
Abstract The immunolocalization of tumor necrosis fac-
tor-α (TNFα) after diffuse axonal injury (DAI) is demon-
strated using a midline fluid percussion rat model (moder-
ate brain injury of 1000 mm Hg was generated) and the ef-
fects of TNFα on the axolemmal permeability using
horseradish peroxidase as a tracer. In addition, the accu-
mulation of β-amyloid precursor protein (β-APP) was in-
vestigated, which has recently been shown to be a reliable
marker for the diagnosis of DAI in cases with fatal head
injury. TNFα levels in brain tissues from the impact site
and the cortex including the corpus callosum, gradually
increased during the first 1 h, rose to a maximal elevation
at 3 h, gradually decreased at 6 h and decreased further at
24 h. Horseradish peroxidase (HRP) tracer experiments
revealed that primary axonal damage appeared as early as
15 min after impact but rapidly recovered and that 1 h af-
ter impact, secondary axonal damage occurred in the cor-
pus callosum and the brain stem. By immunoelectron mi-
croscopy it was seen that β-APP accumulated in the axon
from 1 h after impact demonstrating that there was func-
tional axonal damage. TNFα reactions were detected in
the lysosomes of microglia 30 min after impact and 1 h af-
ter impact these reactions were mainly detected in the
glial cells (such as microglia, astrocytes and oligodendro-
cytes) in the corpus callosum and the brain stem. It is gen-
erally accepted that TNFα directly induces primary de-
myelination and oligodendrocyte apoptosis. Therefore,
TNFα conveyed from the microglial cells is one cofactor
contributing to the formation of the delayed axonal dam-
age observed at these sites. The present study suggests

that TNFα conveyed from the glial cells may contribute to
the pathogenic mechanism of DAI formation following
fluid percussive brain injury.
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Introduction

Axonal damage is a frequent finding after traumatic brain
injury and the diagnosis of diffuse axonal injury (DAI),
which is associated with high mortality and morbidity
rates, is of considerable importance in forensic medicine
(Geddes 1997). Maxwell et al.(1997) summarized that in
human DAI the majority of axons do not undergo imme-
diate disruption at the time of injury (primary axotomy),
but rather are exposed to non-disruptive axonal injury
leading, after several hours, to disruption (secondary axo-
tomy). Previous reports have suggested that one of the
earliest sequelae to non-disruptive axonal injury is the oc-
currence of axonal swelling i.e. focal enlargements of the
axonal diameter and posited to precede secondary axo-
tomy (Povlishock 1992; Maxwell et al. 1997). Pettus et
al.( 1994) and Pettus and Povlishock (1996) showed that
this secondary axotomy is associated with direct perturba-
tion of the axolemma reflected in its altered permeability.
In this respect, there are few studies dealing with altered
axolemmal permeability and the mechanism has not been
fully elucidated. Recent reports have suggested that tumor
necrosis factor-α (TNFα) induces primary demyelination
and oligodendrocyte apoptosis (Previtali et al. 1997;
Akassoglou et al. 1998; Ladiwala et al. 1998) and our pre-
vious report showed that TNFα conveyed from various
glial cells is an important factor contributing to the forma-
tion of percussive brain edema after moderate brain injury
(Kita et al. 1997). Therefore, in this paper we show the
immunolocalization of TNFα after traumatic brain injury
by fluid percussion and the effects of TNFα on the ax-
olemmal permeability using horseradish peroxidase as a
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tracer. In addition, we investigated the accumulation of 
β-amyloid precursor protein (β-APP), which has recently
been shown to be a reliable marker for the diagnosis of DAI
in cases with a short survival period (Gentleman et al. 1995;
Geddes et al. 1997; Bramlett et al. 1997; Yam et al. 1997;
Ogata and Tsuganezawa 1999) and estimated the time when
functional damage of axons occurred after percussive brain
injury. These experimental data can support the practical
diagnosis of DAI in the field of forensic medicine.

Materials and methods

Male Wistar rats (Seiwa Experimental Animal, Ooita, Japan: n = 83)
weighing 300–350 g were used. All animal experiments were per-
formed in accordance with the Committee for experiments with
animals at the School of Medicine, University of Occupational and
Environmental Health, and performed along the guidelines of the
Committee.

Surgical procedure

Recently, reports have shown that midline fluid percussion (MFP)
injury in a rat model produced DAI in contrast to the lateral fluid
percussion injury rat model (Yamaki et al. 1994; Iwamoto et al.
1997). Therefore, we used the surgical procedure for MFP injury
in the rat model. Animals were surgically prepared under sodium
pentobarbital anesthesia (60 mg/kg intraperitoneally) by making a
7-mm diameter burr hole in the skull and the dura was exposed 
4 mm in diameter over the superior sagittal sinus. A polyethylene
tube filled with isotonic saline was placed against the intact dura,
fixed securely to the skull with dental acrylic cement and then con-
nected to a fluid percussion device. The device used to produce ex-
perimental brain injury was a modified fluid percussion device
produced by the department of neurological surgery of Chiba Uni-
versity (Ozawa et al. 1991). The animals were then subjected to an
impact pressure of 1000 mm Hg for 20 ms. The device was re-
moved and the skull hole was closed with dental acrylic cement.
Normal body temperature was maintained with a hot plate. In
sham-operated controls, all surgical steps were conducted, but the
rats were not traumatized.

TNF-α assay

For the brain TNF-α assay 25 rats were utilized. The impact cortex
site, including the corpus callosum, was obtained at 0 h (pre-im-
pact), 1 h, 3 h, 6 h and 24 h after impact. The tissues were placed
in 10 ml/g of homogenization buffer (PBS, pH7.4 containing 
1 mM phenylmethylsulfonyl fluoride, 1 mM EP475, 0.1 µg/ml
bestatin and 0.02% NaN3), homogenized using a polytron AG
(model PT-MR3000; Kinematica Instruments, Lucerne, Switzer-
land) and extracted by sonication at 30 W, 120 pulses and 30%
duty (model W357, Heat Systems-Ultrasonics, New York) as de-
scribed in the method of (Matsukawa et al. 1997). We measured
the protein concentration of TNF-α in brain extracts using a rat
TNF-α ELISA kit ( Genzyme, Cambridge, Mass.) according to the
method of Matsukawa et al. (1994) where the detection limit of the
assay was 1 ng/g tissue. Data were expressed as mean ± SE for five
rats. A non-paired t-test was used to determine significance by the
Welch t-test and was accepted if p < 0.05.

Magnetic resonance analysis

The rats (n = 3) utilized for magnetic resonance (MR) analyses
were anesthetized intraperitoneally with sodium pentobarbital 
(60 mg/kg body weight) and analyzed with T2-weighted MR
imaging, which was performed using a 4.7 Tesla MR system with

a 400-nm horizontal bore and a proton frequency of 200.0 MHz
(SIS 200/400; Spectroscopy Imaging System, Fremont, Calif.) be-
fore and 24 h after impact. The head of the animal was placed
prone in a slotted tube resonator and spin-echo MR images were
obtained in orthogonal planes to confirm the desired positioning
(acquisition parameters for T2-weighted images: TR = 2500 ms;
TE = 80 ms; 256 × 192 matrix; field of view = 40 × 40 mm; 1 ex-
citation, and 11 2-mm coronal slices with 0 mm center-to-center
spacing).

Tracer experiment

The tracer experiment was assessed before impact and 15 min, 
30 min, 1 h, 3 h and 6 h after impact. The rats (n = 18) were pre-
treated with diphenhydramine hydrochloride (0.5 mg/100 g, in-
traperitoneal injection) to prevent histamine release and 50 mg/kg
horseradish peroxidase (HRP; type VI peroxidase; Sigma, St.
Louis, Mo.) was slowly reinfused into the cisterna magna accord-
ing to the method of Povlishock et al. (1997). At 15 min after the
HRP injection the animals were perfused with a solution of sterile
saline, followed by a mixture of 4% paraformaldehyde and 0.5%
glutaraldehyde in 0.1 M PBS, infused from the left ventricle. The
brain was removed and dissected for the electron microscopic vi-
sualization of HRP. The strategy used to select specimens for elec-
tron microscopy was to rely on the edema as a visual guide of the
MR imaging. Then we selected the impact cortex site including the
corpus callosum and the brain stem. The specimens were cut into
approximately 30–40 µm sections on a microslicer (Dosaka EM,
Osaka, Japan) and inserted into a sample mesh pack (Shiraimatsu,
Osaka, Japan). Sections were then treated with a solution of 3,3′-
diaminobenzidine tetrahydrochloride (DAB) in 0.05 M Tris buffer
containing 0.05% H2O2 for 10 min at room temperature, thor-
oughly washed in 0.05 M Tris buffer, post-fixed in 1% osmium
tetroxide in 0.1 M PBS for 1 h at 4 °C, dehydrated in an ascending
ethyl alcohol series, embedded in Quetol 812 on glass slides and
examined in a JEM 1200 EX electron microscope.

Electron microscopy

For transmission electron microscopy, the experiment was as-
sessed before and 15 min, 30 min, 1 h, 3 h, 6 h, 24 h and 48 h af-
ter impact and a total of 16 animals were perfused with a solution
of sterile saline (37°C) and then with a Karnovsky solution at 4 °C
from the inferior vena cava. The brain was isolated and tissues
were taken from the impact cortex site including the corpus callo-
sum and the brain stem, cut into 2-mm-thick slices and post-fixed
in 2% osmium tetroxide in 0.1 M PBS at 4 °C for 1 h. Specimens
were dehydrated in an ascending ethyl alcohol series and embed-
ded in Quetol 812. Ultrathin sections were stained with uranyl ac-
etate and lead citrate and examined under a JEM 1200 EX electron
microscope.

Immunocytochemistry

Antibodies. Polyclonal rabbit anti-mouse TNF-α antibody (Gen-
zyme Corporation, Cambridge, Mass.) diluted to 1 :100 in 0.1 M
PBS was used. This antibody has demonstrated cross-reactivity
with rat TNF-α (Merrick et al. 1992).

Monoclonal mouse anti-β-APP antibody (Zymed Laboratories,
USA) diluted to 1 :100 in 0.1 M PBS was used.

Immunostaining procedures. The TNF-α immunoelectron micro-
scopic experiment was assessed before impact and 15 min, 30 min,
1 h, 3 h, 6 h and 24 h after impact using the streptavidin-biotin
technique. The immunoelectron microscopic experiment with 
β-APP was assessed before impact and 15 min, 30 min, 1 h, 3 h
and 6 h after impact using the streptavidin-biotin technique. A to-
tal of 21 animals were perfused with 0.1 M PBS from the left ven-
tricle and then with a mixture of 4% paraformaldehyde and 0.5%
glutaraldehyde in 0.1 M PBS. The brain was removed and dis-
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sected into two parts, the impact site including the corpus callosum
and the brain stem. The specimens were cut into approximately 
2-mm-thick slices and post-fixed in the same fixative for 1 h. Sec-
tions approximately 30–40 µm in thickness were made on a mi-
croslicer and inserted into the sample mesh pack. Endogenous per-
oxidase activity was blocked by incubation in a periodic acid solu-
tion (Histofine, Code 415021, Nichirei, Tokyo, Japan) for 45 s and
endogenous avidin and biotin activities were blocked by the en-
dogenous avidin/biotin blocking kit (Histofine, Code 415081,
Nichirei, Tokyo, Japan). After treatment with normal goat serum at
room temperature, sections were incubated overnight with the pri-
mary antibody at 4 °C. Sections were also incubated with a bio-
tinylated secondary antibody (TNF-α: goat anti-rabbit IgG,
Kirkegaard & Perry Laboratories, Gaithersburg, USA; β-APP:
goat anti-mouse IgG F(ab’)2, EY Laboratories, Calif.) diluted to 
1 :200 with 0.05 M Tris buffer for 1 h at 37°C and then with a
streptavidin-peroxidase complex (Histofine SAB-PO kits,
Nichirei, Tokyo, Japan) diluted to 1 :600 with 0.05 M Tris buffer
for 1 h at 37°C. After incubation, the sections were treated with
DAB in 0.05 M Tris buffer containing 0.05% H2O2 at pH 7.6 for
10 min at room temperature, washed thoroughly in 0.05 M Tris
buffer, post-fixed in 1% osmium tetroxide for 1 h at 4 °C, dehy-
drated in an ascending ethyl alcohol series, embedded in Quetol
812 and examined under an electron microscope. Controls for each
immunostaining were carried out by substituting tris buffer or nor-
mal serum for the primary antibodies.

Results

Of the 94 MFP model rats 11 died without recovering
from apnea after trauma, the other 83 animals survived
and were examined. All MFP animals demonstrated vary-
ing degrees of subarachnoid hemorrhaging, which encom-
passed the entire brain stem and the basal regions of the
cerebral hemispheres (Fig.1). In the impact site, including
the parasagittal cortex of the injured brain, intraparenchy-
mal hemorrhaging was observed as limited foci scattered
throughout the corpus callosum and brain stem. Figure 2
shows the time course of the mean TNFα concentrations

in the brain tissues before and after impact. The TNFα
concentration gradually increased during the first 1 h
(25.0 ± 16.2 ng/g brain), rose to the maximal level (43.0 ±
19.0 ng/g brain) at 3 h and then gradually decreased to
34.0 ± 4.0 ng/g brain at 6 h and decreased further to 
12.6 ± 13.2 ng/g brain at 24 h.

No visible signal intensities were detected by MRI 
in the brain pre-impact, but the localized area at the 
impact site including the corpus callosum and the brain
stem showed increased signal intensities 24 h after impact
(Fig. 3).

Sham-operated control animals showed no signs of in-
tra-axonal tracer uptake. At 15 min after impact, intra-ax-
onal flooded HRP was observed ultrastructurally in the
corpus callosum (Fig. 4) and the brain stem. The fre-
quency of the HRP-flooded axons decreased at 30 min af-
ter impact and these were not visualized 1 h after impact.
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Fig.1 Midline fluid percussion injury(arrow) model rats demon-
strated varying degrees of subarachnoid hemorrhage, which en-
compassed the entire brain stem and the basal regions of the cere-
bral hemispheres. At the impact site, including the parasagittal cor-
tex of the injured brain intraparenchymal hemorrhaging was ob-
served as limited foci, scattered throughout the corpus callosum
and brain stem

Fig.2 Mean TNFα concentrations of brain tissue with treatment
after impact measured by TNFα ELISA kit. **p<0.01 (versus 0 h:
pre-impact). Data are expressed as the mean ± SE for five rats

Fig.3 Coronal T2-weighted image at the level of the anterior hy-
pothalamus at 24 h after impact. The localized area (arrowheads)
at the impact site including the corpus callosum and the brain stem
increased signal intensities



At 1 h after impact, the tracer could be visualized in the
periaxonal space in the corpus callosum (Fig.5) and the
brain stem. At 3 h after impact, a few HRP-flooded axons
were visualized in the corpus callosum and the brain stem
(Fig.6) and the frequency of the HRP-flooded axons in-
creased from 6 h after impact.

Electron microscopy findings showed that the earliest
changes such as the changes noted below in the corpus
callosum and the brain stem were noted in axons at 
15 min after impact. Elongation of the nodes of Ranvier
was frequently observed (Fig. 7) and disruption of the
axon was occasionally observed (Fig.8). Swelling of the
mitochondria was also observed at these axons. These dis-
rupted axons decreased with increase in time after impact
of less than 1 h. At 1 h post-injury, focal involution of ax-
olemma was observed and microglia accumulated in the
corpus callosum (Fig. 9) and the brain stem. These altered
axolemma were frequently observed 3 h after impact. At 
6 h post-injury, swollen axons with accumulations of or-

ganelles were observed in the corpus callosum and the
brain stem (Fig.10) and axonal degeneration, which had 
a morphology similar to retraction balls at the light micro-
scope level, developed 24 h after impact (Fig.11). Neu-
trophils then permeated into the traumatized corpus callo-
sum and brain stem 6 h after impact and disrupted axons
were also occasionally observed 24 h after impact (Fig.
12). At 48 h after impact, macrophages were occasionally
observed and phagocytosed the disrupted axons (Fig.13).

By immunoelectron microscopy no immunoreaction of
TNFα could be detected in sham-operated control brains,
but was occasionally detected in the lysosomes of the mi-
croglia (Fig.14) that had accumulated in the corpus callo-
sum and the brain stem 30 min after impact. At 1 h after
impact, lysosomes of glia cells such as microglia, perivas-
cular astrocytes and oligodendroglia were immunoreac-
tive for TNFα at the impact site of the cortex including
the corpus callosum and the brain stem. Macrophages
(Fig. 15) were occasionally seen in the hemorrhagic con-
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Fig.4 Electron micrograph of
tracer experiments showing the
HRP-flooded axons (arrow-
head) in the corpus callosum
15 min after impact. The fre-
quency of the HRP-flooded ax-
ons decreased 30 min after im-
pact and these HRP-flooded
axons were not visualized at 
1 h after impact. Bar = 500 nm

Fig.5 Electron micrograph of
tracer experiments showing
axon in the corpus callosum 
1 h after impact. Electron-
dense deposits of the tracer (ar-
rowhead) exist in the periax-
onal space. Bar = 200 nm

Fig.6 Electron micrograph of
tracer experiments showing
peroxidase-containing axons
(arrowhead) in the brain stem
3 h after impact. The frequency
of peroxidase-containing axons
increased 6 h after impact. Bar
= 200 nm

Fig.7 Electron micrograph
showing the node of Ranvier in
the corpus callosum 15 min af-
ter impact. Elongation of the
transverse bands (arrowhead)
and mitochondrial swelling 
(arrow) were observed. Bar = 
500 nm

Fig.8 Electron micrograph
showing the disrupted axon in
the corpus callosum 15 min af-
ter impact and mitochondrial
swelling (arrowhead). Bar =
200 nm

Fig.9 Electron micrograph
showing the focal involution
axolemma in the corpus callo-
sum 1 h after impact. The mi-
croglia cells (M) accumulated
at these sites. Bar = 2 µm



tusion site of the cortex and the lysosomes were immuno-
reactive for TNFα. At 3 h after impact, edematous
changes occurred in the oligodendroglia and the vascular
feet around the capillaries of the astrocytes at the corpus
callosum and the brain stem and the lysosomes of such
cells were immunoreactive for TNFα (Fig.16). This im-
munoreactivity was more frequently observed 3 and 6 h
after impact and persisted for up to 24 h after impact. The
appearance of inflammatory cells, with lysosomes immu-
noreactive for TNFα, frequently increased with the in-
crease in time after impact. There were no immunoreac-
tions of β-APP detected in the sham-operated control
brains, but these reactions were detected in the axon of the
corpus callosum and brain stem 1 h after impact (Fig.17)
and were more frequently observed 3 and 6 h after impact
(Fig.18).

Discussion

In the present study, MRI investigations showed edema-
tous changes at the impact site including the corpus callo-
sum and the brain stem 24 h after impact. Therefore, our
ultrastructural examinations were investigated at the lo-
calized areas in the corpus callosum and the brain stem.
Electron microscopic investigations revealed axonal re-
traction balls in the corpus callosum and brain stem from
6 h after impact. Previous DAI experiments using fluid
percussion models have indicated that early axonal dam-
age (primary axotomy) is induced by direct head injury
and that delayed axonal damage (secondary axotomy) ob-
served in the corpus callosum and brain stem sites may be
induced by axolemmal permeability (Pettus et al. 1994;
Pettus and Povlishock 1996; Povlishock et al. 1997).
These reports also suggested that the occurrence of altered
axolemmal permeability and concomitant cytoskeletal
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Fig.10 Electron micrograph
showing the swollen axon (A)
with accumulations of or-
ganelles in the brain stem 6 h
after impact. Bar = 1 µm

Fig.11 Electron micrograph
showing the swollen axon (A)
in the corpus callosum 24 h af-
ter impact. The axonal degen-
erations have a morphology
similar to retraction balls on
the LM levels developed. Bar
= 2 µm

Fig.12 Electron micrograph
showing the disrupted axons in
the brain stem 24 h after im-
pact. Bar = 1 µm

Fig.13 Electron micrograph
showing a macrophage in the
corpus callosum 48 h after im-
pact. Bar = 1 µm

Fig.14 Electron micrograph
showing immunoreactions of
TNFα (arrowhead) in lyso-
somes of a microglia in the
corpus callosum 30 min after
impact. Bar = 200 nm

Fig.15 Electron micrograph
showing immunoreactions of
TNFα (arrowheads) in lyso-
somes of a macrophage at the
hemorrhagic contusion site of
the cortex 1 h after impact.
This macrophage in the sub-
arachnoid space may have mi-
grated into the adjacent injured
cortex. Bar = 1 µm



changes are features common to traumatic brain injury.
Our ultrastructural examinations showed similar results
and indicated that primary axotomy can be observed 
15 min after impact and delayed secondary axotomy 1 h
after impact (Fig.9). Maxwell et al.(1997) suggested that
the occurrence of myelin changes may have been due to a
less than adequate fixation rather than reflecting a pathol-
ogy of the myelin. Therefore, our present DAI experi-

ments were investigated at the time when the external ax-
onal damage, such as alteration of axolemmal permeabil-
ity, was detected by the tracer experiments which showed
that primary axotomy appears as early as 15 min after im-
pact but recovery was immediate. The frequency of the
HRP-flooded axons decreased 30 min after impact but
were not visualized 1 h after impact. At 1 h after impact,
secondary axolemmal permeability increased and the trac-
ers were visualized in the periaxonal space in the corpus
callosum and the brain stem. Previous reports indicated
that the transverse bands are a means of access to the pe-
riaxonal space of the central myelinated nerve fiber and
tracers such as peroxidase, invade the periaxonal space
through the transverse bands (Hirano and Dembitzer
1969; Feder 1971). Therefore the earliest axonal changes
(primary axotomy), such as elongation of the transverse
bands, or the disruption of an axon caused the HRP-
flooded axons 15 min after impact. Also, secondary alter-
ations of axolemmal permeability may be induced by
some delayed endogenous neurotoxic factors. TNFα has
been implicated as a major proinflammatory cytokine that
is elevated after head injury (Ross et al. 1994; Kita et al.
1997; Feuerstein et al. 1997) and can directly induce pri-
mary demyelination and oligodendrocyte apoptosis (Pre-
vitali et al. 1997; Akassoglou et al. 1998; Ladiwala et al.
1998). Creange et al. (1997) reviewed that the direct in-
jection of TNFα into nerve induces wallerian degenera-
tion and Madigan et al. (1996) also reported that a dose-
dependent axonal loss and degeneration associated with
the morphological changes are induced in rabbit optic
nerves following intravitreal injection of TNFα indicating
that TNFα has a direct myelinotoxic effect. We therefore
investigated the immunolocalization of TNFα after trau-
matic brain injury and investigated the time course of
mean TNFα concentrations in the brain tissues before and
after impact. Our present TNF assay study demonstrated
that TNFα is elevated in brain tissues 1 h after impact.
The immunoelectron microscopy study indicated that the
immunoreactions of TNFα were detected in microglia as
early as 30 min after impact and 1 h after impact were
mainly detected in the glial cells such as microglia,
perivascular astrocytes and oligodendroglia. Our previous
experiment on traumatic head injury using fluid percus-
sion rat models (Kita et al. 1997) demonstrated that mi-
croglia are extremely mobile and are easily transported to
injured areas within the brain and the present study re-
vealed that microglia are the first cell type to arrive at an
injured site. Akassoglou et al.(1998) demonstrated that lo-
cal production of TNF by the central nervous system glia
potently and selectively induced myelin vacuolation and
oligodendrocyte apoptosis in the context of the absence of
immune cell infiltration. Our previous TNF assay data
from the traumatic head injury experiment (Kita et al.
1997) showed that the TNF peak in the cerebrospinal fluid
(CSF) was at 6 h, which was perhaps caused by the in-
flammatory cells, but our present study showed that the
peak of TNF concentration in brain tissue is 3 h after im-
pact and that the inflammatory cells appeared 6 h after im-
pact. So the TNF in brain tissue mainly originated from
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Fig.16 Electron micrograph showing immunoreactions of TNFα
(arrowheads) in lysosomes of an oligodendroglia in the brain stem
3 h after impact. Bar = 2 µm

Fig.17 Electron micrograph showing immunoreactions of β-APP
(arrowheads) in an axon of the corpus callosum 1 h after impact.
Bar = 500 nm

Fig.18 Electron micrograph showing immunoreactions of β-APP
(arrowhead) in an axon of the brain stem 3 h after impact corre-
sponding to the axonal vacuole. Bar = 500 nm



the glia of the central nervous system. The present study
suggests that TNFα contributes to secondary axotomy and
this is supported by electron microscopy immunocyto-
chemical evidence of TNF labeling.

Previous studies have demonstrated that the immuno-
cytochemical visualization of β-APP is a useful marker
for axonal damage resulting from disruption of the cy-
toskeleton, leading to abnormalities in the axonal trans-
port of β-APP (McKenzie et al. 1996; Bramlett et al.
1997). Practical and experimental β-APP immunocyto-
chemical data revealed that secondary axonal damage oc-
curs between 1.5 h and 2 h after head injury and the la-
beling of β-APP is seen to progress with increased sur-
vival periods (Blumbergs et al. 1995; McKenzie et al.
1996; Yam et al. 1997; Ogata and Tsuganezawa 1999).
The results of our study are similar and immunocyto-
chemical labeling of β-APP was visualized by electron
microscopy 1 h after impact. At 3 h after impact, a label-
ing of β-APP corresponding to the axonal vacuole was
observed. The swollen axons, with a focal accumulation
of organelles which was observed at 6 h post-injury, may
be induced by these abnormalities in axonal transport.

Our present results also showed that external axonal
damage reflected by the increase of axolemmal perme-
ability and the internal axonal damage by the abnormality
of axonal transport were observed 1 h after impact. Pettus
et al. (1994) and Pettus and Povlishock (1996) found that
this delayed non-disruptive axonal damage is associated
with direct perturbation of the axolemma reflecting its al-
tered permeability. Previous reports have indicated that
myelinating glial cells influence the degree of neurofila-
ment phosphorylation and transportation (de-Waegh et al.
1992; Nixon et al. 1994). Therefore, we suggest that the
axonal transport abnormality may be caused by the altered
axolemmal permeability.

In conclusion, the present study suggests that TNFα
conveyed from the glial cells may contribute to the patho-
genic mechanism of DAI formation following fluid per-
cussive brain injury.
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