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Temporal and Regional Patterns of Axonal Damage following Traumatic Brain Injury:
A Beta-amyloid Precursor Protein Immunocytochemical Study in Rats

HELEN M. BRAMLETT, MS, Susan KRAYDIEH, BS, EDWARD J. GREEN, PHD, W. DALTON DIETRICH, PHD

Abstract. Diffuse axonal injury (DAL is an important conscquence of human head trauma. This experimental investigation

utilized the immunocytochemical visualization of beta-amyloid precursar protwin (beta-APP) 1o document regional patterns of
axonal injury after traumatic brain injury (TBI) and to determine the impottance of injury severity on the magnitude of axonal
damage. Rats underwent moderate (1.84-2.11 atm) or severe {2,38-2.52 atm) parasagittal Auid-percussion (F-P) brain injury
or sham procedures. At 1, 3, 7 or 30 days after TBI, rats were perfusion-fixed and sections immunostained for the visualization
of beta-APP. A regionally specific axonal response to TBI was documented after moderate F-P injury. Within the dorsolateral
striatum, an early inerease in bela-APP-positive axonal profiles al 24 hours (h) was followed by a significant decline at
subsequent survival periods. In contrast, the frequency of reactive profiles was initially low within the thalamus, but increased
significantly by day 7. Within the cxternal capsule at the injury epicenter, numbers of immunoreactive axons increased
significantly at 24 h and remained clevated thraughout the subsequent survival periods. At multiple periods alter TBI, selective
cortical and thalamic nevrons displayed increased swining of the perikarya, A significant increase in the averall frequency of
beta-APP profiles was documented in the severs vs moderately injured rats at 72 h after TBI. These data indicate that
parasagittal F-P brain injury (a} results in widespread sxonal damage, (b) that axonal damage includes both reversible and
delayed patterns, and (c) that injury severity is an impertant factor in determining the severity of the axonal response to TBI.
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INTRODUCTION

Diffuse axonal injury (DAI) is the most common cause
of vegetative state and severe disability in nonmissile
head injury (1). Diffuse axonal injury not accompanied
by an intracranial mass lesion occurs in almost 50% of
patients with a severe head injury and causes 35% of all
deaths (2). This type of brain damage was initially termed
“diffuse degeneration of white matter” and has been
characterized by a variety of other descriptive terms (3).
According to Adams (4), severe DAI can be classified
into 3 distinctive features: (a) focal lesions of the corpus
callosum; (b) focal lesions of various sizes within the
rostral midbrain; and (¢} microscopic evidence of wide-
spread damage to axons. Incidences of DAI due to mild
head trauma can be seen without any apparent macro-
scopic changes in the brain. The presence of axonal re-
traction balls visualized by classical silver staining meth-
ods has been extensively used 10 demonstrate the time
course of these axonal changes, Using this methodology,
the visualization of argyrophilic axonal retraction balls
has generally been reported to take 16-72 h to become
fully developed after human traumatic brain injury (5).

Recently, ultrasttuctural and immunocytochemical in-
vestigations have provided evidence for reactive axonal

From the Neuratrauma Research Center, Departments of Neurology
and Psychology. University of Miami Scheal of Medicine, Miami, FL,
33101,

Correspondence to: W, Dalton Dietrich, PhD, Department of Neurol-
ogy (D4-5), University of Miami School of Medicine, PO. Box 016960,
Miami, FL. 33101,

This study was supporied in part by NTH Grant N530291. We thank
Helen Valkowilz for helping in the preparation of the manuscript.

changes occurring much earlier after TBI (6-16). For ex-
ample, Grady and colleagues (6} reported reactive axonal
changes at 6 h postinjury with antibodies targeted at the
68 kD neurofilament subunit. More recently, the immu-
nocytochemical visualization of beta-amyloid precursor
protein (beta-APP) has been found to be a useful marker
for axonal damage in clinical studies (9-13). For exam-
ple, Sherrif et al (12) reported axonal beta-APP immu-
noreactivity in cases that had survived 3 h or more.
McKenzie and ceolleagues (13) directly compared con-
ventional silver impregnation techniques with beta-APP
immunchistochemistry and reported that the latter tech-
nique was more sensitive for identifying axonal injury.
In that study, axonal damage after only 2 h of survival
was demonstrated and damage was shown to progress
with increased survival periods. The accumulation of
beta-APP at sites of axonal injury results from disruption
of the cytoskeleton, leading to abnormalities in the axonal
transport of beta-APP (13),

Several experimental studies have also used beta-APP
as a marker of axonal damage (14-186), Otsuka and col-
leagues {14) first reported increased beta-APP immuno-
reactivity in damaged axons following a needle stab in-
jury. With focal compression contusion trauma, Lewen et
al (15) observed immunoreactive axons within subcorti-
cal white matter and thalamus 21 days after injury. Pierce
and colleagues (16), in a model of lateral fluid-percussion
(F-P) brain injury, examined alterations in the distribution
of amyloid precursor proteins/amyloid precursor protein-
like proteins (APP/APLP) at several time periods after
moderate to severe injury. Numerous APP/APLP-positive
axonal swellings were reported in the thalamus as early
as | h and in other areas within 2 h after injury.
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AXONAL DAMAGE AFTER BRAIN TRAUMA

Over the last several years, our laboratory has docu-
mented the acute and more chronic histopathological con-
sequences of moderate parasagittal F-P brain injury (17—
20). At 1 h after TBL, a gliding hemorrhagic contusion
overlying the lateral external capsule was documented
(17). At 3 days, necrotic neurons were seen within the
CA3 hippocampus, dentate hilus, lateral parietal cortex
and lateral thalamus of the traumatized hemisphere (18,
19). Light and electron microscopic studies have also
demonstrated widespread axonal damage 24 h after TBI
(19). At 2 months afier TBI, enlargement of the ipsilateral
lateral ventricle was associated with atrophy of ipsilateral
gray matter structures (20). In clinical investigations of
chronically brain injured patients, ventricular enlarge-
ment has been hypothesized to result from atrophy of
both gray matter and white matter tracks (21-24).

Although axonal injury plays a major role in the mor-
bidity and mortality associated with TBI, few experimen-
tal studies have evaluated the temporal and regional pat-
terns of axonal injury in an experimental TBI model. The
major purpose of this study was to quantitate regional
patterns of axonal damage using beta-APP immunocy-
tochemistry at several time periods after TBL In addition,
we sought to determine whether evidence for reversible
axonal damage could be demonstrated. Finally, the ef-
fects of injury severity on this important cutcome mea-
sure was assessed.

MATERIALS AND METHODS
Traumatic Brain Injury

Thirty male Sprague-Dawley rats, weighing batween 265 and
410 g, were vsed for this experiment. Animals were maintained
on a 12/12 (light/dark) cycle and given food ad libitum. The
principles of laboratory animal care (NIH publication No.
86-23, revised 1985) were followed for these experiments. An-
imals were anesthetized 24 h prior to injury with equitensin
(1.0 ml} and were surgically prepared for fluid-percussion (F-P)
injury as described previously (17, 20). Briefly, a patasagittal
craniotomy (4.8 mm) was performed at 3.9 mm posterior to
bregma and 2.5 mm lateral to the midline (25). A plastic injury
tube was next placed over the exposed dura and bonded by
adhesive. Dental acrylic was used 1o affix the injury tube to the
skull. The scalp was then sutured closed and the animal was
allowed to recover before being returned to the home cage.

After fasting overnight, an F-P device was used to produce
experimental TBI via the injury wbe (26, 27). [ntubated anes-
thetized rats (70% nitrous oxide, 0.5% halothane, and 20% ox-
ygen) were subjecled to a moderate (1.82-2.11 atm) or severe
(2.38-2.52 aim) pressure pulse. Prior to TBI, a catheter was
placed in the right femoral artery to monitor arterial blood pres-
sure and blood gases. Brain temperature was indirectly mea-
sured by a thermistor placed in the left temporalis muscle and
maintained at a normothermic (37°C) level prior and subsequent
to TBI. Rectal temperature was also maintained at normotherm-
ic levels. Sham animals underwent all surgical procedures but
were nol subjected to the F-P pulse. Moderately injured animals
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were sacrificed at 24 h (TBI-24 h, n = 6; sham-24 h, n = 3),
72 h (TB1-72 h; n = 6; sham-72 h, n = 3), 7 days (TBI-7 days;
n = 6; sham-7 days, n = 3), and 30 days (TBI-30 days; n =
6, shamn-30 days, n = 3). Animals undergoing severe F-P injury
were sacrificed at 72 h (TBl-severe, n = 6).

Beta-APP Immunohistochemistry

Al varicus periods after F-P injury, animals were anesthe-
tized and perfused transcardially with isotonic saline at a pres-
sure of 100-120 mm Hg for 15 seconds. This was followed by
fixative for 20 minutes (min)}(FAM, a mixture of 40% formal-
dehyde, glacial acetic acid and absclute ethanol; 1:1:8 by vol-
ume). Following the perfusions, the heads were immersed in
FAM at 4°C for 24 h. The brains were then blocked and em-
bedded in paraffin for tissue sectioning. Two conseculive tissue
sections (10 pm thickness) were taken at 300 pum intervals.
Sections were mounted on slides and placed in an oven over-
night. Slides were rehydrated and placed in 6% H,O, to block
endogenous peroxidase activity, The tissue was rinsed and
placed in a solution of citrate buffer and microwaved for 15
min. Sections were dipped in 0.05M PBS and incubated with
normal horse serum. Primary antibody (Boehringer Mannheim,
clone 22C11) (dilution 1:500) was applied and slides were
placed in the refrigerator overnight. To test for nonspecific
staining, negative controls were conducted where the primary
antibody was omitted during tissue processing. Further rinsing
was done with PBS and secondary antibody applied. Avidin-
Biotin (Vector, Burlingham, CA) complex was used for anti-
body detection along with DAB to increase staining intensity.
Slides were washed in 0.5% Triton X-100, followed by 1%
cupric sulfate to further intensify staining. Counterstaining was
done with hematoxylin and tissue was then dehydrated and cov-
erslipped. Other serial cut sections were stained for hematoxylin
and eosin for rouline histopathological assessment,

Beta-AFPP Regional Quantitation

Beta-APP profiles were identified by their dark brown ap-
pearance and elongated or circular shape. These reactive pro-
files appeared to be retraction balls/bulbs or reactive axonal
processes. Profiles were counted per high microscopic field ai
400X for the following structures at various coronal levels ac-
cording to Paxinos and Watson (25): dorsolateral striatum
(DLS) {0.8 posterior to bregma), internal capsule (IC), subtha-
lamic radiation (STR), and cerebral cortex (CTX) (3.8 posterior
to bregma). Counts were also performed in the external capsule
(EC) at 3 coronal levels (0.8, 3.8 and 6.3 posterior to bregma).
Averages were computed for each animal from 2 serial sections
per coronal level per structure.

Statistical Analysis

The number of beta-APP profiles are expressed as mean val-
ues X standard error (SEM). The external capsule data were
analyzed using two-way ANOWVA with coronal level as the
within-subject factor and the time point when the animal was
sacrificed as the between-subjects factor. Data from the other
structures were analyzed using one-way ANOVA, Posl-hoc
mean comparisons were accomplished using Fisher’s procedure,

J Neurnpatiinl Exp Neural, Voi 56, Geotober, 1997
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1134 BRAMLETT ET AL

Fig. 1. Beta-amyloid precusor protein (beta-APF) immunoreactivity after moderate TBI. (A) Immunoreactive axonal profiles
within dorsolateral striatum 24 h afier TBI (X110). (B) Higher magnification of immunaoreactive profiles within white matter
fascicles of striatum (X280). (C) At 72 h after TBI, fewer reactive profiles are cbserved within striatum (%280). (D) Dense
cluster of reactive profiles within fimbria of hippocampus consistent with primary axotomy (axonal shearing) (X280). (E) Large
numbers of immunoreactive profiles within lateral external capsule 24 h after TBI (X280). (F) High magnificalion of reactive

4 Newropathe! Expr Newrol, Vol 56, October, 1997
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RESULTS
Patterns of Beta-APP Immunoreactivity

In sham-operated control rats, immunoreactivity was
absent within white matter tracts and selective neuronal
perikarya were faintly stained with beta-APP. At 24 h
after moderate TBI, widespread immunoreactive axonal
profiles were observed throughout the traumatized hemi-
spheres (Figs. 1, 2}. Numerous reactive profiles were de-
tected within the ipsilateral striatum 24 h after TBI (Fig.
1a, b). Reactive profiles were observed within white mat-
ter fascicles coursing through the striatum (Fig. 1b). A
dramatic decrease in the frequency of axonal profiles was
seen within the striatum at 3 days compared with 24 h
(Fig. 1¢). Within the hippocampus, reactive profiles were
visnalized within the alveus and fimbra. In some animals,
a focal area of beta-APP accumulation was also seen
within the fimbra. This severe axonal response appeared
to be due to primary axotomy (Fig. 1d).

Within the external capsule, reactive profiles were nu-
merous and appeared as round or oval profiles of beta-
APP (Fig. le, f). Reactive profiles were observed within
the external capsule of coronal sections spanning levels
1.7 mm anterior to bregma to 7.8 mm posterior tc breg-
ma. Reactive axonal profiles were also observed within
the cingulum and corpus callosum; some profiles were
also detected contralaterally to the traumatized hemi-
sphere. Small numbers of reactive profiles were also iden-
tified within the ipsilateral internal capsule.

At 1, 3 and 7 days after TBI, small numbers of cortical
and thalamic neuronal cell bodies were flooded with beta-
APP (Fig. 1g, h). Within the cerebral cortex, abnormal
neuronal staining occurred most frequently within deeper
cortical layers.

Within the ipsilateral thalamus, numerous reactive pro-
files were observed in lateral thalamic nuclei 24 h after
TBI (Fig. 2a, b). At subsequent survival periods, beta-
APP axonal profiles were again seen within the vulner-
able brain regions. Starting 7 days after TBI, beta-APP
reactive profiles within the thalamus appeared to increase
in number as compared with earlier study periods. At 30
days after TBI, focal thalamic regions including the lat-
eral posterior and posterior thalamic nuclei displayed
clusters of reactive profiles (Fig. 2c—f). Serial sections
stained with hemotoxylin and eosin identified a focal re-
gion of reactive gliosis and microglial accumulation (Fig.
2f). Twenty-four h after TBI, large numbers of reactive
axonal profiles were also seen within the subthalamic ra-
diation (Fig. 2g, h).
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Quantitative Findings

Quantitative assessment of beta-APP profiles within
the dorsolateral striatum revealed an early increase in the
number of profiles followed by a dramatic decline over
time {Fig. 3a). One-way ANOVA indicated a significant
effect of group (F [3, 20] = 16.663, p < 0.0001); post-
hoc comparisons showed that there was a higher fre-
quency of beta-APP reactive profiles at 24 h compared
with the other survival periods.

In contrast with the striatal data, numbers of beta-APP
profiles within the thalamus were initially low, but in-
creased significantly by post-traumatic day 7 (Fig. 3b).
There was an overall group effect (F [3, 20] = 7.494, p
<2 0,002) with post-hoc comparisons indicating that there
were fewer beta-APP profiles at early periods (24 and 72
h) compared with later time points (7 and 30 days).

Similar to the dorsolateral striatal data, the internal
capsule also showed an initial rise in beta-APP profiles
and decline over time (Fig. 4b). One-way ANOVA on
these data demonstrated an effect of group (F (3, 20] =
3.065, p < 0.05); post-hoc mean comparisons further in-
dicated more beta-APP at 24 h vs other time periods.

An assessment of the subthalamic radiation showed an
initial rise in the frequency of reactive profiles at 24 h,
with a later decline in the number of profiles at subse-
quent study periods (Fig. 4a). An overall group effect (F
(3, 20] = 4.202, p < 0.02) was found with post-hoc com-
parisons significant for TBI 24 h vs TBI 72 h and TBI
30 day.

Repeated measures ANOVA of the data from the ex-
ternal capsule also indicated significant effects of group
(F [3, 20] = 9.047, p < 0.0006) and coronal level (F [2,
40] = 37.280, p < 0.0001) (Fig. 4¢). Post-hoc compari-
sons revealed an initial increase in reactive profiles at 24
h, with a slow decline in numbers by 30 days post-TBL
An examination of numbers of beta-APP profiles by co-
ronal level showed that the presence of beta-APP was
low in sections anterior to the injury epicenter (i.e. ~0.8
mm bregma), with an increasing accumulation posterior
to this level (i.e. —3.8 and —6.3 mm bregma). Within the
lateral somatosensory cortex, the number of beta-APP
profiles did not differ significantly across survival inter-
vals.

Comparisons between moderate and severely injured
animals at 72 h post-TBI showed an increased concen-
tration of beta-APP profiles within the severe injury
group (Figs. 3, 4). One-way ANOVA indicated signifi-
cant effects of group in the dorsclateral striatum, (F [1,

—

axonal swellings in external capsule (X1,120). (G) Reactive axonal profiles within deeper cortical layers. Several neuranal cell
bodies display increased immunostaining (4280). (H) Higher magnification of cortical neuronal perikarya flooded with beta-APP

immunoreactivity (%1,120).

J Newraputhiol Exp Newrol, Vol 36, October, 71997
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1136 BRAMLETT ET AL

Fig. 2. Beta-amyloid precusor protein (beta-APP) —-immunoreaclive axons after moderate TBI. (A) At 24 h after 'TBI, scallered
immunoreactive profiles are present within lateral thalamus (X110). (B) Higher magnification of reactive thalamic profiles (X280). (C)
At 30 days afler TBI, a dense cluster of reactive profiles within the thalamus (X 110). (I3} Higher magnification of thalamic profiles
(X280). (E} Dense cluster of immunoreactive profiles within posteror thalamus 30 days after TB1 (x1,120), (F) Hematoxylin and
eosin-slained serial section showing that reactive profiles illusirated in Figure 2e correspond to an area of foeal necrosis with reactive
astrocytic and microglial accumulation (X1120), {G) At 24 h after TBI, a cluster of reactive axonal profiles within the subthalamic
radiation {X110). (H) Higher magnification showing individual axonal profiles within radiation (X280

J Newropashal Exp Newrol, Vol 56, Octuber, [997
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Fig. 3. Bar graphs of mean * SEM of numbers of beta-

APP—positive axonal profiles per microscopic field within gray
matter siructures. (A) Early increase in beta-APP profiles in
dorsolateral striatum followed by a decline at later time periods,
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101 = 7.260, p < 0.03), thalamus (F [1, 10] = 12.704,
p < 0.006), and subthalamic radiation (F [1, 10] =
23,153, p < 0.0004). Repeated measures analysis for the
external capsule showed significant effects of both group
(F [1, 10] = 5.213, p < 0.05) and coronal level (F (2,
20] = 22.846, p < (1L0001). Thus, there was an increase
in the number of beta-APP profiles at each coronal level
analyzed for the severe vs moderately injured animals.

DISCUSSION

The temporal course and pathobiology of axonal dam-
age after human and experimental brain injury has been
discussed in various comprehensive publications (28-31).
In human head injury, evidence for axonal damage has
been reported as early as 2 h after injury using beta-APP
as a marker of axonal damage (13). Blumbergs and col-
lzagues have developed a sector scoring method using
beta-APP to determine the extent of DAI after mild or
severe head trauma (32). In an ultrastructural study, Max-
well and colleagues (33) reported evidence for axon
shearing as early as 25-35 min after lateral acceleration
injury in nonhuman primates. Using the immunocyto-
chemical visnalization of neurcfilament subunits as an in-
dicator of axonal damage, Yaghmai and Povlishock (8)
reported intensely 68 kD-immunoreactive axonal seg-
ments within one h after conirolled cortical impact and
F-P injury. The most conspicuous anatomical sites for
these axonal changes included the ponto-medullary junc-
tion, cerebellar peduncles, the vestibular and red nuclei,
the cranial nerves coursing through the brain stem, the
internal and external capsules, as well as the corpus cal-
losum. Pierce and colleagues (16) reported APP/APLP
accumulation in axonal swellings beginning 2 h and per-
sisting up to 2 weeks after F-P brain injury. Thus, clinical
and experimental data demonsirate that TBI can produce
early membrane perturbations and an impairment in axo-
plasmic transport, leading to continued axonal swelling
and axonal detachment {31, 34-36).

Recently, a new model of TBI without focal brain le-
sions has been developed in rats to induce widespread
axonal injury (37). With this intact skull weight-drop
model, Foda and Marmarou (38) reported DAI that pri-
marily involved the corpus callosum, internal capsule,
optic tracts, cerebral peduncles and the long tracts of the
brainstem. In the present study, axonal damage within

—

A1 72 h after TBI, severely injured rats demonstrate signifi-
cantly more reactive profiles compared with moderately injured
rats. (B} A late increase in the frequency of beta-APP profiles
is observed within the thalamus. Severely injured rats displayed
increased numbers of reactive profiles compared with moderate
injury. (C) Reactive profiles within cerebral cortex. (*p < 0.05
vs TBI-24; ** p < 0,05 vs TBI-72; *** p < 0.05 vs TBI-7;
¥kxk p < 0,05 vs TBI-30).

I Mearepenho!l Exp Wewrol, Vol 56, Ocrober, 1997
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in the subthalamic radiation with reduced numbers at subse-
quent time periods. Severely injured rats displayed a higher
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forebrain regions may have resulted in part from shear
forces generated by the parasagittally positioned impact
site. Previous morphological studies have documented
mechanically disrupted pial and parenchymal vessels af-
ter moderate TBI (17, 39) and similar strains generated
by the primary impact might have participated in the
present axonal changes. Such a mechanism right be
most active within the external capsule where evidence
for mechanical damage to blood vessels is reported {17),

Data consistent with reversible axonal damage was ob-
tained within the dorsolateral striatum and the anterior ex-
ternal capsule after moderate TB1. Within these structures,
an initial increase at day 1 in the frequency of reactive
axenal profiles was followed by a decrease at subsequent
time petiods. In contrast, an early but sustained increase
in reactive profiles cccurred within the external capsule at
coronal levels comesponding to the injury epicenter. Re-
versible abnormalities in axonal transport after moderate
TBI are potentially important in the understanding of
mechanisms underlying transient dysfunction after TBL In
addition, it is possible that secondary injury mechanisms
(40-42) might aggravate traumatic outcome by converting
these reversible changes into irreversible consequences.

However, it is not fully known whether the transient
effects seen in the striatum are truly reversible, The dam-
age reflected by the staining may be caused by an injury
at the origin of the cell body for these axons. Therefore,
the changes observed may be transient due to the rapid
loss of the entire process. Another possibility is that in-
jury to collateral projections from the corticospinal and
corticobulbar tracts is producing this effect. An injury to
these collaterals may produce a different profile than one
that involves the main axonal shaft. Future studies to clar-
ify the reversibility of the damage could use silver stain-
ing as a marker for Wallerian changes or electron mi-
croscopy studies using beta-APP to describe what is
occurring at the ultrastructural level.

The importance of injury severity on the degree of
axonal damage after TBI was also demonstrated in this
study. At 3 days after tranma, severe TBI resulted in sig-
nificantly greater numbers of reactive axonal profiles in
the striatum, thalamus, and internal capsule compared
with moderate injury. In reference to injury severity, Per-
ri and colleagues (43) reported that injury severity is an

—

frequency of reactive profiles as compared with moderate in-
jury. (B) A transient increase in reaclive profiles within the
internal capsule. (C) A Iransiemt increase in reactive profiles
within the external capsule at coronal levels anterior (o injury
epicenter (0.8 mm bregma). However, a sustained increase in
reactive profiles was cbserved within the external capsule at
more posterior levels (—3.8 and ~6.3 mm bregma).(* p < 0.05
vs TBI-24; ** p < 0.05 vs TBI-72; *** p < 0.05 vs TBL-7;
k4% p < 0.05 vs TBI-30).
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AXONAL DAMAGE AFTER BRAIN TRAUMA

impartant factor in determining lesion volume after F-P
injury. In addition, autoradiographic cerebral blood flow
studies have demonstrated more severe hemodynamic re-
ductions following severe versus moderate F-P injury
(43). Based on current concepis indicating that TBI does
not necessarily trigger immediate or irreversible damage
to axons (30), injury severity appears to be an important
factor in determining the temporal response and revers-
ibility of axonal abnormalities after TBI.

Although DAI plays a major role in the morbidity and
mortality associated with head injury, few therapeutic
strategies to date have been advanced that target this im-
portant outcome measure. Posttraumatic hypothermia has
been shown in experimental (18, 20, 27, 44—46) and clin-
ical studies (47,48) to provide protection in terms of mor-
phological and functional outcome. In regards to the pres-
ent discussion, posttraumatic hypothermia (33 to 34°C)
and the 21-aminosteroid, U-74389G have been reported
to reduce the number of damaged axons in the internal
capsule after controlled cortical contusion {49). In con-
trast, delayed posttraumatic hyperthermia (39°C) signifi-
cantly aggravates the axonal consequences of F-P injury
{19). Based on the present data, it would appear that ther-
apeutic strategies directed against DAI could be region-
ally selective, with the beneficial effects being dependent
on injury severity.

Thalamic damage after brain injury has been reported
in clinical and experimental studies (20, 23, 24, 50). In
human brain injury, Ross and colleagues (50) document-
ed the selective loss of neurons within the reticular nu-
cleus in patients with severe head injuries. In a study by
Anderson et al, (24}, patients with moderate to severe
injuries had reduced thalamic volumes. In the present
study, the most severe thalamic changes appeared rela-
tively late after F-P brain injury. Because thalamic neu-
rons have reciprocal connections with the parietal cortex
(51), these structural changes may be related to connec-
tivity and direct damage to cortical neurons (15). From a
therapeutic standpoint, the delay in thalamic abnormali-
ties might indicate an extended window for postiraumatic
treatment. In this regard, treatment with the neurotrophic
factor basic fibroblast growth factor (bFGF) has been re-
ported to protect against thalamic atrophy after middle
cerebral artery occlusion (52) and to decrease contusion
volume and cognitive dysfunction after F-P injury (53,
54). It would therefare be important in future studies to
determine whether treatment with potentially neuropro-
tective agents including bFGF would attenuvate the tha-
lamic damage reported in this study.

The abnormal accumulation of beta-APP was alsc de-
tected within the perikaryon of cortical and thalamic neu-
rons after TBL Cortical neurcns overlying the contusion
site were flooded with beta-APP at 1 and 3 days after
injury. This response was quite different from the stain-
ing characteristics seen in sham-operated controls. Pierce
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and colleagues (16) also reported increased APP/APLFP
immunoreactivity in a small number of neuronal perikar-
yon within the thalamus and cortex 2 and 7 days after
F-P brain injury. Although the significance of beta-APP
accumulation within neuronal cell bodies is not known,
it may be a response of the continued synthesis of beta-
APP and the inhibition of normal axoplasmic transport
due to axonal damage. Shigematsu and McGeer (55) re-
ported that the administration of agents that selectively
disrupt axoplasmic transport leads to the abnormal ac-
cumulation of APP in cell bodies. Alternatively, TBI-
induced neuronal injury may lead to an increased syn-
thesis of beta-APP and abnormal accumulation.

Although the function of beta-APP is not well under-
stood (56-58), beta-APP under certain circumstances
gives rise to beta amyloid, a protein that is found in senile
plaques of Alzheimer disease (59). Recently, the physi-
ologically secreted form of beta-APP has been docu-
mented to protect cultured neurons against excitotoxic or
hypoglycemic insulis by reducing intracelluar Ca'* and
modifying calcium responses to glutamate (60). In addi-
tion, Smith-Swintosky et al {61) reported that the postis-
chemic administration of the secreted form of beta-APP
protected CA1 pyramidal neurons from a transient isch-
emic insult. In contrast, aggregated forms of beta-
amyloid peptide have been reported to be neurotoxic (62,
63). The ultimate outcome of beta-APP flooded neurons
in terms of long-term survival after TBI remains to be
determined.

In summary, the present study provides new informa-
tion regarding the temporal and regional patterns of wide-
spread axonal damage after F-P brain injury. These data
may demonstrate reversible and irrevessible axonal per-
turbations occurring within specific brain regions with
moderate injury Jevels. Within the thalamus, a more de-
layed axonal response was reported. Widespread axonal
damage in combination with selective patterns of neu-
ronal necrosis most likely contributes to ventricular di-
lation after chreonic F-P injury (20). Finally, increased
injury severity led to a more severe axonal response.
These findings provide baseline data for future studies
directed at understanding the functional importance of
widespread axonal changes after TBI and for the assess-
ment of treatment strategies directed against axonal pa-
thology.
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