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Abstract

Frontal impact, closed head trauma is a frequent cause of traumatic brain injury (TBI) in motor vehicle and sports
accidents. Diffuse axonal injury (DAI) is common in humans and experimental animals, and results from shearing
forces that develop within the anisotropic brain. Because the specific anisotropic properties of the brain are axis-
dependent, the anatomical site where force is applied as well as the resultant acceleration, be it linear, rotational, or
some combination, are important determinants of the resulting pattern of brain injury. Available rodent models of
closed head injury do not reproduce the frontal impact commonly encountered in humans. Here we describe a
new rat model of closed head injury that is a modification of the impact-acceleration model of Marmarou. In our
model (the Maryland model), the impact force is applied to the anterior part of the cranium and produces TBI by
causing anterior-posterior plus sagittal rotational acceleration of the brain inside the intact cranium. Skull frac-
tures, prolonged apnea, and mortality were absent. The animals exhibited petechial hemorrhages, DAI marked by
a bead-like pattern of f-amyloid precursor protein (f-APP) in damaged axons, and widespread upregulation of
p-APP in neurons, with regions affected including the orbitofrontal cortex (coup), corpus callosum, caudate,
putamen, thalamus, cerebellum, and brainstem. Activated caspase-3 was prominent in hippocampal neurons and
Purkinje cells at the grey-white matter junction of the cerebellum. Neurobehavioral dysfunction, manifesting as
reduced spontaneous exploration, lasted more than 1 week. We conclude that the Maryland model produces
diffuse injuries that may be relevant to human brain injury.

Key words: activated caspase-3; f-amyloid precursor protein; diffuse axonal injury; frontal impact; impact
acceleration; traumatic brain injury

Introduction Numerous factors govern the specific nature and anatom-
ical distribution of the individual elements that make up
diffuse brain injury, including the type of force applied, its

IN HUMANS, FRONTAL IMPACT, CLOSED HEAD TRAUMA is
severity, the anatomical site where it is applied, and whether

arguably the most frequently encountered cause of trau-

matic brain injury (TBI), especially with motor vehicle, sports,
and other types of accidents, and accounts for a dispropor-
tionate number of diffuse brain injuries (Adams et al., 1982;
Adams et al., 1989; Cecil et al., 1998). Diffuse brain injury is
often marked by subarachnoid hemorrhage, scattered in-
traparenchymal petechial hemorrhages, and diffuse axonal
injury (DAI). DAl is a common primary lesion both in humans
and in experimental animals, and results from shearing forces
that develop within the anisotropic brain, especially when it is
subjected to rotational acceleration (Gennarelli et al., 1981;
Gennarelli et al., 1982; Prange et al., 2000).

it causes linear or rotational acceleration (LaPlaca et al., 2007).
Of particular importance are the specific mechanical proper-
ties of the brain itself. The mechanical properties of the
brain are markedly inhomogeneous (anisotropic), owing to
the different properties of grey matter, white matter, and cere-
brospinal fluid. The general organization of the mammalian
brain (a cortical mantle overlying white matter tracts, sur-
rounding ventricles and a centrally located thalamus, and
basal ganglia) gives rise to specific anisotropic conditions that
are axis-dependent. As a result, a given injury force can be
expected to yield a different pattern and distribution of
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injuries when that force is administered in one axis or plane
versus another.

Several rodent models of diffuse brain injury have been
described (Cernak, 2005; Morales et al., 2005). The widely-
used impact-acceleration model (Marmarou et al., 1994) pro-
duces dorsal-ventral linear acceleration. Recently-described
angular acceleration models produce pure coronal accelera-
tion (Ellingson et al., 2005; Fijalkowski et al., 2006; Fijalkowski
et al., 2007; He et al., 2004; Xiao-Sheng et al., 2000). Although
highly important, these models do not specifically reproduce
the acceleration forces frequently encountered by the human
brain involved in motor vehicle, sports, and other types
of accidents, wherein frontal impact complicated by lateral
rotation of the head imparts a complex combination of
anterior-posterior linear acceleration plus sagittal rotational
acceleration.

Here we describe a new rat model of frontal impact closed
head injury. Our model is a modification of the impact-
acceleration model of Marmarou (hereinafter called the Mar-
marou model) (Foda and Marmarou, 1994; Marmarou et al.,
1994). However, in our model (hereinafter called the Mary-
land model), the impact force is directed horizontally and is
applied to the anterior part of the cranium. Our model pro-
duces brain injury by causing anterior-posterior plus sagittal
rotational acceleration of the brain inside the intact cranium,
without any deformation or fracture of the skull. Here we re-
port that this model produces diffuse injuries, including intra-
axial and extra-axial hemorrhages, DAI, and widespread
upregulation of f-amyloid precursor protein ($-APP) in neu-
rons and caspase-3 activation, as well as persistent neurobe-
havioral dysfunction.

Methods
Frontal impact injury device

The energy for impact was applied via a steel ball (~500 g;
Small Parts, Inc., Miami, FL) accelerated by gravity by rolling
down from a vertical height of 2.1 m (Fig. 1A). The path of the
rolling ball was directed by a pair of parallel rails (two pieces
of 19-mm-diameter tubular steel electrical conduit, joined
3 cm apart at their centers by nuts and bolts), bent to resemble
the shape of a hockey stick. The long ends of the rails, held ata
66° angle from horizontal by a pedestal, curved gently into
horizontally directed short ends, thus redirecting the trajec-
tory of the ball horizontally. At the end of its run, the rolling
ball entered into a collecting chamber (Fig. 1B), where it struck
one end of a coupling arm, with the other end of the coupling
arm engaging the malar processes of the rat bilaterally. The
coupling arm passed through a hole in the back wall of
the collecting chamber, with the rat lying horizontally oppo-
site the hole on the outside of the chamber, protected from
direct contact with the ball.

The coupling arm was made of three parts, a solid cylinder
(a delrin acetal rod 25 mm in diameter and 70 mm long; Small
Parts, Inc.), one end of which was impacted by the ball and the
other end of which had two holes 12mm apart and 25mm
deep drilled into it to receive a pair of hollow brass rods (type
C330 ASTM B135, 3.2mm in diameter and ~60mm long;
Small Parts, Inc.) (Fig. 1C). The coupling arm was constructed
so that one rod protruded from the solid cylinder 3 mm farther
than the other rod. The two brass rods, each with a small V-
shaped groove on its outer end, engaged the exposed malar
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FIG. 1. Apparatus for the application of the Maryland
model of frontal impact closed head traumatic brain injury
(TBI). (A) Schematic diagram depicting the essential ele-
ments of the injury apparatus, illustrating the key feature of a
ball rolling down rails and being redirected from a vertical to
a horizontal trajectory before striking the coupling arm at-
tached to the anterior part of the rat’s face. (B and C) Pho-
tographs of the rails, the collecting chamber, and the
coupling arm of the device. (D) Photograph of the rat’s skull
with the malar eminences engaged by the brass rods of the
coupling arm. (E and F) Lateral and superior views of the rat
prior to injury.

processes on each side, with the longer rod engaging the right
malar prominence (Fig. 1D). The rods were gently secured to
the snout using a rubber band. When the coupling arm was
struck, the 3-mm offset induced sagittal rotational accelera-
tion of the head, in addition to axial acceleration. When as-
sembled and affixed to the snout, the coupling arm protruded
~3cm from the tip of the snout, thereby allowing horizon-
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tally directed frontal impact without damaging the rat’s facial
structures (Fig. 1E and F).

Injury procedure

Surgical procedures were approved by the Institutional
Animal Care and Use Committee of the University of Mary-
land. Fasted male Long-Evans rats (250-275g; Harlan, In-
dianapolis, IN) were anesthetized (60 mg/kg ketamine and
7.5mg/kg xylazine given IP) and allowed to breathe air
spontaneously. Core temperature was maintained at 37°C
using a heating pad regulated by a rectal thermal probe
(Harvard Apparatus, Holliston, MA).

Using conventional surgical techniques, the malar process
on each side was exposed via infraorbital incisions. The
grooves of the brass rods of the coupling arm were positioned
on the malar processes and the rods were secured to the snout
using a rubber band, with care being taken not to occlude the
nasal passages. The rat was laid prone outside of the collecting
chamber with the coupling arm protruding through the hole
in the back wall of the collecting chamber, opposite the rails
that directed the rolling ball. The rat was gently restrained in
position using adhesive tape placed across the dorsal thorax
(Fig. 1E and F).

For most experiments, the ball was positioned on the rails
at a vertical height of 2.1 m to produce severe frontal impact
TBI (50 rats). In a separate series, a vertical height of 0.25m
was used to produce mild TBI (5 rats), and for sham injury, the
rat was operated on as described above, but no ball was
dropped (10 rats). After release, the ball rolled down the rails
and impacted the coupling arm, imparting an axial and sag-
ittal rotational force to the skull. After injury, the coupling arm
was removed and the infraorbital incisions were closed.

Oxygen saturation and heart rate were monitored pre- and
post-injury using a pulse oximeter (Mouse Ox; STARR Life
Sciences Corp., Oakmont, PA) placed on a hindlimb. A tail
artery catheter was used to monitor blood pressure (CyQ;
CyberSense Inc., Nicholasville, KY) and blood gases (iSTAT;
Heska Inc., Loveland, CO), except when neurobehavioral
function was assessed, since tail surgery was found to inter-
fere with performance.

After injury, the rats recovered and were observed for 1-7
days, after which they were euthanized using a lethal dose of
sodium pentobarbital given IP. The animals were perfused
with heparinized saline to remove blood from the intravas-
cular compartment, followed by perfusion-fixation with 4%
paraformaldehyde. The brain was harvested and photo-
graphed to document surface hemorrhages. Tissues were
cryoprotected using 30% w /v sucrose for histology and im-
munohistochemistry.

Histology and immunohistochemistry

For routine histology, 10-um cryosections were stained
using hematoxylin and eosin.

B-APP was examined by labeling 40-um floating cryosec-
tions. The sections were incubated in 0.3% hydrogen peroxide
to block endogenous peroxidase activity for 30 min. After
three washes in PBS, the sections were blocked with 0.2%
Triton X-100 (Sigma, St. Louis, MO) in PBS containing 2% goat
serum (Invitrogen, La Jolla, CA) for 2h at room temperature,
and then incubated overnight with primary antibody against
the C-terminus of f-APP (CT695 1:5000 in blocking solution;
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Invitrogen, La Jolla, CA). The next day, the sections were
washed in PBS and incubated with biotinylated secondary
antibody (BA-1000 1:500 goat anti-rabbit; Vector Laboratories,
Burlingame, CA) for 2h. After washing in PBS, the sections
were incubated in avidin-biotin solution (Vector Labora-
tories) and the color was developed in nickel-DAB chromogen
solution (0.02% DAB and 2.5% NiSO, in 0.175M sodium ac-
etate) activated with 0.01% hydrogen peroxide. The sections
were rinsed, mounted, dehydrated, and cover-slipped with
DPX mounting medium (Electron Microscopy Services, Fort
Washington, PA).

Activated caspase-3 was examined by labeling 10-um
cryosections. Thesectionsweremounted onslides, blockedin2%
goat serum with 0.2% Triton X-100 in PBS for 1h, then incu-
bated overnight with primary antibody directed against acti-
vated (cleaved) caspase-3 (#9661 1:200; Cell Signaling, Danvers,
MA) at 4°C. The sections were washed three times in PBS, then
incubated in the dark with fluorescent-labeled secondary an-
tibody (1:500 goat anti-rabbit AlexaFlour555; Invitrogen).
After 1h, the slides were washed and cover-slipped with
Prolong Antifade reagent with DAPI (P36931; Molecular
Probes, Invitrogen). Control experiments included the omission
of the primary antibody. Low- and high-power photomicro-
graphs were taken using a CoolSNAP camera (Photometrics,
Tucson, AZ), and images were adjusted for brightness and
contrast using IPLab Software (Scanalytics, Inc., Fairfax, VA).

Neurobehavioral function

Spontaneous behavioral activity was assessed using quan-
tified vertical exploration (Frey et al., 2009). The rats were
placed in a freshly-cleaned acrylic glass cylinder (20cm
diameterx20cm high) and spontaneous behavior was re-
corded using a digital video camcorder. Vertical exploration
was quantified as the number of seconds spent with both front
paws elevated above shoulder height during the first 3 min
spent inside the chamber.

Vestibulomotor function was evaluated using beam bal-
ance and forelimb extension. The beam balance test consisted
of measuring the duration (60 sec maximum) of time that an
animal could balance on a narrow (1.5-cm) beam elevated
30 cm above the ground (Wagner et al., 2007). The forelimb
extension test consisted of holding the rat by its tail 30 cm
above the ground and observing forepaw extension/flexion
and symmetry (Kolb et al., 1985). All neurobehavioral tests
were performed prior to injury (pre-injury baseline) and post-
injury on days 1, 2, 3, and 7.

Statistical analysis

Unless otherwise noted, values given are mean+SE. A
paired t-test or ANOVA was used, as appropriate, to as-
sess statistical significance, with Bonferroni comparisons. A
p value <0.05 was considered to be statistically significant.

Results
Energy imparted

We compared the energy imparted by our device with that
imparted in the Marmarou model (Foda and Marmarou, 1994;
Marmarou et al., 1994). The Marmorou model utilizes a 450-g
weight in vertical free-fall from 2 meters, which yields an
impact energy of 8.8 joules (]).
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In our model, we assumed a frictionless surface for the
stainless steel ball rolling down the rails. The energy imparted
by the rolling ball to the coupling arm (Ejmpact) is equal to the
total energy of the system (free-fall; E;y,1) minus the rotational
energy (Eotationar) Of the ball:

2 2

Eimpact = Eiotal — Erotational = % -m-ve— % T
with:
v =velocity = (2 - g-h)"/?, where g = 9.8 m/sec’
I=moment of inertia=2/5-m - r?
o =angular velocity =2 -7 - f, where f=1/2 -7 -1/t
plus the following empirically-derived values:
m = mass of the ball =0.535kg
r=radius of the ball =0.0255m
h =vertical height of the fall=2.1m
l=length of the ramp =2.57m
t=time the ball travels down the ramp = 0.9 sec
thus:

Eimpact =11.0 J—0.87 J=10.1]

Physiological variables

Apnea was not apparent or was short-lived (<5sec) in all
rats. No deaths occurred. Injury did not significantly affect
arterial blood gases, which were: pO,=78+3mm Hg,
52 +4mm Hg, 7.3 +0.02mm Hg before injury, and pCO,=
77+7mm Hg, 499+ 6mm Hg, and 7.3+0.03mm Hg after
injury (7 rats). Mean arterial pressure, heart rate and oxygen
saturation were not significantly changed during 1h of mon-
itoring post-injury (7 rats; Fig. 2). The rats awoke after anes-
thesia without any appreciable delay compared to sham
controls.

Neurobehavioral function

When placed in an acrylic glass cylinder, normal rats ex-
hibit spontaneous vertical exploration (rearing), contacting
the walls with their forepaws. However, spontaneous be-
havioral activity is typically blunted post-TBI (Wagner et al.,
2007). To assess spontaneous activity, we used a test of quan-
tified vertical exploration in which we recorded the time spent
with both front paws elevated above shoulder height during a
3-min period of observation (rearing time).

In rats that sustained severe frontal impact TBI (2.1m
height), comparison of pre-injury values of rearing time with
values recorded 24h post-injury showed normal distribu-
tions, with a significant shift from 57+17 to 25+16sec
(p <0.01 by paired t-test for 29 rats; Fig. 3A). In a separate
group of 14 rats, serial measurements for 7 days after the same
severe injury showed a statistically significant reduction in
rearing time that did not return to pre-injury levels (Fig. 3B,
O). In 5 rats that sustained a mild injury (0.25m height), a
small reduction in rearing time was observed that did not
reach statistical significance (Fig. 3B, ll). Rats subjected to
sham injury (9 rats) were essentially unaffected (Fig. 3B, ().
Overall, this neurobehavioral test appeared to reflect a sig-
nificant dose-response effect of frontal impact TBI (Fig. 3C).

To determine whether the observed decrease in spontane-
ous vertical exploration was due to a vestibulomotor deficit or
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FIG. 2. Physiological variables during severe frontal impact
traumatic brain injury (TBI) were stable. Pre- and post-injury
measurements of mean arterial pressure (MAP) (A), heart
rate (HR) (B), and oxygen saturation (pO,) as measured by
pulse oximetry (C). The rats were injured at time 0 (data are
for 7 rats per panel).

to post-injury stress or anxiety (Fromm et al., 2004; Vink et al.,
2003), we assessed postural reflex and performance on the
beam balance. The forelimb extension test is a postural reflex
that provides a sensitive measure of central motor status, with
abnormalities reflecting injuries to the pyramidal and extra-
pyramidal systems (Kolb and Whishaw, 1985). The beam
balance is an integrated behavior that requires proper func-
tion of the sensorimotor cortex (Hamm, 2001). Both beam
balance and the forelimb extension reflex, evaluated before
injury and at 1, 2, 3, and 7 days after severe frontal impact TBI,
were unaffected by injury (the same 14 rats with severe injury
as those described above; data not shown), suggesting that the
reduced vertical exploration that we observed was due to a
reduction in spontaneous behavioral activity attributable to
post-injury stress or anxiety (Fromm et al., 2004; Vink et al.,
2003).

Pathology

Necropsy was performed in 25 rats 24-48h after severe
frontal impact TBI, following transcardiac perfusion to re-
move intravascular blood. No fractures of the malar emi-
nences, other skull fractures, or injuries involving the cervical
spine were identified. Macroscopic contusions of the orbito-
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FIG. 3. Spontaneous vertical exploration is blunted by
frontal impact traumatic brain injury (TBI). (A) Rearing time
measured before (ll) and 24 h after (O) severe (2.1 m height)
frontal impact TBI in the same rats. The means and standard
deviations were 57 +17 and 25+ 16sec (p <0.01 by paired
t-test for 29 rats). Fit of these data to gaussian functions
demonstrated normal distributions of this behavioral mea-
sure. (B) Spontaneous vertical exploration, measured before
and over the course of 7 days post-injury, in three separate
groups of rats that sustained severe injury (2.1 m height, O),
mild injury (0.25m height, W), and sham injury (no hit, []).
The data shown are mean + standard error for 14, 5, and 9
rats, respectively, per injury group. Repeated measures
analysis of variance (ANOVA) was performed for each group
separately, with Bonferroni comparisons to pre-injury per-
formance (**p <0.01). (C) Spontaneous vertical exploration
measured 24 h post-injury, normalized to pre-injury perfor-
mance, in rats that sustained severe (2.1 m), mild (.25 m), and
sham (0m) frontal impact TBI (**»<0.01 by one-way
ANOVA, with Bonferroni comparisons to sham animals).

frontal cortex (coup) were not observed, but macroscopic
subarachnoid hemorrhage was identified in the posterior
fossa behind the cerebellum (contrecoup) in 10/25 rats (Fig.
4A). Histological examination revealed frequent petechial
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FIG. 4. Severe frontal impact traumatic brain injury (TBI)
produces extra-axial and intra-axial hemorrhages. (A) Pho-
tograph of a brain 24h after severe frontal impact TBI,
showing subarachnoid hemorrhage involving the cerebellum
and brainstem. (B—E) Sections stained with hematoxylin and
eosin 2448 h post-TBI, showing petechial hemorrhages in the
white matter of the frontal cortex (B), the brainstem (C), and in
the caudate (D). A thrombosed vein in the frontal lobe (E) is
also shown; intravascular blood was removed by perfusion.

hemorrhages, typically located in the white matter of the
frontal and parietal lobes, in the rostral corpus callosum, in the
deep nuclei, and in the brainstem (Fig. 4B-D), as well as oc-
casional thrombosed veins (Fig. 4E).

No macroscopic or microscopic hemorrhages were ob-
served in the 5 rats with mild frontal impact TBI.

p-Amyloid precursor protein

p-Amyloid precursor protein (f-APP) is an important
marker of brain injury, with two distinct patterns emerging
after TBL. Diffuse axonal injury (DAI) is characterized by the
accumulation of f-APP in injured axons in a pattern that re-
sembles a string of beads (Blumbergs et al., 1995; Bramlett
etal., 1997; Pierce et al., 1996; Stone et al., 2000). In addition, it
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TABLE 1. AXONAL LABELING

R74 R75 R81 R94 R96 R106 R107
Rat no. Early Early Early Late Late Late Late
Frontal cortex ++ + ++ + 44 4+ 4+
Corpus callosum + 0 + + + +++ 0
Hippocampus + 0 ++ + + ++ +
Caudate/putamen + + 0 + 4 bt +
Thalamus 0 0 0 0 0 0 0
Cerebellum + 0 + + ++ ++ +
Brainstem + 0 ++ + ++ +++ ++

Values given are from visual evaluation based on a scale of 0 to ++++.
Early, 1-2 days after TBI; late, 7 days after TBL; TBI, traumatic brain injury.

is common to have diffuse upregulation of f-APP in neuronal
perikarya (Itoh et al., 2009). Both of these abnormalities were
found in the present study.

As previously observed, immunolabeling for f-APP tended
to be more prominent on day 7 than earlier, on days 1-2, after
severe frontal impact TBI (7 rats; Tables 1 and 2). Damaged
axons exhibiting the classical beaded appearance were iden-
tified in various regions of the brain (Fig. 5). Damaged axons
were found not only in the frontal cortex beneath the region
the impact (coup), but also in the corpus callosum, hippo-
campus, caudate/putamen, cerebellum (contrecoup), and
brainstem. Notably, damaged axons were not found in the
thalamus of any specimen.

Prominent upregulation of f-APP was found in neuronal
perikarya in various regions of the brain (Fig. 6). Upregulation
was found in cells of the frontal cortex, as well as in the hippo-
campus, thalamus, cerebellum, and brainstem. Interestingly,
the cells in the caudate/putamen showed no upregulation in
any specimen, although damaged axons were identified in
these regions (7 rats; Tables 1 and 2). This pattern was opposite
that observed in the thalamus, where damaged axons were not
found, but cells showed prominent upregulation of -APP.

Activated caspase-3

Activated caspase-3 is another important marker of TBI. As
previously observed, nuclear labeling for activated caspase-3
tended to correlate with cytoplasmic labeling for f-APP. After
severe frontal impact TBI, caspase labeling was found in the
cells of the cortex, both frontal and parietal, and in the hip-
pocampus, thalamus, cerebellum, and brainstem (7 rats;
Fig. 7). In the hippocampus, labeling for activated caspase-3
was especially prominent in the dentate gyrus and CA3 re-

gions (Fig. 7A, B, and C). In the cerebellum, caspase labeling
was especially prominent in Purkinje cells at the grey-white
matter junction (Fig. 7A, D, and E).

Discussion

Diffuse brain injury continues to be a major cause of mor-
bidity following motor vehicle, sports, and other types of
accidents. Diffuse brain injury is characterized in part by
stretch injury to axons resulting in DAI, which may be widely
distributed. DAI is characterized by morphological and bio-
chemical changes including axonal swelling, formation of
axonal bulbs, and upregulation of f-APP (Adams et al., 1991;
Meythaler et al., 2001; Onaya, 2002). In humans, the severity
of diffuse brain injury determines whether patients recover,
remain disabled, are vegetative, or die following head trauma.

At the time of injury, the brain experiences forces of linear,
rotational, and angular acceleration resulting in injuries that
depend on the site of impact of the traumatizing force, its
direction, and its severity. The general organization of the
mammalian brain gives rise to specific anisotropic conditions
that are axis-dependent. The principal anatomical features
that determine specific anisotropic conditions in rodent and
human brains are similar, including the general organization
and orientation of major white-matter tracts, which are de-
termined by the location of the cortical mantle, the central
position and orientation of the basal ganglia and thalamus,
and related anatomical characteristics. The principal dissimi-
larity between rodent and human brains is the orientation of
the brainstem relative to the anterior-posterior axis. Never-
theless, broad similarities between species dictate that, in any
given plane, comparable anisotropic conditions will be en-
countered in rodent and human brains.

TABLE 2. NEURONAL LABELING

R74 R75 R81 R94 R96 R106 R107
Rat no. Early Early Early Late Late Late Late
Frontal cortex ++ ++ ++ ++ ++ +++ +++
Hippocampus ++ + ++ + + ot 4+
Caudate/putamen 0 0 0 0 0 0 0
Thalamus ++ + + + ++ +++ ++
Cerebellum ++ + ++ ++ +++ ++++ +++
Brainstem ++ + ++ + +++ ++++ +++

Values given are from visual evaluation based on a scale of 0 to ++++.
Early, 1-2 days after TBI; late, 7 days after TBI; TBI, traumatic brain injury.
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FIG. 5. f-Amyloid precursor protein (S-APP) identifies
disrupted axons after severe frontal impact traumatic brain
injury (TBI). (A-D) High-magnification images of the frontal
cortex (A), corpus callosum (B), hippocampus (C), and
brainstem (D), showing the beaded appearance of disrupted
axons immunolabeled for -APP. All images were taken 7
days after injury.

A rodent model that imparts frontal impact with lateral
rotation, such as the Maryland model, is likely to reproduce
salient features of TBI in humans that may not be re-
produced in other models. Differences between different
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FIG. 6. p-Amyloid precursor protein (f-APP) is upregu-
lated in neurons after severe frontal impact traumatic brain
injury (TBI). (A and B) Low-magnification images of sagittal
sections immunolabeled for $-APP from a naive rat and from
a rat 7 days after injury. (C-F) High-magnification images of
frontal cortex (C), thalamus (D), Purkinje layer of the cere-
bellum (E), and ventral brainstem (F), showing neuronal
immunolabeling for f-APP. All images were taken 7 days
after injury.

closed-head injury models will not be found in the types of
cellular or molecular injury encountered, including petechial
hemorrhages, DAI, -APP upregulation, and caspase acti-
vation, among others, which are found in all relevant
models. However, different models may produce these
discrete injuries with different anatomical distributions. It
may be that the opposite pattern of axonal versus neuronal
f-APP in the caudate/putamen versus the thalamus rep-
resents such an axis-specific response. Also, it is likely
that prominent involvement of the cerebellum, which is not
reported in the Marmarou model, also represents an axis-
specific response. To the extent that anatomical locations
of injury in any given model mimic those encountered in
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FIG. 7. Activated caspase-3 is upregulated in neurons after severe frontal impact traumatic brain injury (TBI). (A and B)
Montage of images of a coronal section immunolabeled for activated caspase-3 from a rat 7 days after injury. Note the distinct
labeling in the cerebral cortex, dentate gyrus of the hippocampus, and the Purkinje layer of the cerebellum. (B—E) Moderate-
and high-magnification images of the hippocampus (B and C), and of the Purkinje layer (D and E) immunolabeled for

activated caspase-3. All images were taken 7 days after injury.

humans, the more likely it is that the animal model will be
useful for studying long-term neurofunctional sequelae in
humans.

Comparison of rat models of closed head
and diffuse brain injury

The Marmarou model. The Marmarou model is the best
characterized, most widely regarded model of diffuse brain
injury in the rat. A variant of this model has also been de-
scribed (Cernak et al., 2004). The Marmarou model was de-
signed to direct an impact force to the protected skull, to avoid
direct focal cortical injuries. However, impact causes com-
pressive deformation of the cranial vault in the dorsal-ventral
axis, with “virtually all compression [being] the result of
displacement of the vertex” (Marmarou et al., 1994). In the
absence of protection, deformation of the skull results in
fractures of the thin frontal and parietal bones. With the
protection of a metal disc bonded to the dorsal aspect of the
skull, the incidence of fractures is greatly reduced, but de-

formation estimated to be 0.3 mm or greater still occurs be-
neath the disc (Marmarou et al., 1994).

A significant portion of the brain injury seen in the Mar-
marou model is located immediately beneath the site of im-
pact. Abnormal neurons are confined to the cortical areas
under the site of impact, immediately beneath the metallic
disc, with more normal-appearing neurons at the periphery
(Foda and Marmarou, 1994). Although unarguably injured
(Farkas et al., 2006), abnormal-appearing neurons beneath the
disc may not die (Goda et al., 2002; Rafols et al., 2007). Simi-
larly, pericapillary astrocytic swelling is observed, primarily
in areas of the cerebral cortex located underneath the metallic
disc in association with injured neurons, while capillaries,
astrocytes, and neurons in the rest of the cerebral cortex are
morphologically intact. These focal cortical injuries have been
attributed to the coup. However, the presence of skull defor-
mation in this model raises the possibility that injury beneath
the site of impact results from direct percussion rather than
from the coup, which strictly defined, is caused by the accel-
erated un-deformed skull striking the brain.
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The Marmarou model is most significant for the associated
diffuse brain injuries located remotely from regions beneath
the disc (Foda and Marmarou, 1994). Perivascular edema is
frequently observed in the thalamus and brainstem. Most
importantly, DAI (retraction balls of severed axons) is pro-
minent in long tracts of the brainstem and elsewhere. In the
original description (Foda and Marmarou, 1994), neurofila-
ment labeling revealed axonal abnormalities in the optic
tracts, cerebral peduncles, superior cerebellar peduncles, the
rubrospinal tract, corticospinal tracts in the pons and medulla
oblongata, and in the pyramidal decussation in the medulla
oblongata. Injured axons could also be observed, although to
a lesser extent, in the corpus callosum, internal capsule, and
the spinothalamic, gracilis, and cuneate tracts. Recent re-
assessments of this model, utilizing either silver staining or
immunolabeling for f-APP, reaffirmed that the most promi-
nent pathologic event is DAI within long-association and
subcortical projection fiber systems in the white matter of the
cerebral hemispheres and brainstem (Kallakuri et al., 2003;
Rafols et al., 2007). Upregulation of f-APP in neuronal peri-
karya and in reactive astrocytes near the region of injury is
characteristic of diffuse injury in the Marmarou model (Rafols
et al., 2007).

Another feature that distinguishes the Marmarou model is
the high incidence of brainstem injury, manifesting as tran-
sient hypertension and prolonged apnea that give rise to high
mortality, especially in animals without controlled ventilation.

The Gennarellimodel. The Gennarelli model is an impact
acceleration model, but is designed to produce pure coronal
rotational acceleration of the brain within the intact cranium
(Ellingson et al., 2005; Fijalkowski et al., 2006; Fijalkowski
et al., 2007). A non-impact (inertial) angular acceleration
model has also been described (He et al., 2004; Xiao-Sheng
et al., 2000). These rat models employing pure coronal rota-
tion were developed because of the finding that in a primate
model, coronal rotation produced the greatest amount of
diffuse injury (Gennarelli et al., 1982).

Models of pure coronal rotation produce evidence of DAI in
the medulla oblongata, midbrain, upper cervical cord, and
corpus callosum (He et al., 2004; Xiao-Sheng et al., 2000). Sur-
prisingly, upregulation of f-APP was reportedly absent in the
one study in which this was examined (Fijalkowski et al., 2007).

The Maryland model. The Maryland model is also an
impact acceleration model that utilizes a similar magnitude of
impact force as the (severe) Marmarou model. It is designed to
produce linear plus rotational acceleration, with linear accel-
eration in the anterior-posterior direction and rotational ac-
celeration in the sagittal plane. This form of injury is intended
to reproduce frontal impacts common in motor vehicle,
sports, and other types of accidents. In the Maryland model,
the impact force is applied to the malar processes, which are
firmly anchored to the skull base. Application of the impact
force to this location accelerates the head without apparent
deformation of the cranial vault. We observed no fractures in
our model, but even if fractures involving the malar processes
or the zygomas were to occur, this would not deform the
cranial vault. Brain injury in the Maryland model results from
the impact of the accelerated un-deformed cranial vault onto
brain surfaces, combined with rotational shear strain that
develops within the anisotropic brain.

2241

The Maryland model is characterized by absence of cortical
contusions, although petechial hemorrhages in white matter
and deep nuclei were frequently encountered. Even the or-
bitofrontal cortex, the site of the coup, rarely showed any
evidence of hemorrhage on the surface, although significant
injury to this region occurred, as evidenced by subcortical
hemorrhages and prominent upregulation of -APP and nu-
clear activation of caspase-3. These observations contrast with
findings in the Marmarou model, where hemorrhagic cortical
contusions are prominent in the parietal cortex, beneath the
site of impact.

Although axonal accumulation of f-APP has been the focus
of most reports related to trauma, TBI also leads to over-
expression of APP within neuronal cell bodies (Bramlett et al.,
1997; Itoh et al., 2009; Van Den et al., 1999). Outside of the
immediate site beneath the impact, the Marmarou model re-
portedly shows little neuronal upregulation of -APP. By
contrast, in the Maryland model, we found pronounced up-
regulation of f-APP in numerous cellular regions. It has been
postulated that following trauma, the overexpression of f-
APP may exceed the limit of normal processing capacity,
possibly resulting in mis-metabolization of -APP into po-
tentially amyloidogenic fragments (Van Den et al., 2007).
Also, caspase-3 activation was a prominent feature in our
model and tended to occur in cellular regions where -APP
upregulation was prominent. Notably, caspase-3-mediated
cleavage of f-APP may result in formation of amyloid f
peptide, which has been postulated as a potential risk factor
for later development of Alzheimer’s disease (Stone et al.,
2002).

The diffuse injuries produced in the Maryland model were
associated with neurobehavioral abnormalities. Non-coerced
vertical exploration was blunted for 1 week, but this was not
due to injury to sensorimotor, pyramidal, or extrapyramidal
systems, but appeared to be attributable to post-injury stress
or anxiety (Fromm et al., 2004; Vink et al., 2003). Detailed
neurocognitive testing was beyond the scope of the present
investigation, but future study of neurocognitive performance
will be of interest, given the widespread abnormalities in-
volving neuronal -APP and caspase-3 activation in the hip-
pocampus, thalamus, cerebellum, and other locations.

Brainstem injury was not clinically severe in the Maryland
model. There was no transient hypertension or prolonged
apnea at the time of injury and mortality was nil, even though
the animals were not artificially ventilated. Yet injury to the
brainstem was always present, as indicated by petechial
hemorrhages and prominent upregulation of f-APP in white
matter tracts and neurons. Similarly, brainstem axonal injury
without coma is observed in a rat angular acceleration model
(Xiao-Sheng et al., 2000). Lesser brainstem injury in these
models compared to the Marmarou model may be due to the
difference in the way impact force is applied to the brainstem:
in the Marmorou model the brainstem is accelerated down
into the skull base, whereas in the Maryland model the
brainstem is accelerated along its principal axis.

Injury to the cerebellum was particularly prominent in our
model, presumably owing to a contrecoup mechanism. Cer-
ebellar injury is also observed with a fluid percussion model
of open head injury (Ai et al., 2007; Park et al., 2007), but to our
knowledge, has not been reported with the Marmarou model.
In the Maryland model, posterior fossa injury involving the
cerebellum included frequent subarachnoid hemorrhage, and
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prominent upregulation of f-APP and activation of caspase-3
in Purkinje cells of the grey-white matter junction, a quintes-
sential anisotropic boundary. Cerebellar injury is not a fre-
quent focus of pre-clinical work on TBI, but nonetheless is a
common occurrence in humans that markedly affects diverse
functions, including speech, praxis, and ambulation.

Conclusion

The Maryland model is the first description of a rat model
of closed head injury that mimics the frontal impact, sagittal
rotation commonly encountered in human traumatic brain
injury. In this model, we documented petechial hemorrhages,
DAL, extensive upregulation of f-APP, and widespread acti-
vation of caspase-3 in the cortex, deep nuclei, cerebellum, and
brainstem. Additional work will be required to further char-
acterize this model, but the initial description presented here
suggests that this model may offer unique pathophysiological
features not encountered in previous models of closed head
injury. Given the widespread diffuse injuries observed, we
anticipate that future studies will uncover important types of
neurological dysfunction not addressed here.
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