Associates Inc, Birming-
ham, AL). The edges were sealed with clear acrylic nail
polish and viewed under fluorescence microscopy. Sec-
tions stained for Congo red were dehydrated, cover-
slipped with Cytoseal (Stephens Scientific Division of
Comwell Corporation, Riverdale, NJ), and viewed under
fluorescence microscopy using an excitation of 530 to
550 nm, followed by examination using polarized light to
evaluate reduction of green birefringence.

Semi-Quantitative Analysis for
Immunohistochemistry

Semi-quantitative analysis for axonal profiles was per-
formed to determine the extent and distribution of axonal
injury throughout the brain in the sections of NF, APP, and
AB immunohistochemical staining by using an MCID Im-
aging Research image analysis system (Imaging Re-
search, Inc., St. Catharines, Canada). For each stain, two
sections from each block of tissue were examined and
the frontal and parietal lobes and basal ganglia regions
were evaluated by an observer blinded to the age and
injury status of individual animals. Based on preliminary
studies of brains of animals, these regions had a rela-
tively high density of axonal injury and AB deposition.
Axonal profiles (darkly immunoreactive varicose axonal
swellings and axonal bulbs) were identified in the coronal
brain section by their morphology and were counted
manually using light microscopy at X200 magnification.
Anatomical regions were based on the Atlas of the Brain of
Domestic Animals.?®> The mean number of axonal profiles
per brain region for each animal in different time point
following brain trauma was calculated.

Western Blot Analysis

Brain tissue was lysed in RIPA buffer (1X PBS, 1% Non-
idet P-40, 0.5% sodium deoxycholate, 0.1% SDS) with a
cocktail of protease inhibitor (Roche Diagnostic, India-
napolis, IN) at 4°C. After homogenization on ice, tissue
lysates were centrifuged at 45000 rpm for 30 minutes.
Protein concentration was determined by DC protein as-
say (Bio-Rad Laboratories, Hercules, CA). The samples
were boiled in 2X SDS sample buffer for 5 minutes and
run on high performance 12% and 4 to 12% NuPAGE
Bis-Tris gels and 7% NuPAGE Tris-Acetate gel (Invitro-
gen, Carisbad, CA). The polypeptides were electrotrans-
ferred to Immobilon-P PVDF membrane. Non-specific
binding was blocked using 5% nonfat milk in PBST (9.1
mmol/L dibasic sodium phosphate, 1.7 mmol/L mono-
basic sodium phosphate, 150 mmol/L NaCl, and 0.1%
Tween 20) for 30 minutes at room temperature. AB, APP
(full-length APP and C-terminal fragment), BACE, PS-1,
caspase-3, CCA, and kinesins were determined by pri-
mary antibodies as follows: pAb AB_,o (1:500), pAb 70
(1:2000), pAb AB;, o4 (1:500), pAb AB1 (1:1000), pAb
APP-CT (1:500), pAb BACE2 (1:1000), pAb PS-1
(1:1000), pAb P20 (1:100), pAb 249 (1:2000), mAb L1
(1:1000), and mAb H1 (1:000) overnight at 4°C, and then
by biotinylated secondary antibodies (1:500-1:1000,
Vector Laboratories) as well as Vectastain ABC kit (1:
1000, Vector Laboratories) for 1 hour each at room tem-
perature. Before the products were visualized by DAB
(Vector Laboratories), the membranes were washed 3
times with TTBS (100 mmol/L Tris, 0.9% NaCl, and 0.1%
Tween 20) at room temperature, each time for 5 minutes.

In addition to Western blot detection of AB from un-
processed tissue homogenates, immunoprecipitation of
AB from the tissue was also performed, using rabbit pAb
13335, specific for AB,_,». Individual samples of 750 ul
(1 ng/ul) were incubated with 1 wg normal horse IgG
(Sigma) and 20 ul protein A/G PLUS-Agarose (Santa
Cruz Biotechnology Inc, Santa Cruz, CA) for 30 minutes
at 4°C. After centrifugation (1,000 X g for 5 minutes), AB
peptides in the supernatant were precipitated with 20 ul
of pAb 13335 and 20 wl of protein A/G PLUS-Agarose
overnight at 4°C. The pellets were collected by centrifu-
gation at 1,000 X g for 5 minutes and then washed four
times with RIPA buffer, each time repeating the centrifu-
gation step. Protein transfer and visualization were as
described above.

Sandwich ELISA Detection of AB

Tissue samples taken immediately before transcardial
perfusion of animals surviving 3 hours or 7 days after
injury were evaluated and compared to uninjured brains
(n = 2 to 3 per group). To detect soluble and insoluble
AB, brain tissue was homogenized with either RIPA buffer
alone or RIPA buffer with 70% formic acid at a W/V ratio
1:5 and centrifuged at 45,000 rpm at 4°C for 1 hour
(Beckman, Palo Alto, CA). Supernatant was subjected to
sandwich ELISA. The pellet was resuspended in 70%
formic acid (1:1) with sonication until clear. The formic
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Figure 1. Representative photomicrographs demonstrating APP and NF protein accumulation in damaged axons in the subcortical white matter and basal ganglia
detected by antibodies to 22C11/APP N-terminal and N52/NF200 at 3, 7 days, and 6 months following injury in the pig. Dark staining represents immunoreactivity

of APP and NF proteins in swollen axons. Bar, 25 pum.

acid samples were then neutralized by adding 1 mol/L
Tris base (1:20). Samples were evaluated with sandwich
enzyme linked immunosorbent assays (ELISA) for AB
peptides. A microplate (Costar, Corning, NY) was pre-
coated with anti-Ag monoclonal antibody 6E10 that rec-
ognizes residues 1-17 of AB (1:500, Signet, Dedham,
MA) in coating buffer pH 9.6 (0.1 mol/L NaHCO5 and 0.1
mol/L Na,COg) for 24 hours at 4°C. After incubation, wells
were probed with biotinylated rabbit polyclonal antibod-
ies to AB4_4, (1:1000, Signet) for 24 hours at 4°C and with
HRP-conjugated streptavidin (1:5000, Pierce, Rockford,
IL) for 1 hour at room temperature. 3,5,3',5'-tetramethyl-
benzidine (TMB, KPL, Gaihersburg, MD) was used as the
chromogen and read at 450 nm on the EL340 Bio Kinetics

microplate reader (Bio-TEK Instrument, Winooski, Ver-
mont) using CK4 software. Synthetic AB;_,, (American
Peptide, Vista, CA) was used as standard. The obtained
value was corrected with the wet weight to each tissue
sample and expressed as pmol/gram. Analysis was al-
ways performed in duplicate.

Statistical Analysis

For immunoblotting, quantification of the density in a
given protein band was performed with NIH image soft-
ware on pictures captured by digital camera. For quantifi-
cation of protein concentration in the brain tissue, the mi-
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croplate was read by the Bio Kinetics microplate reader
automatically. All values are presented as means * SE.
Statistical analysis was performed using StatView (Abacus
Concepts, Berkeley, CA). Differences between mean den-
sities of protein expression and AB levels for each group
were assessed using two-way analysis of variance (analysis
of variance) followed by Fisher’s protected least significant
difference (FPLSD) post-hoc two-tailed test. A P value
<0.05 was considered significant.

Results

Physiology and Behavior Following Brain
Trauma

Immediately following trauma, no substantial changes
were noted in arterial blood gasses, pulse oximetry, or
end tidal CO, following injury. All animals began to wake
within 15 minutes and were able to ambulate typically
within 1 hour post-injury. The animals appeared to have
slightly sluggish responses to sensory stimuli (startle reflex,
tactile response) for up to 8 hours following trauma. By 24
hours post-injury, all of the animals appeared completely
normal based on gross neurosensory examination (normal
startle reflexes, gait, rooting behavior, eating, and drinking).

Long-Term Axonal and Neuronal Pathology

In sham animals, no axonal injury or any other overt
pathological changes were found at any time point. In
injured animals, as previously noted,?*2* a high density
of axonal bulbs and axonal swellings were observed
throughout the brain, most commonly in the roots of gyri
at the interface of the gray and white matter of frontal and
parietal lobes and in basal ganglia, at 3 and 7 days
following trauma. Most axonal bulbs had the classic ap-
pearance of discrete spherical profiles surrounded by a
halo where the bulb pulled away from the tissue. These
profiles were up 40 um in diameter, connected to an
almost normal diameter proximal portion of the axon. The
morphology of these profiles was distinct from elongated
swellings that spanned up to several hundred um of a
single axon shaft with the appearance of varicosities.
According to the averaged sector score/brain section, we
found the mean number of axonal profiles in the frontal
lobe to be 71 = 7, 88 + 6 in the parietal lobe, and 110 +
5 in basal ganglia at 3 days post-injury. By 7 days post-
injury, the mean number of axonal profiles was 53 = 3 in
the frontal lobe, 72 = 5.7 in the parietal lobe, and 102 +
9.4 in basal ganglia. Compared to brains at 7 days post-
injury, the mean number of axonal profiles was reduced
by 6 months following trauma. Nonetheless, the mean
number of damaged axons remained relatively high in
some brain regions despite the chronic state of the injury.
Here, the mean number of axonal profiles was 17 = 2 in
the frontal lobe (77% reduction), 19 * 4 in the parietal
lobe (74% reduction), and 46 * 2 in basal ganglia
(58% reduction) (Figure 1). Swollen axon profiles were
identified by antibodies targeting APP (22C11) and NF
protein (N52).

Figure 2. Representative photomicrographs revealing a modest number of
pyknotic neurons in CAl and CA3 subfields of the hippocampus (top
panels) and foamy macrophage infiltrations within subcortical white matter,
basal ganglia and lining blood vessels. Axonal bulbs were close to macro-
phage infiltrations (black arrows), detected by antibody OX42 at 7 days and
6 months post-injury (bottom panels). Bar, 25 um.

A modest number of pyknotic neurons were found in
CA1 and CA3 subfields of the hippocampus and cere-
bellum (H&E) at 3 to 7 days and even by 6 months
post-injury (Figure 2, top four panels).

At 3 days post-injury, foamy macrophages were abun-
dantly present within injured brain tissue lining and in the
parenchyma near damaged axons and large blood ves-
sels, as well as in injured tissue nonadjacent to blood
vessels. By 6 months post-injury, macrophages were still
observed in the parenchyma and around the vessels,
although in far fewer numbers than during the sub-acute
time points (Figure 2, bottom four panels).

Accumulation of AB, BACE, PS-1, Caspase-3,
CCA, and Kinesin

Immunoreactivity demonstrating accumulation of AB, me-
diators and markers of APP cleavage (BACE, PS-1, CCA,
caspase-3) and kinesin, was found in all injured animals.
Overwhelmingly this staining highlighted swollen axonal
profiles with antibodies specific to AB (10A5, 4G8, AB,_
40, 13335, AB47_o4, BCO5 and 6F/3D), BACE (BACE2/
Asp1), PS-1 (PS/NT and PS/CT), caspase-3 (P20), CCA
(249), and kinesin (L1 and H1) (Figures 3 and 4). Immu-
noreactivity for these proteins and peptides in damaged
axons persisted up to 6 months after brain trauma and
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Figure 3. Representative photomicrographs revealing AB accumulation in axonal bulbs in the basal ganglia at 3, 7 days, and 6 months after brain injury in the
pig. AB was identified by antibodies to 4G8, BCOS, 6F/3D, AB,_4,, 10A5. Bar, 25 um.

followed the same general distribution as those stained
with APP and NF, particularly in the subcortex and basal
ganglia. Axon swellings stained with AB appeared to be
signature profiles of axonal bulbs at the terminal ends of
disconnected axons. However, elongated varicose swell-
ings of non-disconnected axons typically did not show
accumulation of AB despite accumulation of all other
proteins examined. We also observed accumulation of
AB (Figure 5), APP, BACE, PS-1, caspase-3, and CCA in
a limited number of neurons of the cortex, hippocampus,
and cerebellum and in glial cells of white matter at 3 and
7 days and 6 months after trauma.

AB-containing plaque-like profiles were found in both
gray and white matter within days and at 6 months fol-
lowing injury (Figure 5), similar to those previously ob-
served within 10 days post-trauma.’® Most of the plaques
found in white matter were in close proximity to axonal
pathology. These plaques were not very numerous (the
most plaques found in a coronal section were 10), and
were found in only approximately half of all injured ani-
mals. In a few cases, perivascular AB deposits were
found (Figure 5). Although plaque-like profiles were also
detected at 6 months post-trauma, the total number did
not appear to increase over time.

Using double-fluorescence immunohistochemistry, we
consistently found co-immunoreactivity of combinations
of APP, AB, BACE, PS-1, caspase-3, CCA and kinesin-L
in axonal bulbs at 3 days and 6 months after injury (Figure
6). Double-labeling could also be found in a few neurons
even by 6 months post-injury. Surprisingly, AB staining

was found in macrophages also stained with OX42 at 3
days and 6 months post-injury (Figure 6). No co-localiza-
tion of GFAP with AB was observed in injured or sham
animals (data not shown).

Thioflavin S and Congo Red Positive Staining

Positive staining for Thioflavin S alone and double-stain-
ing for Thioflavin S and AB was observed in axonal bulbs
in the subcortical white matter of the frontal and parietal
lobes as well as the basal ganglia at 3 days to 6 months
post-injury. In addition, a few plaque-like profiles were
observed in both gray and white matter of the frontal and
parietal lobes at 3 days to 7 days post-injury (Figure 7).

Positive staining for Congo red was observed in axonal
bulbs and neurons and a limited number of plaque-like
profiles in the same areas and at the same time points
detected by Thioflavin S and antibodies for AB peptides.
Using polarized-light microscopy, limited green birefrin-
gence was observed in damaged axons and plaque-like
profiles (Figure 7).

Identification of AB, APP, BACE, PS-1,
Caspase-3, CCA, and Kinesin by
Immunoblotting

In corroboration of immunohistochemical identification of
AB, APP, BACE, PS-1, CCA, caspase-3, and kinesin pro-
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Figure 4. Representative photomicrographs demonstrating BACE, PS1 and CCA in damaged axons in the subcortical white matter and basal ganglia at 3 days to
6 months following brain injury in the pig. Accumulations in axons were detected by antibodies BACE-2, PS-1, and 249. Bar, 25 um.

duction and accumulation in injured brains, Western blot
analysis identified AB in injured white matter, but not in
sham brains. APP, BACE, PS-1, CCA, caspase-3, and
kinesin were also observed in the white matter of injured
brains from 3 hours to 7 days following TBI. On Western
blots, anti-AB antibodies (ABi_4o, AB 70, specific for
AB4_40 and AB4,_4-) revealed a band of protein with a
molecular weight of 4 kd, consistent with AB (Figure 8,
B-D). We found that the expression of AB in the brain
tissue samples appeared to follow the same temporal
pattern as was found with immunohistochemical analysis.
The staining for AB on the blots was relatively light at 3
hours following injury and distinct staining was found by
1 week following injury compared to virtually no expres-
sion of AB in sham tissue (P < 0.001). Examination of

immunoprecipitated AB with anti-AB antibody 13335,
specific for AB4_4», also revealed a slightly stained band
at 4 kd at 3 hours post-injury and a strongly stained band
at 7 days post-injury. No similar band was observed in
sham tissue (Figure 8A, P < 0.001).

Antibodies specific for APP (APPCT and AB1) showed
cleavage of APP into a 14-kd C99 fragment (Figure 9, A
and B). The strongest staining on the blots was 3 hours
after injury, compared to no expression of C99 fragment
in the tissue of sham (P < 0.001).

Staining with BACE antibody revealed bands in the
range of 70 kd. The level of BACE was relatively low in
sham brain, compared to expression of BACE protein in
the injured tissues (P < 0.001, Figure 9C). PS-1 antibody,
reactive with the C-terminal region of presenilin-1, la-
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Figure 5. Representative photomicrographs showing AB-containing plaque-like profiles in the gray and white matter. Occasionally, perivascualr AB depostis were
found (top, middle). AB accumulation was also found in cortical and cerebellar neurons at 3 days to 6 months following brain trauma. AB was identified by

antibodies, 6F/3D, AB,_,,, 13335. Bar, 25 um.

beled the 46 kd PS-1 protein and also the 18 kd C-
terminal fragment (CTF). Levels of the CTF increased
following injury compared to sham (P < 0.05, Figure 9D).

Anti-caspase-3 antibody reacted with the 32 kd pro-
caspase-3 polypeptide, and also the 17 to 20 kd active
large subunit. The active caspase-3 level was high at 3
days and relatively low by 7 days following injury (P <
0.001, Figure 10B). In the injured brain, an antibody to
CCA identified APP cleavage to an 85 kd fragment (Fig-
ure 10A). The relatively strong staining on the blots was
found in injured tissues compared to slight staining of 85
kd fragment in sham tissue (P < 0.01). Antibodies to
kinesins (L1, specific for kinesin-L and H1, specific for
kinesin-H) labeled polypeptides of 70 kd and 120 kd,
respectively, consistent with kinesin-L and kinesin-H pro-
teins (Figure 10, C and D; P < 0.05).

ELISA

The levels of soluble and insoluble AB,_,» in white matter
of frontal lobe from sham animals was found to be rela-
tively low (97.39 and 143.65 pmol/g, respectively). Com-
pared to this baseline level, at 3 hours post-injury, a
2.4-fold increase in the concentration of soluble AB;_,5
and 2.6-fold increase in the concentration of insoluble
AB4_4o (232.67 and 369.65 pmol/g respectively) were
found in frontal lobe white matter (P < 0.01). By 7 days

post-injury, a 7.6-fold increase in the concentration of
soluble AB,_,- and 7.9-fold increase in the concentration
of insoluble AB,_,, (744.43 and 1128.99 pmol/g, respec-
tively) were observed (P < 0.01) from tissue taken from
the same brain region.

Discussion

In contrast to previously held doctrines of axonal degen-
eration following DAI, we found that axons continue to
swell and degenerate for at least 6 months following
inertial brain trauma in the pig. Immunohistochemical
analysis revealed that this long-term process resulted in
the accumulation of APP and AB primarily in the swollen
ends of disconnected axons. In addition, BACE, PS-1,
activated caspase-3, CCA, and kinesin were all found
co-accumulating with APP and AB in damaged axons.
Western blot analysis of white matter confirmed a total
tissue increase of all of these factors following brain
trauma. These data suggest that damaged axons serve
as a long-term source of AB following brain trauma. Fur-
thermore, extensive co-accumulation of BACE, PS-1, ac-
tivated caspase-3, and CCA with APP in damaged axons
suggests a unique mechanism of AB production within
the axonal membrane compartment following trauma due
to impaired transport and pathological accumulation.
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Figure 6. Representative double-immunofluorescence photomicrographs demonstrating co-accumulations of proteins in damaged axons (A-L), neurons (M—N)
and macrophages (O-P) at 3 days and 6 months post-injury. Merged green and red fluorescence shown in yellow. In axon bulbs in the white matter,
co-accumulation AB (antibodies 6F3D and 13335/Green) was found with CCA (249/Red) in (A) and (F), caspase-3 (P20/Red) in (B), BACE (BACE-2/Red)
in (G), APP (22C11/Red) in (E), and PS-1 (PS-1/Red) in (H). Co-accumulation of BACE (Green) was found with APP (Red) in (C) and (I), kinesin (L1/Red)
in (D) and (K), and CCA (Red) in (J). Co-accumulation of APP (Red) was found with PS-1 (Green) in (L). In neurons, AB (Green) co-accumulated with
APP (Red) in (M) and CCA (Red) in (N). Macrophages demonstrated co-immunoreactivity of AB (13335/Green) with OX42 (CD11b/Red) in (O) and (P).

Bar, 25 pum.
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Figure 7. Representative photomicrographs showing Congo red staining in damaged axons in subcortical white matter at 3 days, 7 days and 6 months post-injury
(A, C, D, E, and F), and in plaque-like profiles in the white matter at 3 and 7 days post-injury (B and D). Congo red stained plaque-like profiles (D, downward
arrow) could be found in proximity with axonal bulbs (D, diagonal arrow). Double-staining with Thioflavin S and an anti-AB antibody shows co-localization
in swollen axons in the subcortical white matter (G=J) at 3 days to 6 months after brain trauma, as well as in a few plaque-like profiles in the gray matter (K)

at 6 months following brain injury. Bar, 25 wm.

It is well recognized that axonal injury is one of the
most common and important pathological features of
brain trauma.?*=2® However, based on seminal charac-
terizations of DAl in humans, it is generally believed that
axonal swelling and disconnection is a limited event fol-
lowing traumatic brain injury, persisting for no more than
a few months.?® Here, we found that axons continue to
swell and disconnect for at least 6 months following
trauma. It remains unclear why axons fail after such a
protracted time following brain trauma. Possible mecha-
nisms include delayed neuron death with deafferentation.
However, we only found limited evidence of extensive
neuron death following brain trauma in the pig. Alterna-
tively, axons damaged at the time of brain trauma may
continue to function relatively normally until they are ex-
posed to an additional stress, such as persistent post-
traumatic inflammatory changes that have been previ-
ously noted in a rodent model of brain trauma.?®
Regardless of the mechanisms of rapid and long-term
axonal damage, impaired axonal transport may represent
a watershed event leading to the production and/or ac-
cumulation of toxic proteins, peptides, and their aggre-
gates following trauma.

Failed axonal transport is increasingly being impli-
cated in neurodegenerative disease mechanisms from
AD to tauopathies and beyond.®®®" Likewise, our data
suggests that impaired axonal transport due to trauma
can induce both rapid and long-term accumulations of
several key axonal proteins that normally do not encoun-
ter each other in such high concentrations. Although
these proteins are usually transported in distinct cargoes,
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Figure 8. Western blot analysis of AB in injured and sham brain white matter.
Immunoreactive bands at the molecular weight of AB peptides (approximately
4 kd) were found at all post-injury time points by all anti-AB antibodies used
(primary antibodies listed below graphs). Graphic representation of quantitative
analysis of the optical density of the bands used mean values and SE from two
separate experiments. P values refer to comparison between sham and groups
of injured animals at different time points. **, P < 0.001.
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their pathological concentration in DAl may lead to ab-
normal proteolysis and aggregation.

With lysis or leakage of the swollen axons, protein
accumulations would be released into the surrounding
tissue and cerebrospinal fluid, potentially initiating further
pathology. This process may partially account for recent
reports describing large increases in AB peptides in the
CSF of brain-injured patients.323® Conceivably, released
axonal AB could aggregate in the tissue parenchyma,
resulting in the formation of AB plaques, which have been
found in large numbers within days following brain
trauma in humans.”® Although a similar process may
occur over years in spontaneous neurodegenerative dis-
eases in humans, it is accelerated as a consequence of
DA, potentially due to the massive number of axons that
are acutely injured.

In the present study, at 6 months following injury in the
pig, we also found AB plaques based on both immuno-
histochemical evidence and staining for Congo red and
Thioflavin S. However, the total number of plaques re-
mained relatively low, similar to that found at early post-
injury time points.'® Thus, despite a continuing source of
AB from damaged axons, a progressive increase in
plagues was not detected. This may reflect a persistent
mechanism for the removal of AB from the tissue following
brain trauma in pigs. There may be either turnover of AB
plaques over time and/or elimination of AB from swollen
axons before plaque formation, which would limit the
number of plaques found at any post-injury time point.
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Figure 10. Western blot analysis of caspase-mediated APP proteolysis,
caspase-3, and kinesins in injured and sham brain white matter. (A) Banding
representing CCA, (B) the 20 kd large subunit of caspase-3 and procapase,
(C) Kinesin-L, and (D) Kinesin-H. Primary antibodies listed below graphs.
Quantitative analysis of the protein expression of CCA, caspase-3, and kine-
sins is shown graphically with mean values and SE of optical density of
immunostaining from two separate experiments. P values refer to compari-
son between groups of injured animals at different time points and sham. *,
P <0.05;*, P<0.01;** P<0.001; 7 P<0.001.

Although we did not find any direct evidence of AB
plaque turnover, we did observe a potential mechanism
of AB removal from the tissue. We found that brain trauma
induced long-term microgliosis and that the microglia
were consistently found in close proximity with axonal
pathology. Moreover, the microglia were immunoreactive
for AB even by 6 months following brain trauma. While
this observation may represent microglial phagocytosis
of AB from axons or plaques, this process remains to
be determined. It has long been suspected that accu-
mulated APP in damaged axons could provide ample
substrate for AB production.'®343% Indeed, immuno-
histochemical detection of APP accumulation in axons
throughout the white matter has become a standard
method to identify DAl in human brains.*¢~4° However,
axonal AB has only recently been identified in DAl in
humans and pigs, as well as in rat models of head
impact.13,14,21,41

Here, we found that AB accumulation in swollen axons
persists even six months following injury throughout the
subcortical white matter and basal ganglia. At all time
points examined, AB staining was typically identified in
the discrete swellings at the terminal ends of discon-
nected axons, but not in elongated varicose axonal swell-
ings that were otherwise visualized with APP staining and
other transported proteins. Accordingly, impaired axonal
transport alone does not appear to account for the accu-
mulation of AB, since AB was not identified in all axons
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where other proteins are found accumulating. Rather,
axon disconnection may favor processes that lead to the
production of AB within the axonal membrane compart-
ment, such as enhanced proteolysis of APP.
Intra-axonal production of AB following trauma is sug-
gested here by co-accumulation of AB in damaged axons
with key modulators of AB formation in AD, BACE, and
PS-1. Additionally, we identified corresponding increases
of BACE and PS-1 in white matter homogenates at all time
points up to 6 months following brain trauma in the pig.
Transmembrane BACE cleaves APP to produce a 99-
residue C-terminus fragment (C99).""'7 In turn, PS-1is a
catalytic component of y-secretase, which proteolyzes
the transmembrane domain of C99 to produce 4 kd AB
peptides.’” Although the axonal membrane compartment
is not a typical location proposed for AB formation in AD,
a recent study identified intra-axonal proteolytic process-
ing of APP to AB mediated by BACE and PS-1 in periph-
eral nerves."'® This study further demonstrated that APP
functions as a kinesin-I membrane receptor, remarkably
mediating fast axonal transport of BACE and PS-1. Here,
we also found extensive co-accumulation of kinesin with
APP, BACE, and PS-1 in axonal bulbs. Thus, transport
interruption in damaged axons can lead to pathological
accumulation of kinesin, APP and the secretases known
to proteolyze APP to AB. We have yet to find direct
evidence of the role of accumulating BACE and PS-1 in
damaged axons. However, our observation that axons
are a primary location of AB accumulation suggests lo-
calized processing of APP within the axonal membrane

DAI

v

Acute and Chronic Axon
Transport Interruption

Accumulation of APP
BACE, PS-1 and Caspases

AR Formation in Axonal
Membrane Compartment

Release of AR from Axons

AR Plaque Formation
and Toxicity

Figure 11. Proposed pathway of AB production and dispersal in diffuse
axonal injury.
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compartment. If proven, this would represent a funda-
mentally novel process of traumatic brain injury.

Another potential means of APP proteolysis following
injury is caspase activation. Caspase-3 is the predomi-
nant caspase involved in APP cleavage,*®~** consistent
with its marked elevation in dying neurons of AD brains
and co-localization of its APP cleavage products with AB
in senile plaques. Stone and colleagues*' have recently
observed caspase-mediated APP cleavage products co-
accumulating with A in damaged axons in a rat model of
brain impact. In the present study, we found long-term
activated caspase-3 and accumulation of caspase-me-
diated APP cleavage products co-localizing with AB in
damaged axons up to at least 6 months following injury.
Likewise, large increases in the levels of activated
caspase-3 and caspase-mediated APP cleavage prod-
ucts were found in the white matter following injury.
Caspases have been suggested to contribute to the com-
plex proteolytic processing of APP to AB peptides by
cleaving APP at predominantly (P4) VEVD 720 (P1)/A,
which may corrupt the normal intracellular processing of
APP.*3 This process may provide one mechanism whereby
intra-axonal APP could be processed to form A following
injury. However, cleavage at this site does not directly pro-
duce amyloidigenic AB peptides, ABi_4o and AB4_.», and
there is current debate whether further intracellular process-
ing of caspase-mediated APP cleavage products ultimately
results in amyloidigenic AB production.*>46

In all, persistent accumulation of AB in axons due to
impaired transport following traumatic brain injury sug-
gests a long-lasting pathological process (Figure 11).
Although the primary axonal location of AB formation and
accelerated rate of production may be unique to brain
trauma, our present data suggests that the processing of
APP shares similarities with Ag formation in AD. Ongoing
release of this large pool of axonal AB following injury
may contribute to long-term AB plague formation and
toxicity. Ultimately, this process could play a role in the
observed link between a history of brain trauma and an
increased risk of developing AD.
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