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Intensity- and Interval-Specific Repetitive Traumatic Brain
Injury Can Evoke Both Axonal and Microvascular Damage

Motoki Fujita]"? Enoch P. Wei! and John T. Povlishock'

Abstract

In the experimental setting several investigators have recently reported exacerbations of the burden of axonal
damage and other neuropathological changes following repetitive traumatic brain injuries (TBI) that were
sustained at intervals from hours to days following the initial insult. These same studies also revealed that
prolonging the interval between the first and second insult led to a reduction in the burden of neuropathological
changes and/or their complete elimination. Although demonstrating the capability of repetitive TBI to evoke
increased axonal and other neuropathological changes, these studies did not address the potential for con-
comitant microvascular dysfunction or damage, although vascular dysfunction has been implicated in the
second-impact syndrome. In this study we revisit the issue of repetitive injury in a well-controlled animal model
in which the TBI intensity was bracketed from subthreshold to threshold insults, while the duration of the
intervals between the injuries varied. Employing cranial windows to assess vascular reactivity and post-mortem
amyloid precursor protein (APP) analysis to determine the burden of axonal change, we recognized that sub-
threshold injuries, even when administered in repeated fashion over a short time frame, evoked neither axonal
nor vascular change. However, with an elevation of insult intensity, repetitive injuries administered within 3-h
time frames caused dramatic axonal damage and significant vascular dysfunction bordering on a complete loss
of vasoreactivity. If, however, the interval between the repetitive injury was extended to 5h, the burden of
axonal change was reduced, as was the overall magnitude of the ensuing vascular dysfunction. With the
extension of the interval between injuries to 10 h, neither axonal nor vascular changes were found. Collectively,
these studies reaffirm the existence of significant axonal damage following repetitive TBI administered within a
relatively short time frame. Additionally, they also demonstrate that these axonal changes parallel changes in the
cerebral microcirculation, which also may have adverse consequences for the injured brain.
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Introduction mental setting, these abnormal pathological changes associ-

ated with repeat injury have been linked primarily to the

OVER THE LAST DECADE, our understanding of the
pathobiology of repetitive brain injury has begun to
come into focus, with compelling evidence from both the
clinical and experimental settings, indicating that repeat in-
juries within specific time frames can cause exacerbated brain
pathology and related behavioral morbidity. In the experi-
mental setting, recent evidence suggests that singular mild
injuries not associated with significant neuropathological
change can be associated with significant pathological and/or
behavioral abnormalities when the same injury is repeated
one to several days after the initial insult (Friess et al., 2009;
Huh et al., 2007; Longhi et al.,, 2005; Prins et al., 2010;
Raghupathi et al., 2004; Shitaka et al., 2011). In the experi-

increase in the ensuing axonal injury, its associated down-
stream wallerian degeneration, and/or other forms of reactive
change reflected in microglial activation (Huh et al., 2007;
Laurer et al., 2001; Prins et al., 2010; Shitaka et al., 2011). In the
clinical setting, particularly that involving contact sports,
evidence for neuropathological change is less complete
(Biasca and Maxwell, 2007; Broglio et al., 2011; Eckner et al.,
2011), although several studies have suggested that the ex-
acerbation of axonal injury (Yuen et al., 2009), as well as
neurodegenerative change possibly linked to axonal injury, is
a key player in any ensuing morbidity (Gavett et al., 2011;
McKee et al., 2009; Khurana and Kaye, 2012). Additionally, in
the human setting, there is evidence that with repetitive brain
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FIG. 1.

injury vascular dysfunction may ensue and thereby contrib-
ute to further significant morbidity and even mortality (Cantu
and Gean, 2010). To date, there has been no comprehensive
study conducted in animals to determine if vascular changes
occur with repetitive brain injuries, and what if any relation
these vascular abnormalities have with other forms of con-
comitant neuropathological change associated primarily with
axonal perturbation. Such studies would have merit, because
they would improve our understanding of repetitive brain
injury in animal models, and perhaps lead to more mecha-
nistic studies exploring the potential interaction of these two
events in the ensuing morbidity and mortality described in
animals and humans. To this end, the current investigation
utilized a well-established model of impact acceleration injury
(IAI), with bracketing of the severity of injury below levels
previously found to exert axonal and microvascular changes
(Baranova et al., 2008; Marmarou et al., 1994). These studies
incorporated various paradigms involving repetitive injury
administered at various time points following the initial insult
to determine the window of vulnerability to repetitive injury.
As will be shown, these studies illustrate that relatively mild
injuries, when given repetitively, can cause dramatic axonal
and microvascular changes, which tend to rapidly resolve
when the interval between the initial and second insult is
prolonged.

Methods
Experimental design

All experimental procedures were performed with a pro-
tocol approved by the Institutional Animal Care and Use
Committee at Virginia Commonwealth University. Thirty-
five adult male Sprague-Dawley rats, weighing 350-500 g,
were used in the current study. The animals were housed in
individual cages on a 12-h light/dark cycle with free access to
water and food.

This chart shows the time course for each experimental group (IAI, impact acceleration injury).

In this study, both vascular function and the burden of
axonal damage were assessed after repetitive mild IAI To this
end, the animals were arbitrarily divided into seven groups;
each group contained five animals. There were no animals in
which the vasoreactivity could not be assessed due to com-
plications.

Group 1: 0.5-meter IAl administered twice. These ani-
mals were subjected to 0.5-meter (m) IAI twice at a 3-h in-
terval. The vascular responses to the two concentrations of
acetylcholine (ACh) were assessed at 3 and 4 h following the
second impact injury (Fig. 1).

Group 2: 0.5-meter IAl administered three times. These
animals were subjected to 0.5-m IAI repeated three times at
1.5-h intervals. The vascular responses to ACh were assessed
at 3 and 4 h following the third impact injury (Fig. 1).

Group 3: 0.75-m IAl administered twice. These animals
were subjected to 0.75-m IAI repeated twice at a 3-h interval.
The vascular responses to ACh were assessed at 3 and 4h
following the second impact injury.

Group 4: 1.0-m IAl administered once. These animals
were subjected to only one 1.0-m IAI Vascular reactivity to
ACh was assessed hourly for 4 h post-injury.

Group 5: 1.0-m IAl administered twice at a 3-h inter-
val. These animals were subjected to 1.0-m IAI repeated
twice at a 3-h interval. The vascular responses to ACh were
assessed at 3 and 4-hours following the second impact injury.

Group 6: 1.0-m IAl administered twice at a 5-h inter-
val. These animals were subjected to 1.0-m IAI repeated
twice at a 5-h interval. The vascular responses to ACh were
assessed at 3 and 4 h following the second impact injury.
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Group 7: 1.0-m IAl administered twice at a 10-h inter-
val. These animals were subjected to 1.0-m IAI repeated
twice at a 10-h interval. The vascular responses to ACh were
assessed at 3 and 4 h following the second impact injury.

General preparation

The animals were anesthetized intraperitoneally with so-
dium pentobarbital at 60mg/kg. The femoral artery was
cannulated with a PE 50 catheter (Becton Dickinson, Sparks,
MD) for continuous monitoring of arterial blood pressure
(PowerLab; AD Instruments, Colorado Springs, CO), and
periodic collection of blood samples for the determination of
partial arterial oxygen tension (Pao,), partial arterial carbon
dioxide pressure (Paco,), and pH values (Stat Profile®
pHOXx; Nova Biomedical, Waltham, MA). Arterial blood gas
samples (100 uL) were taken 10 min prior to injury and every
hour post-second injury. The femoral vein was cannulated
with a PE 50 catheter for administration of medication. After
completion of the tracheotomy, the animals were mechani-
cally ventilated (Harvard Apparatus, Holliston, MA) on
room air. Post-injury pancuronium bromide (3 mg/kg) was
administrated intravenously to produce neuromuscular
blockade. Sodium pentobarbital was administrated intrave-
nously ad libitum to achieve the appropriate level of anes-
thesia. The resting Paco, was maintained at a constant level,
between 35 and 40mm Hg, by adjusting the rate and/or
volume of the respirator. Body temperature was maintained
at 37°C with a heat lamp and/or a heating pad throughout
the procedures.

For the animals in groups 1, 2, 3, 4, and 5, whose interval of
repetitive TBI was less than 3h, these general preparatory
procedures were initiated at the beginning of the experiments.
However, for those animals in groups 6 and 7, whose interval
between injuries ranged from 5 to 10 h, all general preparative
procedures other than the initial short-term anesthesia were
initiated 1h prior to the second injury.

Experimental traumatic brain injury

The rats were subjected to different intensities of mild IAI
administered from one to three times. The mild IAI model
was modified from a model described previously (Baranova
et al., 2008; Fujita et al., 2011), wherein injuries involving a
weight drop from the height of 2m onto the intact skull
evoked axonal injury within the brainstem, while also eli-
citing altered vascular responsiveness within the cerebral
microcirculation. Typically these axonal and vascular ab-
normalities occurred without evidence of overt contusional
change and/or intraparenchymal bleeding, suggesting the
induction of a moderate injury. As will be explained below,
this model was employed at significantly reduced levels of
impact, 0.5-1m, to reduce the burden of any ensuing mor-
phophysiologic change, and to allow repetitive injury. In
brief, the rats were placed in a stereotaxic frame under pen-
tobarbital anesthesia; a mid-sagittal incision was performed
to expose the skull. A 10-mm circular stainless steel helmet
was installed over the sagittal suture between the bregma
and the lambda and secured with dental acrylic. After the
animal was placed prone on a foam pad, a 450-g weight was
dropped from a height of either 0.5, 0.75, or 1.0 m through an
acrylic glass tube on the metal helmet, which was centered
under the lower end of the tube.
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Visualization and assessment of the cerebral
microcirculation

Visualization and assessment of the cerebral microcircula-
tion was performed as described in our previous studies (Ellis
etal., 1983; Fujita et al., 2011; Gao et al., 2010; Levasseur et al.,
1975; Oda et al., 2011). Briefly, after removing the helmet for
IAL a 2 x4-mm rectangular craniotomy was made in the skull
over the left parietal cortex, and the underlying dura mater
was incised and removed. Next, a cranial window was in-
stalled over the exposed brain surface, and fixed in place by
bone wax and dental acrylic. The cranial window consisted of
a stainless steel ring with three outlets and a circular glass
plate inside a ring. Two of the outlets served as inflow and
outflow paths for the perfusion and clearance of selected va-
soactive agents, while the free end of the other outlet was set
at a predetermined height to achieve an intracranial pressure
(ICP) of 5mm Hg. The space under the cranial window and
the three outlets were then filled with artificial cerebrospinal
fluid (CSF), and the pH was adjusted to 7.35 by equilibration
with a gas mixture containing 6% oxygen and 6% carbon di-
oxide balanced with nitrogen. The underlying pial microcir-
culation was visualized with a microscope, and pial arteriolar
diameters were measured with a Vickers image-splitting de-
vice (Vickers Instruments Inc., Maiden, MA). Typically, in
each window preparation a minimum of four arteriolar seg-
ments were evaluated. Acetylcholine (ACh), which is known
to elicit endothelial-dependent vasodilation, was used in two
different concentrations to assess vascular dilation. ACh
(Sigma-Aldrich, St. Louis, MO) was dissolved in artificial CSF
to achieve the final concentrations of 10~” M and 10> M, and
was then applied via the cranial window to induce a vaso-
dilatory response. After each application of ACh in the space
under the window for 2-4 min, vessel diameter was mea-
sured. The vascular reactivity to ACh was expressed as the
percent change from the baseline diameter at each measure-
ment time point.

Tissue preparation

For evaluating the burden of axonal damage that followed
the above-described repetitive TBI, we assessed axonal
damage in brainstem projection axons using methods pre-
viously utilized in our laboratory (Fujita et al.,, 2011; Gao
et al.,, 2010; Koizumi and Povlishock, 1998; Suehiro and
Povlishock, 2001). In this study, we used the same animals
evaluated in groups 1-7 for the conduct of detailed axonal
analyses. At 4h following the last injury, and after the
measurement of vascular reactivity to ACh, the rats were
sacrificed with an overdose of euthanasia solution under
general anesthesia, and then transcardially perfused with 4%
paraformaldehyde and 0.1% glutaraldehyde in 0.1M Mill-
onig’s phosphate buffer. After perfusion, the brains were
removed, transferred to fixative, and stored overnight. They
were placed in a sagittal brain-blocking device with 2 mm of
the brain cut from the midsection, followed by further sag-
ittal blocking to include the medulla, pons, and midbrain.
This blocking strategy was based on the fact that in this
model, numerous damaged axons can be found in the pyr-
amids at the medullospinal junction in the descending cor-
ticospinal tracts (Povlishock et al., 1997). After harvesting
the 2-mm-wide sagittal block, the tissue section was flat-
mounted and serially sectioned on a vibratome at a thickness
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TABLE 1. PHYSIOLOGICAL PARAMETERS AFTER THE LAST INJURY
Measurement period
Variable Group Oh 1h 2h 3h 4h
MAP (mm Hg) 4 113£2 1092 108+3 110+2 110£2
5 110+3 108+3 104+2 109+3 108+3
6 107+3 106 +2 103+5 105+3 106+3
7 109+1 107+4 109+1 107+4 10742
Rectal temperature (°C) 4 36.7+0.1 36.9+0.1 36.9+0.1 36.8+0.1 36.9+0.1
5 36.8+0.1 36.8+0.1 36.7+0.1 37.0+0.1 36.8+0.1
6 36.8+0.1 36.8+0.1 36.9+0.1 36.8+0.1 36.9+0.1
7 36.7+0.1 36.8+0.1 36.8+£0.1 36.8+0.1 36.84£0.1
Temporal temperature (°C) 4 36.9+0.2 36.7%0.1 36.7+0.1 36.7%0.1 36.9+0.1
5 36.6+0.1 36.7+0.1 36.6+0.1 36.8+0.1 36.6+0.1
6 36.8+0.1 36.7+0.1 36.7+0.1 36.7+0.1 36.7£0.1
7 36.5+0.1 36.7+0.1 36.6+0.1 36.7+0.2 36.7+0.1
pH 4 7.40+0.02 7.40+0.02 7.40+0.01 7.40+0.01 7.38+0.02
5 7.39+0.02 7.38+0.02 7.38+0.01 7.40+0.01 7.40+0.01
6 7.38+0.01 7.37+0.01 7.37+0.01 7.38+0.01 7.38+0.01
7 7.41+0.01 7.40+0.01 7.41+0.01 7.41+0.01 7.41+0.01
Pao, (mm Hg) 4 91+4 87+2 89+3 91+3 91+1
5 88+4 89+4 86+3 90+3 91+2
6 85+2 82+4 81+3 86+3 86+3
7 89+6 80+4 84+4 88+3 86+4
Paco, (mm Hg) 4 37+1 37+1 37+1 36+1 36+1
5 36+1 36+1 35+1 35+1 36+1
6 36+1 36+1 37+1 37+1 36+1
7 38+1 38+1 36+1 35+1 35+1

MAP, mean arterial blood pressure; Pao,, partial arterial oxygen tension; Paco,, partial arterial carbon dioxide pressure.
Values are expressed as the mean +standard error of the mean (SEM).

of 40 um. Sagittal sections (1=60) were serially collected in
alternating wells, with the wells containing adjacent sec-
tions. Systematic uniform sampling of sagittal sections was
initiated from a random starting well, with every fourth
section collected, for a total of 20 sections per animal.

Immunocytochemistry for axonal damage

These sections were processed for visualization of an an-
tibody targeting amyloid precursor protein (APP), a marker
of impaired axonal transport and axonal damage, using a
protocol adapted in our laboratory (Stone et al., 2000). Briefly,
the sections were reacted with 0.3% H,O, in phosphate-
buffered saline (PBS) for 30 min to block endogenous perox-
idase activity, and microwaved twice in citric acid buffer
while maintaining a 45°C maximum temperature for 5min
(Stone et al., 1999). After microwave processing, the sections
were allowed to cool for 20 min each time. The sections were
preincubated for 1h in 10% normal goat serum (NGS) with
0.2% Triton X in PBS, and then incubated for 18 h with rabbit
anti-$-APP NGS diluted 1:1500 in 1% NGS in PBS. On the
following day, the sections were incubated for 1h with bio-
tinylated goat anti-rabbit immunoglobulin G (Vector Lab-
oratories, Inc., Burlingame, CA) diluted 1:1200 in 1% NGS in
PBS. Then the sections were visualized via incubation for 1h
in avidin biotinylated enzyme complex (Vectastain® ABC kit;
Vector Laboratories), followed by 0.05% diaminobenzidine,
0.01% H,0,, and 0.3% imidazole in 0.1% mol/L sodium
phosphate buffer for 15 min. The sections were mounted on
0.5% gelatin-coated glass slides, serially dehydrated, and
cover-slipped.

Quantitative analysis of the axonal damage

After completion of the APP immunocytochemical proce-
dures, the slides were transferred to an Eclipse 800 microscope
(Nikon, Tokyo, Japan), interfaced with a computer-assisted
imaging system (DP Controller, version 3.2; Olympus Corp.,
Tokyo, Japan). Consistent regions of the medulla at the me-
dullospinal junction were enlarged to 10 x magnification and
saved as a TIFF files. Based on our previous experience (Gao
etal., 2010), the images were viewed on a monitor using image
analysis software (IPLab, version 3.7; BD Biosciences Bioima-
ging, Rockville, MD) and converted to grayscale. The APP-
immunoreactive axonal profiles were outlined and overlaid in
cyan, a strategy used to suppress background immunoreac-
tivity. The sampling area in the medullospinal junction was
delineated by a rectangle measuring 500 x 200 ym, which was
superimposed over the specified region. Within this rectangle
the number of damaged APP-immunoreactive axonal profiles
that exceeded 0.968 um? in size were then counted. This num-
ber was expressed as the density of damaged axons per unit
area. For the corticospinal tract, eight alternate serial sections
from the same tissue block were analyzed in this fashion, to-
gether with the use of investigator blinding.

Statistical analysis

Statistical analysis was performed using the statistical
software PASW Statistics 17.0 (SPSS Inc., Chicago, IL). All
data were presented as meanz*standard error of the mean
(SEM). The physiological parameters and laboratory data,
which were normally distributed, were analyzed by one-way
analysis of variance (ANOVA). When a significant difference
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FIG. 2. This bar graph shows the vascular reactivity to
acetylcholine (ACh) at 10~” M and at 10> M, in group 4 (a
single 1.0-m impact acceleration injury [IAI]). Values are
expressed as the mean +standard error of the mean.

was found, multiple comparisons among time points in the
same group and groups at each time point were performed
using the Bonferroni correction. The vascular reactivity to
ACh and the number of damaged axons, which were not
normally distributed, were analyzed by the Kruskal-Wallis
test, followed by multiple comparisons with the Bonferroni
correction. Statistical significance was set at p<0.05.

Results

General physiological observations

There were no significant differences in baseline body
weight and hematocrit among the groups. Table 1 shows the

A ACh 107 M
_ MGroup 4
30 W Group 5
OGroup 6
BGroup 7

25 A+

20 o

15

10

Increase in diameter (% of baseline)

3h 4h

Time (post injury)

FUJITA ET AL.

time course measurements of mean arterial blood pressure,
rectal and temporal muscle temperature, and blood gas ana-
lyses, in groups 4, 5, 6, and 7. The rectal temperature was
maintained at 37°C over the entire experimental period in all
groups (Table 1). The temporalis muscle temperature was
slightly lower than the rectal temperature. All physiological
variables reported in Table 1 were within normal physiolog-
ical limits. All physiological variables in groups 1, 2, and 3
were similar to those of the other groups (data not shown).
There was no significant difference in any physiological var-
iable among the groups.

Brain arteriolar reactivity after repetitive impact
acceleration injury

There was no significant impairment in the vascular reac-
tivity to ACh in groups 1, 2, and 3, which were subjected to
multiple IAI insults, all of which were below 1.0 m of impact
severity (data not shown).

The vascular reactivity to ACh at 10~” M and at 10° M in
group 4, which was subjected to 1.0m of IAI administered
only once, is shown in Figure 2. Here the vascular dilation to
ACh at 1077 M and at 10”° M post-IAI approximated 10%
(9.7+0.7,10.2+0.6,9.5+£0.5, and 9.5%£0.6%, at 1, 2, 3, and 4h
post-injury, respectively), and 20% (19.7+1.1, 19.2+1.1,
18.4+0.8, and 18.5£0.8% at 1, 2, 3, and 4h post-injury), re-
spectively (Fig. 2). These values were essentially unchanged
from those seen in groups 1, 2, and 3.

The vascular reactivity to ACh at 10~” M and at 10° M in
groups 4, 5, 6, and 7 at 3 and 4 h post-last injury is shown in
Figure 3. There were significant differences in overall vascular
reactivity for each ACh concentration at both 3 and 4 h post
injury (p<0.01). In contrast in group 5, in which the animals
were subjected to the same 1 m injury repeated 3 h following
the initial insult, the vascular reactivity to both the 10~ "M and
107> M ACh doses was profoundly impaired (Fig. 3), and
was significantly lower than that seen in group 4 at 3 and 4h
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FIG. 3. This bar graph shows the vascular reactivity to 1077 M (A) and 107° M (B) acetylcholine (ACh) at 3 and 4h
following the last injury. Values are expressed as the meanz+standard error of the mean (*significant difference at p <0.05;
**significant difference at p<0.01; group 4, 1.0m IAI administered once; group 5, 1.0m IAI administered twice at a 3-h
interval; group 6, 1.0 m IAI administered twice at a 5-h interval; group 7, 1.0 m IAI administered twice at a 10-h interval; IAL

impact acceleration injury).
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FIG. 4. Shown are photomicrographs of sections of rat brains obtained 4 h after the last injury, showing the damaged/APP-
immunoreactive axonal profiles within the corticospinal tract at the level of the pontomedullary junction. Panels A, B, C, and
D show sections obtained from rats in groups 4, 5, 6, and 7, respectively (original magnification 100x; group 4, 1.0m IAI
administered once; group 5, 1.0 m IAI administered twice at a 3-h interval; group 6, 1.0m IAI administered twice at a 5-h
interval; group 7, 1.0m IAI administered twice at a 10-h interval; IAI, impact acceleration injury; APP, amyloid precursor

protein; IAI, impact acceleration injury).

post-injury at 10~” M and 10> M ACh (10~ M ACh, 0.6 +0.5
and 0.4+0.5% at 3 and 4 h post-injury, respectively; 107> M
ACh, 1.3+0.6 and 0.3+0.7% at 3 and 4 h post-injury, respec-
tively). In group 6, however, in which the interval between the
repeated 1.0-m insults was 5 h, the vascular reactivity to ACh
at 1077 M and at 107> M was now only partially impaired,
with values significantly lower than those of group 4 at 3 and
4h post-injury at 107 M and 10~> M ACh, yet was signifi-
cantly higher than those of group 5 at 3 and 4 h post-injury at
10""Mand 10" °>M ACh (10""M ACh, 5.1+ 1.3 and 4.5+1.2%
at3 and 4 h post-injury; 107> M ACh, 10.1+2.3 and 9.8 +2.0%
at 3 and 4 h post-injury; Fig. 3). In group 7, with the extension
of the interval between the 1.0-m injuries to 10h, the vascular
reactivity to ACh at 1077 M and 10~°> M was unimpaired,
and was significantly higher than that seen in groups 5 and
6 at 3 and 4 h post-injury using 10~ M and 10> M of ACh
(107”M ACh, 9.4+0.6 and 10.0£0.6% at 3 and 4 h post-injury,
respectively; 1075M ACh, 17.741.1 and 17.7+0.8% at 3 and
4 h post-injury, respectively; Fig. 3). No significant difference
was found between the values reported in groups 4 and 7.

Evaluation of axonal injury after repetitive mild impact
acceleration injury

Routine microscopic evaluation of the APP immunoreac-
tivity in the medullospinal junction in groups 1, 2, and 3 re-
vealed no evidence of axonal damage (data not shown), while
comparable evaluations in groups 4, 5, 6, and 7 revealed a
consistent pattern of axonal change (Fig. 4). No APP-immu-
noreactive axonal swellings could be identified in group 4,
which was subjected to 1.0 m IAI administered once (Fig. 4A).

In contrast, in group 5, subjected to two 1.0-m IAT insults at a
3-h interval, the pontomedullary junction revealed conspicu-
ous axonal change, as reflected by the presence of numerous
APP-immunoreactive profiles (Fig. 4B), which appeared as
large axonal bulbs or swellings, comparable to those previ-
ously described in our laboratory (Povlishock and Christman,
1995; Povlishock and Pettus, 1996). Such APP-positive
swellings were dramatically reduced in group 6, wherein the
interval between injuries was 5h (Fig. 4C), and they were
virtually absent in group 7, wherein the interval between in-
juries was 10 h (Fig. 4D). In this model system axonal damage
could also be identified in the hippocampus, neocortex, and
thalamus (data not shown), but the distribution of this axonal
damage was so sparse and variable as to preclude any
meaningful qualitative or quantitative evaluation.
Quantitative analyses confirmed the previously-described
qualitative observations. There was no evidence of an in-
crease in the baseline axonal damage found in groups 1, 2,
and 3, which were subjected to multiple IAls below 1.0m
(data not shown). The number of damaged axons in group 4,
which was subjected to 1.0 m of IAI administered once, was
18+4 per mm? (Fig. 5), which was not significantly different
than the values found in groups 1, 2, and 3. In group 5,
which was subjected to two 1.0-m IAI insults at a 3-h in-
terval, the number of damaged axons was striking, at
314+27 per mm?” These numbers were significantly higher
than those found in group 4 (p<0.01; Fig. 5). In group 6, in
which two 1.0-m IAI insults were administered over a 5-h
interval, the number of damaged axons was significantly
lower than that seen in group 5 (p<0.01), yet the number of
damaged axons remained significantly higher than that
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FIG. 5. This bar graph shows a comparison of the mean
density of APP-immunoreactive damaged axons in the cor-
ticospinal tract at 4h following the last injury. Values rep-
resent the means+standard error of the mean. Statistical
differences were analyzed by the Kruskal-Wallis test, fol-
lowed by the Bonferroni test for multiple comparisons
(**significant difference at p<0.01; group 4, 1.0m IAI ad-
ministered once; group 5, 1.0m IAI administered twice at a
3-h interval; group 6, 1.0m IAI administered twice at a 5-h
interval; group 7, 1.0m IAI administered twice at a 10-h in-
terval; APP, amyloid precursor protein; IAl, impact acceler-
ation injury).

found in group 4 (p<0.01; 94+ 11 per mm?; Fig. 5). In group
7, which was subjected to two 1.0-m IAl insults administered
at a 10-h interval, the number of damaged axons was sig-
nificantly lower than that reported in groups 5 and 6, while
still remaining significantly higher than that reported in
group 4 (41+6 per mm?; Fig. 5).

Discussion

In this article we have shown that relatively low levels of
traumatic brain injury can generate significant axonal and
vascular change when administered in a repetitive fashion
over a specific temporal framework. Moreover, we also
demonstrated that less intense injuries, when given in a re-
petitive fashion, cause neither axonal nor vascular changes. In
aggregate, the reported findings both confirm and in some
cases significantly extend findings existing in the current
clinical and basic science literature. Specifically, we have
demonstrated the damaging consequences of repetitive brain
injury, confirming the widely-held belief that the exacerbation
of axonal damage is a consistent feature of repetitive brain
injury (Huh et al., 2007; Longhi et al., 2005; Prins et al., 2010;
Shitaka et al., 2011). Importantly, in addition to confirming the
potential exacerbation of the burden of axonal damage with
repetitive mild injuries, the current study demonstrates for the
first time that microvascular dysfunction parallels these axo-
nal events, and as such may be a co-contributor to the ensuing
morbidity that has been previously described in various ani-
mal models of repetitive injury (Longhi et al., 2005; Prins et al.,
2010; Shitaka et al., 2011), as well as in humans, in whom
repetitive injuries result in subsequent morbidity (Cantu and
Gean, 2010).
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As alluded to above, it is notable that the reported low levels
of repetitive injuries, ranging from 0.5-0.75m insult intensity,
evoked neither axonal nor vascular change following the initial
or subsequent repetitive insults. The choice of these lower levels
of injury was based on our previous experience with this model
system, wherein we appreciated that a 2.0-m injury was capable
of generating consistent axonal and microvascular damage and
dysfunction, without the common occurrence of contusional
changes, mass lesion formation, or significant subarachnoid
bleeding (Fujita et al., 2011). Thus it was reasonable and rational
to assume that by lowering the intensity of the insult to below
2.0m, we could reduce the burden of injury, and thereby allow
for a meaningful assessment of a reduced injury intensity, and its
overall implications for repetitive insults. In this vein, we were
surprised that neither the 0.5-m nor the 0.75-m insult generated
either vascular or axonal damage, even when the repetitive in-
sults were administered relatively close together following the
initial injury. Clearly, these studies indicate that there is a
threshold for the generation of axonal and microvascular injury
and its potential exacerbation by repeated traumatic insults.
Although the current study demonstrates that relatively mild
repetitive injuries can neither cause nor exacerbate the burden of
axonal or microvascular dysfunction following TBI and/or re-
peated traumatic brain injuries, we are reluctant to categorize the
threshold of injury evaluated as representing mild TBI. This is
because although some have equated the onset of axonal change
with the presence of mild concussive TBI (Longhi et al., 2005),
others have recently reported that even in the absence of axonal
change as assessed by the same immunocytochemical approach
used in this study, that other forms of subtle neuropathological
change can be seen via the use of silver salts to detect fine fiber
and preterminal and terminal debris (Shitaka et al., 2011). Thus,
there is now reasonable evidence that the finding of axonal
swellings alone as detected by antibodies to APP may under-
estimate the potential for other ongoing structural and/or
physiological changes in the same animal (Shitaka et al., 2011).
Moreover, since we did not conduct concomitant behavioral
studies, it is difficult to characterize these axonal injuries as the
dominant factors involved in any subsequent behavioral deficits
or enduring morbidity.

Despite the fact that our identification of axonal change may
underestimate the overall burden of traumatically-induced
perturbation in terms of other structural and physiological ab-
normalities, we believe our finding that these axonal changes
were not manifest with repetitive subthreshold injuries is im-
portant, and speaks to the fact that under low-intensity loading,
the brain can withstand repeated injuries spaced relatively clo-
sely together without any overt axonal or vascular dysfunction.
Although in a sense this finding appears obvious, in our esti-
mation it is a new contribution to the literature. In this regard, it
is also of note that in the current study, injuries of 1.0 m impact
intensity did not result in either axonal or microvascular change
following the induction of just one traumatic injury. However,
when this same injury was repeated over time, there was a
dramatic demonstration of both axonal and microvascular
changes. This observation is a departure from previous studies
in that it illustrates that the brain can recover from one sub-
threshold injury, yet manifest full-blown pathological and
physiological change in the presence of another injury admin-
istered soon after the first. Thus, while multiple investigators
have shown the cumulative effect of repeated injuries, none have
generated comparative data using an initial level of injury that
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did not generate pathological and physiological change fol-
lowing the initial traumatic insult. While the implications of
these findings must be interpreted with caution, they do raise the
possibility that even less severe injuries without overt anatomi-
cal and physiological changes place the brain at risk for repeated
insults. Equally important in the current study is the observation
that with the extension of the intervals between the initial TBI
and the subsequent injury, a significant reduction, or in some
cases full restoration/recovery of the observed axonal and mi-
crovascular changes, was seen. While similar findings have been
reported by Longhi and colleagues (2005), using multiple end-
points, the current studies extend these important observations,
and now, for the first time, illustrate that the restoration/re-
covery associated with a delay before the second insult applies to
changes both in the brain parenchyma, as well as its intrinsic
circulation. The mechanisms responsible for the above-described
axonal and microvascular changes associated with repetitive
injuries sustained within a specific time frame are at the moment
unknown. However, it is well appreciated that traumatic axonal
injury involves multiple pathological processes, some of which
evolve over time, and thereby may be capable of recovery (Yuen
et al., 2009). Thus it is conceivable that the initial insult primes
various intra-axonal cascades, which under normal circum-
stances would transition to recovery, but develop into pathology
due to the secondary challenges associated with repeated in-
sults. This issue will require detailed investigation, but in light of
the current findings and the existing literature addressing this
issue, these arguments appear to be reasonable and rational.

Perhaps the most interesting finding in the current study
focuses on the microvascular changes seen with repeated in-
jury and their relationship to the ensuing axonal pathology.
To our knowledge, this is the first description in an animal
model of any form of microvascular change following repeat
injury, and as such suggests that repetitive injuries can evoke
significant vascular abnormalities. Similarly to the axonal
injury, it is of note that these microvascular changes were only
seen with repeated injuries given within a short time frame,
with a reduction in microvascular dysfunction seen when the
interval between the injuries was increased. In this sense, the
pattern of microvascular dysfunction tended to parallel that of
the axonal injury, with the important caveat that the magni-
tude of the observed microvascular changes far exceeded our
expectations. Specifically, the vessels assessed following re-
petitive injury at a 3-h interval with a 1.0-m insult revealed
virtually complete vascular failure of the normal vasodilatory
effect of ACh. This observation was the most significant ex-
ample of microvascular dysfunction that we have ever re-
ported in multiple studies focusing on traumatic injury
wherein vascular dysfunction but not complete paralysis was
observed (Baranova et al., 2008). From a mechanistic per-
spective it is unclear what factors were at work behind this
profound vascular dysfunction; however, once again, it is
most likely that the vascular events launched by the initial
traumatic brain insult that normally would revert and lead to
normality are exacerbated, leading to the overt dysfunction
described here. In this context, it is quite possible that the
repeated injuries result in the recruitment of significant radi-
cal-mediated damage capable of affecting both endothelial
and smooth muscle elements, thereby contributing to the
profound vascular dysfunction we found (Fujita et al., 2011).
However, as with the axonal injury mechanisms, this issue
remains to be fully evaluated.
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Another issue relevant to the vascular abnormalities seen
with repetitive brain injuries are their functional conse-
quences for the animal. As noted above, the observation of
dramatic vasoparalysis, at least in terms of acetylcholine-
mediated dilation, is an unprecedented finding, and theoret-
ically would place the brain at considerable risk should a
secondary insult involving either hypotension, hypertension,
or hypoxia occur; this issue requires further investigation in
this model system. This observation of profound vascular
abnormality and dysfunction, however, is also consistent with
some of the features of the second-impact syndrome de-
scribed in humans (Saunders and Harbaugh, 1984), which
indicates that secondary insults are associated with vasopar-
alysis, vascular engorgement leading to ICP elevations, and
significant morbidity and mortality (Cantu and Gean, 2010).
Although it is uncertain if the same mechanisms are at work in
animals and humans, the current observation of microvas-
cular dysfunction merits continued investigation to better
appreciate the overall biological mechanisms at work in this
devastating condition.

One of the major limitations of the current investigation
was the fact that these intriguing findings were not explored
with behavioral correlates. While we appreciate this short-
coming, we were constrained in our ability to conduct the
necessary behavioral experiments. First and foremost, for the
conduct of the vascular analyses, we avoided inhalation an-
esthetics because of their vasodilatory affects and instead
used barbiturates, which made the assessment of behavioral
responses virtually impossible. Moreover, given the limita-
tions imposed by our animal care and use committee, we were
not authorized to move in this direction. Most likely in the
near future, we will conduct in a parallel population of injured
animals, an evaluation of the behavioral consequences in the
context of the injury intensities used in this report.

In sum, we believe that this work represents a significant
contribution to the literature. As noted, it extends our previ-
ous work, but more importantly, it provides significant new
insight into our understanding of repetitive brain injury,
particularly via our demonstration of the fact that repetitive
injuries are intimately linked to increased microvascular
dysfunction. Equally important is the parallel finding that
low-intensity injuries, when given in a repetitive fashion, do
not evoke overt axonal damage and/or physiological vascu-
lar dysfunction in the cerebral microcirculation, thus sug-
gesting that all ranges of impact may not necessarily be
damaging, even when given repetitively.
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