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Abstract

Controlled cortical impact (CCI), one of the most common models of traumatic brain injury, is being increasingly
used with mice for exploration of cell injury mechanisms and pre-clinical evaluation of therapeutic strategies.
Although CCI brain injury was originally effected using an impactor with a rounded tip, the majority of studies
with mouse CCI use a flat or beveled tip. Recent finite element modeling analyses demonstrate that tip geometry
is a significant determinant of predicted cortical tissue strains in rat CCI, and that cell death is proportional to
predicted tissue strains. In the current study, a three-dimensional finite element model of a C57BL/6] mouse
brain predicted higher maximum principal strains during a simulated 1.0-mm, 3.5-m/s CCI injury with a flat tip
when compared to a rounded tip. Consistent with this prediction, experimental CCI with a flat-tip impactor
resulted in greater acute cortical hemorrhage and neuron loss in adult male C57BL/6] mice. The amount of
neocortical tissue damage was equivalent for the two tip geometries at 9 days following injury, but the rate of
neocortical neurodegeneration was markedly slower following CCI with a rounded-tip impactor, with damage
reaching a plateau after 24 h as opposed to after 4 h for the flat tip. The flat-tip impactor was associated in general
with more regional hippocampal neurodegeneration, especially at early time points such as 4h. Impactor tip
geometry did not have a notable effect on blood-brain barrier breakdown, traumatic axonal injury, or motor and
cognitive dysfunction. Execution of CCI injury with a rounded-tip impactor is posited to provide a substantially
enhanced temporal window for the study of cellular injury mechanisms and therapeutic intervention while
maintaining critical aspects of the pathophysiological response to contusion brain injury.
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Introduction

HE ANNUAL INCIDENCE of traumatic brain injury (TBI)

is estimated at more than 1.5 million people in the
United States alone, with many cases of mild TBI probably
unreported. Although numerous clinical trials have been
conducted for moderate-to-severe TBI, no therapeutic inter-
vention has proven effective in improving functional outcome
(Maas et al., 2010; Narayan et al., 2002). The difficulty in es-
tablishing an effective pharmacological treatment approach is
thought to be related, in part, to the heterogeneity of TBI
(Maas et al., 1999; Saatman et al., 2008). At a cellular level,
complexity arises from multiple, interacting secondary injury

cascades that, over time, amplify primary damage inflicted
during the traumatic insult. At a tissue level, TBI is hetero-
geneous in that it comprises multiple pathoanatomical types
of injury, such as contusion, diffuse axonal injury, and hema-
toma, which probably involve different combinations of pri-
mary damage and secondary mediators. To overcome this
challenge, treatment approaches tailored to a selected pathoa-
natomical injury type may be utilized in future clinical trials for
TBI. Contusion injury is well suited to this targeted therapy
approach for several reasons. Contusion represents a common
type of TBI that can be diagnosed using standard radiological
imaging (Alahmadi et al., 2010; Maas et al., 2005; Marshall et al.,
1992). Furthermore, animal models of contusion injury are
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widely used for identification of injury mechanisms and the
pre-clinical evaluation of therapeutic interventions.

The controlled cortical impact (CCI) model is one of the
most commonly used models of contusion TBL. The CCI
model utilizes a metal impactor rod to transiently and rapidly
deform the cortex exposed via a craniotomy. The model was
originally developed for use in ferrets (Lighthall, 1988), but
was subsequently adapted for rats (Dixon et al., 1991) and
mice (Smith et al., 1995). The use of CCI brain injury in mice
has dramatically increased over the past 15 years as a result of
greater reliance on transgenic and knockout mice for the
study of cellular mechanisms, and the cost- effectiveness of
mice for therapeutic testing. In both mice (Fox et al., 1998; Hall
et al., 2005; Hannay et al., 1999; Saatman et al., 2006; Smith
et al., 1995) and rats (Dixon et al., 1991; Goodman et al., 1994;
Hamm et al., 1992; Hicks et al., 1997; Scheff et al., 1997; Sutton
et al.,, 1993), experimental CCI reproduces important features
of human contusion TBI such as neocortical and hippocampal
cell loss by necrosis and apoptosis, axonal injury, blood—brain
barrier (BBB) breakdown, and cognitive and motor deficits. In
the process of characterizing the CCI model, a number of
laboratories have demonstrated that changing the depth or
velocity of impact or the number of craniotomies influences
the location and severity of injury (Dixon etal., 1991; Fox etal.,
1998; Goodman et al., 1994; Hannay et al., 1999; Meaney et al.,
1994; Saatman et al., 2006; Sutton et al., 1993).

In contrast, the effects of the shape of the impactor tip on
the histopathological or behavioral response to CCI brain in-
jury have not been systematically investigated. Interestingly,
the shape of the impactor tip is frequently not described in the
methodology of published CCI studies. The model was
originally developed with a rounded-tip impactor (Lighthall
1988). However, in mouse CCI studies that do describe the
impactor, nearly all describe the tip as “flat” or “beveled flat”,
that is, a flat surface where the impactor contacts the exposed
brain tissue (Dennis et al., 2009; Fox et al., 1998; Sandhir and
Berman, 2010; Smith et al., 1995; Thompson et al., 2006;
Whalen et al., 2008; Xiong et al., 2005). We recently demon-
strated that, after impact depth, tip geometry (flat versus
rounded) was the most important parameter in estimating
tissue strains and predicting cortical contusion volume in a rat
finite element simulation, exceeding the influence of impact
velocity, tip diameter, or number of craniotomies (Mao et al.,
2010b). Simulations demonstrated that impact with a flat tip
resulted in high tissue strains localized at the impactor rim,
whereas strains produced by impact with a rounded (spher-
ical) tip were more radially distributed.

In our experience, the use of a flat-tip impactor frequently
resulted in very rapid cortical neuron death, extensive cortical
hemorrhage and distortion, and sometimes even cortical tis-
sue tearing in mice subjected to moderate or severe CCI. We
reasoned that by using a hemispheric (rounded) tip, we could
decrease tensile/shear strains at the edges of the impactor as it
penetrated the cortical tissue, resulting in less ablative pri-
mary cellular damage and a more gradual progression of
neuronal death, thereby enhancing the fidelity of the model to
human closed head contusion injury.

To test this hypothesis, we utilized a finite element mod-
eling approach to visualize and compare the patterns of
maximum principal (tensile) strains produced by deformation
of the mouse cortex with either a flat or rounded-tip impactor.
We then compared the histological damage and the time
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course for neocortical contusion formation from 1h to 9 days
after a 1.0-mm-depth impact with these two tips. To provide a
comprehensive evaluation of the effects of modulating the tip
shape, we also evaluated other important features of CCI
brain injury such as regional hippocampal neurodegenera-
tion, BBB breakdown, axonal injury, and neurobehavioral
deficits. Our data suggest that cortical impact with either a flat
or rounded-tip impactor results in equivalent neocortical cell
death at 9 days after injury, similar patterns of BBB break-
down and axonal injury, and equivalent neurobehavioral
impairment and recovery. Importantly, however, impact with
a rounded-tip impactor reduced cortical tissue strains at the
impactor edges, slowed the progression of cortical cell death,
and reduced the extent of acute hippocampal neurodegen-
eration. These findings have important implications for in-
vestigations of cellular mechanisms of damage and testing of
therapeutic interventions for contusion TBI.

Methods

Finite element mouse brain model development
and CCI simulations

Considering anatomical similarity between rat and mouse
brains, a previously developed rat brain finite element model
(Mao et al., 2006) was used as the basis for generating a finite
element mouse brain model. The geometry used for devel-
oping the mouse brain model was taken from a comprehen-
sive three-dimensional C57BL/6] mouse brain atlas reported
by Ma and colleagues (2005). Ma and colleagues acquired
microscopy images from 10 adult male (12-14 weeks, weight
range 25-30 g) C57BL/6] mice at a 47-um isotropic resolution
using a 17.6-T magnetic resonance imaging device. The
“minimum deformation atlas”, a representation of the aver-
age structural shape of the 10 mice, was adopted here for
developing a mouse brain model. The images were imported
to an imaging processing software MIMICS 12 (Materialise,
Leuven, Belgium) to segment the outer surface of the brain,
exterior surfaces of the white matter, and ventricles. The
Meshworks 5.0/Morpher (DEP, Troy, MI) was then used to
morph the exterior meshes of the rat brain model to the outer
surface of the mouse brain. After that, the white matter and
ventricles were adjusted according to the mouse brain anat-
omy. The morphed mouse brain model, consisting of the ce-
rebrum, cerebellum, corpus callosum, internal and external
capsules, lateral ventricles, olfactory bulb, brainstem, and part
of spinal cord, has a total of 258,428 brick elements with a
typical spatial resolution of 150 um (Fig. 1). To the best of the
authors” knowledge, material properties regarding mouse
brain were not reported in the literature. Therefore, the mouse
brain material properties were defined based on combined
in vitro and in situ indentation tests of non-preconditioned
adult rat brains reported by Gefen and associates (2003) using
a linear viscoelastic material law (LS-DYNA Material Type 61,
Livermore Software Technology Corporation, Livermore,
CA). For the gray matter, cerebellum, and brainstem, a short-
term shear modulus of 1.72kPa and a long-term shear mod-
ulus of 0.51 kPa were assumed. For the white matter, a short-
term modulus of 1.2 kPa and a long-term modulus of 0.36 kPa
were assumed. A decay constant of 20 ms was assumed for
both the white and gray matter. Additionally, the ventricles
were assumed to have a short-term modulus of 1kPa and a
long-term modulus of 0.3kPa while the corresponding pa-
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FIG.1. Finite element model of mouse brain and impactor. (A) Isometric view of the three-dimensional finite element model
of the mouse brain utilized for simulation of CCI brain injury. (B) Cross-sectional view of the ipsilateral dorsal quadrant of
the brain model illustrating interior structures, the mesh size, and the position of the impactor.

rameters for the spinal cord were assumed to be 3.1 and
0.92kPa, respectively. For the membranes, linear elastic ma-
terial properties were assumed with a Young’s modulus of
12.5MPa for the pia-arachnoid complex (Jin et al., 2006) and
31.5MPa for dura (Galford and McElhaney, 1970).

Two CCI scenarios using a 2.5-mm diameter, flat tip and a
3.0-mm diameter, hemispherical (rounded) tip impactor,
identical to experimental conditions, were simulated. The
hemispherical tip was designed to be slightly larger in di-
ameter to partially offset the decrease in tip volume caused by
rounding of the tip. A 4.5-mm diameter craniotomy, centered
at —2.5-mm bregma and 2.75 mm lateral to the midline, was
removed from the mouse skull model. The impactor com-

pressed the exposed dura for up to 1.0mm at a velocity of
3.51m/s, the mean value calculated from experimental re-
cords. The simulation duration was set as 2 ms and simulation
results were plotted at every 0.02 ms. The depth of impact was
set at 1.0mm for both impactors to mimic commonly used
experimental protocols, and to control for the variable most
critical in determining tissue strains in the CCI model (Mao
et al., 2010b).

Animals and surgical procedures

Adult male C57BL/6] mice (The Jackson Laboratory, Bar
Harbor, ME), weighing 22-32 g, were housed in a room with a
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14:10 light:dark photoperiod. Mice were given food and water
ad libitum. All animal experiments and procedures were in
accordance with the National Institutes of Health Guide for
the Care and Use of Laboratory Animals and were approved
by the University of Kentucky Institutional Animal Care and
Use Committee.

Mice were anesthetized using 2.5% isoflurane, their heads
were shaved, and they were placed in a stereotaxic frame
(Kopf, Tujunga, CA) where they were maintained on iso-
flurane delivered by a nose cone. A midline incision was made
to expose the skull, and a 4.5-mm craniotomy was made
centered at —2.5mm bregma and 2.75mm lateral to midline
over the left hemisphere. Mice were subjected to CCI injury at
a 1.0-mm impact depth and a nominal velocity of 3.5m/s. The
CCI impactor device (TBI-0310 Impactor, Precision Systems
and Instrumentation, Fairfax Station, VA) uses a computer

A

Fringe Levels
5.500e-01 _
4.950e-01
4.400e-01
3.850e-01 _
3.300e-01
2.750e-01
2.200e-01
1.650e-01
1.100e-01
5.500e-02
0.000e+00

PLEASANT ET AL.

controlled pneumatically driven piston to rapidly impact the
brain. This system has a sensitive mechanism for detecting the
cortical surface after which the impactor is automatically re-
positioned for a user-determined impact depth. Mice were
randomized for injury with either a flat tip or rounded-tip
impactor (Fig. 2A). After injury, a cranioplast was placed over
the exposed brain. The mice were sutured and placed on a
heating pad to maintain normal body temperature until they
were fully awake, after which they were returned to their
home cages.

Tissue preparation

At 1, 4,12, or 24h, or 9 days, (n=>5 injured with a flat-tip
impactor, n=>5 injured with a rounded-tip impactor per
time point) mice were anesthetized with 65 mg/kg sodium

FIG. 2. Effect of impactor shape on brain tissue strains. (A) Animals received CCI with either a flat tip (left) or rounded tip
(right) metal impactor rod. (B) The impactor tip shapes were reproduced for the finite element simulations shown here,
illustrating the maximum principal (tensile) strain contours in a coronal section through the impact center at an impact depth
of 1.0 mm. Contours are shown with the tip in place (upper maps) and with strains mapped to the undeformed brain (lower
maps). The fringe levels indicate the strain levels (0 to 0.5500) represented by colors in each contour map.
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pentobarbital through an intraperitoneal injection. Mice were
then intracardially perfused with heparinized saline followed
by 10% buffered formalin, and decapitated. After 24 h of fix-
ation in 10% buffered formalin, the brains were removed from
the skull, post-fixed for 24h, cryoprotected in 30% sucrose,
and quickly frozen in —30°C isopentane. Coronal 40-um
sections were cut using a freezing sliding microtome (Dolby-
Jamison, Pottstown, PA).

Cortical contusion volume

Brain sections selected at 400-um intervals between 0 and
—3.5mm bregma (Paxinos and Franklin, 2001) were stained
for Nissl substance using 2.5% cresyl violet and mounted onto
slides. Existing methods were modified slightly to quantify
the neocortical area containing surviving neurons (Royo et al.,
2006; Saatman et al., 2006). Sections were viewed using a light
microscope (BH2, Olympus America Inc., Melville, NY)
equipped with an automated stage and camera. On a live
image, the neocortices of the contralateral and ipsilateral
hemispheres were separately outlined using a tracing tool
(BIOQUANT Life Science version 8.40.20, BIOQUANT Image
Analysis Corporation, Nashville, TN), alternating between 2 x
and 10 x magnification to evaluate the boundaries of the
neocortex as well as cellular staining and morphology. Only
areas containing Nissl-stained cells with presumed neuronal
morphology were outlined, thereby excluding areas of ne-
crotic tissue. Contusion area was calculated as the difference
between the contralateral and spared ipsilateral neocortical
areas. The contusion volume was obtained using Cavalieri’s
principle, integrating over the inter-section distance, and is
expressed as a percentage of the contralateral neocortical
volume to control for any potential variation in tissue
shrinkage during fixation and freezing.

Regional hippocampal neurodegeneration

Fluorojade-B staining (Millipore Co., Billerica, MA) for
degenerating neurons (Schmued et al., 1997) has been used to
quantify trauma-induced hippocampal neuron death (An-
derson et al., 2005; Dennis et al., 2009). Brain sections con-
taining hippocampus were selected every 800 um between
bregma levels —1.06 mm and —3.5mm (Paxinos and Frank-
lin, 2001) from mice that survived 1, 4, 12, and 24 h. After
rinsing in Tris-buffered saline (TBS), sections were immersed
in diaminobenzidine (DAB) (Vector Laboratories, Inc., Bur-
lingame, CA) for 5 min to provide a substrate for endogenous
peroxidases and to eliminate autofluorescence from paren-
chymal hemorrhage. Sections were then mounted onto slides,
warmed at 40-45°C for 30 min, and kept at room temperature
overnight. On day 2, slides were immersed sequentially in 1%
NaOH in 80% EtOH, 70% EtOH, and ddH,O. Sections were
placed in a 0.06% potassium permanganate solution for
10min and rinsed in ddH,O, before staining 10 min with
0.0001% Fluorojade-B in 0.1% acetic acid. Slides were then
rinsed in ddH,O, dried on a slide warmer at 50°C, immersed
in Xylenes (Fisher Scientific, Fair Lawns, NJ), and cover-
slipped in Cytoseal XYL (Richard-Allan Scientific, Kalama-
zoo, MI). For quantification, Fluorojade-positive neurons
were counted separately within the dentate gyrus, CA3/
CA3c, and CA1 of the ipsilateral hippocampus in three sec-
tions centered within the impact site. Counting was per-
formed at 20 x under a fluorescence microscope equipped
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with an FITC filter (AX80, Olympus America) by an indi-
vidual blinded to the injury conditions of each animal.

Immunohistochemistry

Immunoglobulin (IgG). Free-floating sections, adjacent to
those used for both Nissl and Fluorojade-B staining, were
used for immunohistochemical analysis of IgG extravasation,
indicative of BBB breakdown. Tissue was rinsed in TBS and
treated with a 3% H,O, solution to quench endogenous per-
oxidases before blocking nonspecific binding sites with 5%
normal horse serum (NHS). Biotinylated donkey anti-mouse
IgG antibody (1:1000, Jackson Immuno Research) was applied
overnight at 4°C. Negative control sections were incubated in
diluent without primary antibody. On day 2, the tissue was
rinsed in TBS and incubated in an avidin-biotin complex (AB
Elite Kit, Vector Laboratories) and reacted with DAB.

Amyloid precursor protein. Immunohistochemical detec-
tion of amyloid precursor protein (APP) accumulation in ax-
ons is a commonly used marker for acute traumatic axonal
injury (Sheriff et al., 1994; Stone et al., 2000). Sections were
rinsed in TBS and placed in 10M citric acid at 65°C for 15 min
for antigen retrieval. Tissue was then washed in TBS, blocked
in 5% NHS in 0.1% Triton X-100 and incubated overnight at
4°C in 1:500 anti-C-terminal APP (Cat # 51-2700, Invitrogen,
Carlsbad, CA). Following incubation in 1:1000 biotinylated
donkey anti-rabbit IgG secondary antibody, endogenous
peroxidases were blocked using 0.9% H,O, in 50% methanol.
Tissue was then rinsed and incubated in avidin-biotin com-
plex. Reaction product was visualized using DAB as a sub-
strate.

Behavioral testing

Following CCI injury, mice to be used for analysis of tissue
damage at 9 days post-injury (n=5/impactor tip) were sub-
jected to behavior tests at several time points to assess their
level of motor and cognitive function. All behavior tests were
performed by a blinded evaluator.

Neurological severity score (NSS). An NSS, adapted
from Tsenter and associates (2008), was assessed at 1h and 1,
2,5 and 7 days. NSS is a 14-point ordinal scale with 14 re-
presenting normal motor function. Mice were scored as they
traversed, in sequence, 3, 2, 1, and 0.5cm wide Plexiglas
beams (60 cm long) and a 0.5 cm diameter wooden rod (60 cm
long). The beams and rod were elevated 47 cm above the table
top. Mice were acclimated to walking across the beams and
rod 24 h before injury. Mice were allowed up to 30 sec to cross
the beams and rod during both acclimation and testing. Each
beam had a maximum of three points; three points were given
for successfully crossing the beam with normal forelimb and
hindlimb position, two points were given for successfully
crossing the beam despite either a forelimb or hindlimb
hanging from the beam, and one point was given for crossing
the beam despite inverting underneath the beam one or more
times. If a mouse became inverted on the beam, it was righted
and allowed to continue across. The mouse scored a 0 if it did
not cross the beam in the allotted time or if it fell off the beam.
For the wooden rod, there was a maximum of two points. A
mouse received two points for successfully crossing the rod
and one point was given for crossing despite inverting more
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than three times. A mouse received a 0 if it did not traverse or
fell off of the rod.

Neuroscore. Neurological motor function was also as-
sessed at 1, 2, 5, and 7 days post-injury, using a 12-point
neuroscore evaluation. The neuroscore test was performed as
previously described (Scherbel et al., 1999) with slight modi-
fications. The neuroscore evaluation consisted of three tests:
the grid walk (two points), forelimb and hindlimb flexion tests
(three points each), and lateral pulsion (four points). For the
grid walk, mice were placed upon a wire grate with bars
spaced 1.5 cm apart positioned 20 cm above a table. One point
was deducted if either a front or hind paw slipped through the
grate without immediate recovery during 60sec of free ex-
ploration. Mice scored a 0 if they had both forelimb and hin-
dlimb slips. In the flexion tests, limb coordination and grip
strength were evaluated as mice were suspended by their tail
over a metal rung cage top and lowered to allow them to
grasp the cage bars with both forelimbs. One point was de-
ducted from the forelimb score if the mouse had low grip
strength, crossed its forelimbs, or had excessive hyperactivity.
For the hindlimb score, abnormal limb extension or toe
splaying each resulted in a one point deduction, whereas
three points were deducted if the mouse curled its hindlimb
up to its body. For the lateral pulsion test, mice were pushed
four times from left to right across a ribbed plastic mat at
increasing speeds. Four points were deducted for rolling over
on the first trial, three points were deducted for rolling over on
the second trial, two points were deducted for rolling over
on the third trial, and one point was deducted for rolling over
on the fourth trial. If the mouse did not roll over on any of the
four trials, it received four points.

Morris water maze (MWM) cognitive test. Learning
ability was evaluated on days 7-9 post-injury using a para-
digm similar to those widely utilized in models of rodent TBI
(Hamm et al., 1992; Prins and Hovda, 2001; Saatman et al.,
1997). A 1-m diameter MWM was filled with 19-21°C water
containing a nontoxic white paint (Rich Art Co., Northvale,
NJ) to hide a 6.3-cm-diameter platform that was submerged
0.5 cm below the surface of the water. Mice were released into
the water from one of four different starting points (North,
East, South, or West quadrant) and their latency to locate the
platform (located in the West quadrant) using large visual
cues placed on the walls outside the tank was recorded. Mice
were tested in sets of four trials per day over 3 consecutive
days. If the mouse did not find the platform within the allotted
70 sec trial time, it was placed onto the platform for 5 sec, then
returned to a heated cage. Swimming trials were monitored
using an overhead video camera and tracking software (EZ-
Video version 5.51DV, Accuscan Instruments Inc., Columbus,
OH).

Statistical analysis

All data are presented as means and standard deviation.
Contusion volumes were compared using a two-way ANO-
VA. Fluorojade-positive cell counts were analyzed using a
two-way ANOVA for each hippocampal subfield. MWM
training latencies, neuroscore and NSS motor function tests
were analyzed using a repeated measures one-way ANOVA.
In all cases, Neuman-Keuls post-hoc f-tests were performed
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when appropriate. A value of p<0.05 was considered statis-
tically significant.

Results
Finite element simulation of cortical impact injury

CCI brain injury at a 1.0-mm depth of impact was simu-
lated for a flat-tip impactor and a rounded-tip impactor (Fig.
2A). Principal strain contours immediately after the manxi-
mum dural compression was reached are illustrated in Figure
2B. The peak maximum principal strains resulting from im-
pact with a flat tip were >49.5-55.0%. In contrast, impact with
a rounded tip generated lower peak maximum principal
strains, in the range of 38.5-44.0%. In addition, the largest
strains induced by the flat-tip impactor were highly localized
along the impactor rim, while there were no such concentra-
tions or “edge effects” observed for the rounded-tip impactor
(Fig. 2B). The edge effect of the flat-tip impactor is also clearly
evident in strain profiles illustrating the peak maximum
principal strain as a function of element location along a lat-
eral to medial cortical arc (Fig. 3), where element no.16 rep-
resents the position of the center of either the flat tip or
rounded-tip impactor. At cortical layers 3 and 5, for example,
impact with the flat tip induced strains at the impactor rim
which were almost 100% higher than the strains beneath the
impactor center. In contrast, the rounded tip produced more
uniform strain distributions beneath the impactor. The dif-
ference between rounded tip and flat tip induced strains was
less pronounced at the cortical surface (layer 1), where the
highest strains were induced as a result of tissue protrusion
between the impactor and the edge of the craniotomy. Strain
elevations as a result of tissue protrusion (labeled A in Fig. 3)
decreased as a function of cortical depth and were essentially
eliminated by layer 7. In the hippocampal region, the peak
maximum principal strain was 24.8% for the rounded tip
group and 30.1% for flat tip group.

Histological damage in Nissl-stained brain sections

Histological analyses of cortical tissue damage using Nissl
staining revealed that injury with a flat-tip impactor resulted
in more pronounced initial tissue disruption and more rapid
cell death when compared to impact with a rounded-tip im-
pactor. Even though cell loss progressed at different rates,
neocortical tissue damage was ultimately equivalent.

At 1h post-injury, brains injured by the flat-tip impactor
exhibited marked cortical swelling associated with extrusion
at the craniotomy site (Fig. 4A). Hemorrhage and neuron loss
was observed where cortical tissue strains were predicted to
be maximal, at the periphery of the impactor. Hemorrhage
was also frequently found at the interface of the cortex and the
subcortical white matter. In most animals injured with the flat
tip (3/5), hippocampal distortion and hemorrhage were
prominent. In contrast, 1h after injury with a rounded-tip
impactor, brains exhibited no overt loss of Nissl staining, only
mild-to-moderate cortical swelling, and minimal hemorrhage,
typically along the cortical surface (Fig. 4B). The ipsilateral
hippocampus was not distorted, and no hemorrhage was
present.

At 4h after injury with a flat-tip impactor, extensive neo-
cortical cell death compromised tissue integrity (Fig. 4C), and
began to result in tissue loss during the cutting and mounting
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procedures. By 12h, a cortical cavity or “lesion” was well
formed (Fig. 4E). At4 and 12 h, hippocampal hemorrhage (6/
10) and distortion (9/10) were still prominent. After injury
with a rounded-tip impactor, the contused neocortex ex-
hibited mild-to-moderate swelling, mild intraparenchymal
hemorrhage, and progressive loss of Nissl staining intensity
from 4 to 12h (Fig. 4D, F). The subcortical white matter tract
was intact but exhibited some disruption and hemorrhage. No
hippocampal hemorrhage was observed at 4 or 12 h after in-
jury with a rounded- tip impactor, although distortion of the
hippocampal formation was evident by 12h.

By 1 and 9 days post-injury, histological damage in Nissl-
stained brain sections from mice injured with either a flat and
rounded-tip impactor appeared much more similar than at
earlier time points. Both impactors resulted in the formation
of a large cortical cavity by 1 day, with evidence of in-
traparenchymal hemorrhage surrounding the cavity (Fig. 4G,
H). In both groups, the cortical cavity was lined by reactive
glia by 9 days (Fig. 41, J). As with the flat-tip impactor, the
rounded-tip impactor produced subcortical white matter
disconnection and degeneration in nearly all mice (9/10) at 1
and 9 days post-injury. Delayed hippocampal hemorrhage
was noted at 1 day after rounded tip impact (3/5), whereas
hemorrhage was not typical at 1 day after injury with a flat-tip
impactor and was not observed at 9 days post-injury in either
group.

Differences in gross histological responses to injury using a
flat tip versus a rounded-tip impactor (described previously)
were underscored by qualitative analysis of neocortical neu-
ron morphology. As early as 1h after injury with a flat-tip
impactor, neocortical Nissl staining was diminished in in-
tensity, and scattered cell loss and shrinkage was evident
through all neocortical layers (Fig. 5A) when compared to
uninjured tissue (Fig. 5E). Neurons in the neocortex injured by
the rounded-tip impactor were pyknotic, but normal ap-
pearing in size, density, and Nissl intensity (Fig. 5B). At 4h
after injury with a flat-tip impactor, neocortical neuronal
damage had progressed substantially, with few identifiable
neurons visible in the contusion site (Fig. 5C). In the neocortex
of mice injured with a rounded tip, Nissl-stained cells with
neuronal morphology were still clearly detectable at 4h (Fig.
5D), although pyknosis and loss of Nissl intensity was greater
than at 1h. The extent of neuronal damage was far less than
thatinduced at 4 h by a flat-tip impactor (compare Fig. 5C and
D). Neuronal damage had increased by 12 h after impact with
a rounded tip (Fig. 5F), with marked loss of Nissl staining
comparable to that observed 4 h after injury with the flat-tip
impactor (Fig. 5C).

<
FIG. 3. Strain profile as a function of cortical depth and tip
geometry. The peak maximum principal strain at any time
during the impact is plotted for 31 elements along a lateral to
medial cortical arc, or cortical layer, in the finite element
model. The model consists of eight cortical layers (see Figure
1B), with the cortical surface designated as Layer 1, and the
deepest layer adjacent to the subcortical white matter desig-
nated as Layer 8. Element number 16 corresponds to the
center of the impactor and craniotomy. Strain peaks labeled
‘A’ correspond to regions of tissue protrusion between the
impactor and the craniotomy edge. Strain peaks labeled ‘B’
correspond to the edge effects created by the flat-tip impactor.
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FIG. 4. Temporal progression of histological damage created by a flat-tip versus a rounded-tip CCI impactor. Images are
shown of the ipsilateral neocortex and hippocampus of Nissl-stained coronal sections taken at the epicenter of the impact at
1h (A, B),4h (C, D), 12h (E, F), 24h (G, H), and 9 days (I, J) after 1.0 mm depth CCI. Injury with a flat-tip impactor (A, C, E),
created more profound tissue disruption, hemorrhage and cell loss within the first 12h when compared to injury with a
rounded tip impactor (B, D, F). By 24h and 9 days post-injury, tissue damage resulting from the flat-tip (G, I) and rounded-
tip (H, J) impactor was similar. Arrows mark the approximate location of the edges of the craniotomy. Arrowheads note the
location of tissue hemorrhage and neuron loss, corresponding to the path of the impactor edges, at 1h after impact.
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Quantification of cortical tissue damage

To quantify cortical damage, the boundaries of the neo-
cortex containing morphologically identifiable neurons were
outlined ipsilateral and contralateral to the impact on Nissl-
stained coronal sections. Gross patterns of early neocortical
distortion and cell death are shown in representative tracings
in Figure 6A. Within the swollen ipsilateral cortex, two re-
gions of neocortical damage are clearly evident at 1 h after CCI
with a flat-tip impactor, consistent with the regions of acute
hemorrhage and neuron loss illustrated in Figure 4A, and
corresponding closely to the regions of high principle strains
predicted by finite element model simulation (Fig. 2B, left
panels). At 1h after CCI with a rounded-tip impactor, neo-
cortical tissue exhibited swelling at the craniotomy site, but
overt tissue damage was only noted at 4h. The volume of
neocortical tissue damage increased significantly over time
[main effect of time, F(4, 38)=52.15, p <0.00001; Fig. 6B]. The
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temporal progression was strongly dependent upon the tip
geometry used to create the injury [interaction of tip and time,
F(4, 38)=11.70, p<0.00001]. At 1h post-injury, both groups
exhibited negative contusion volumes caused by neocortical
swelling and herniation (see also Fig. 4A,B and 6A). By 4h
post-injury, the amount of cortical damage increased signifi-
cantly for the group injured with the flat tip (p<0.0005
compared to 1h) but not for the group injured with the
rounded-tip impactor. No further increase in contusion vol-
ume was measured for mice injured using the flat-tip im-
pactor, suggesting that the majority of neocortical damage
occurred by 4h post-injury. In contrast, mice injured with a
rounded-tip impactor showed a progressive increase in con-
tusion volume from4hto12h (p <0.001) and from 12h to 24 h
(p<0.001). Cortical tissue damage was greater with the flat-
tip impactor than the rounded-tip impactor at both 4h
(p<0.0005) and 12h (p<0.005), but was equivalent at 24h
and 9 days. These data demonstrate that CCI injury with a
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FIG.5. Alterations in neocortical neuron morphology as a function of impactor tip shape. Compared to sham injury (E, with
black border), cortical injury with a flat-tip impactor (A) results in more severe neuron shrinkage and loss of neuronal Nissl
staining at 1 h than injury with a rounded-tip impactor (B). Neuron death is more rapid with the flat-tip impactor, with nearly
complete loss of cells with identifiable neuronal morphology by 4h (C), whereas morphological damage increases pro-
gressively from 4h (D) to 12h (F) after injury with a rounded-tip impactor. Scale bar represents 100 pm.
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rounded-tip impactor resulted in a slower evolution of neo-
cortical cell death over the first 12 h, but ultimately the same
volume of cortical tissue damage, as compared to injury with
a flat-tip impactor.

Regional hippocampal neurodegeneration

Fluorojade staining was used to evaluate acute regional
neurodegeneration in the hippocampus. Only a few faintly
labeled neurons were observed at 1h post-injury (data not
shown). At 4, 12, and 24 h, Fluorojade-positive neurons were
clearly visible in both groups of mice after 1.0-mm CCI brain
injury. Injury with a flat-tip impactor produced widespread
neurodegeneration in the granule layers and hilus of the
dentate gyrus and in the CA3 pyramidal layer, with less de-
generation in the CA1 pyramidal layer (Fig. 7A, C, E). Neu-
rodegeneration was most prevalent in the dentate gyrus
following injury with a rounded-tip impactor, with fewer
Fluorojade-positive neurons in the CA3 pyramidal layer and
very few, if any, in the CA1 region (Fig. 7B, D, F).

Fluorojade-positive neurons were counted in the ipsilateral
hippocampus at 4, 12, and 24h post-injury. In the dentate
gyrus, there was no overall effect of tip geometry or time, but
the interaction between these variables was significant
[F(2,24)=6.15, p <0.01; Fig. 8]. The flat-tip impactor caused an
initial wave of neurodegeneration in the dentate gyrus at 4h
that was reduced by 12 h, although this decrease did not reach
statistical significance (p=0.06). The number of Fluorojade-
positive dentate gyrus neurons increased from 12h to 24h
after injury with the flat-tip impactor (p <0.05). Numbers of
degenerating dentate gyrus neurons did not change over time
for the group injured with a rounded-tip impactor, and the
numbers were not different from those of the flat-tip impactor
group at any individual time point. In the CA3/CA3c pyra-
midal layer, CCI with the flat-tip impactor resulted in signif-
icantly greater neurodegeneration across the first 24h when
compared to CCI with the rounded-tip impactor [main effect
of tip shape, F(1,24)=7.30, p<0.05; Fig. 8]. Numbers of
Fluorojade-positive cells decreased from 4 h to 12h (p<0.05)
and then increased again at 24 h (p <0.05 compared to 12h), a
temporal trend that appeared more pronounced for the flat-
tip impactor. Injury with a flat-tip impactor also produced
greater neuron death in the CA1 region than did injury with
the rounded-tip impactor [main effect of tip shape,
F(1,24)=22.90, p<0.0001; Fig. 8], an effect that was time de-
pendent [interaction of tip and time, F(2, 24)=4.10, p<0.05].
At 4h, numbers of Fluorojade-labeled CA1l neurons were
more than tenfold higher after injury with a flat-tip impactor
than with a rounded-tip impactor (p<0.001), and were sig-
nificantly higher than those at 12h or 24h for either tip ge-
ometry (p<0.05), indicating a very acute wave of CA1 cell
death induced only by the flat-tip impactor.

BBB damage

Regional patterns of BBB breakdown were comparable af-
ter CCl injury using a flat-tip or rounded-tip impactor. At 1h,
IgG extravasation was localized to the impact site spanning
neocortical layers I through VI, as well as the subcortical white
matter and CA1 stratum oriens (Fig. 9A, B). By 4h, BBB dis-
ruption had extended beyond the impact site in the neocortex
and encompassed the entire ipsilateral hippocampus at the
level of the impact epicenter (Fig. 9C, D). At 12 and 24h, in
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FIG. 6. Quantification of cortical tissue damage. (A) Re-
presentative tracings of the dorsal regions of the ipsilateral
and contralateral neocortex containing morphologically
identifiable neurons at the epicenter of injury 1h after impact
with a flat-tip impactor and 1h and 4h after injury with a
rounded-tip impactor. Arrows mark the location of the cra-
niotomy edges as in Figure 4. (B) The volume of cortical
damage produced by injury with a flat-tip impactor was
maximal by 4h and was unchanged out to 9 days. In con-
trast, cortical injury with a rounded-tip impactor led to a
more slowly developing cortical contusion that increased in
size over 24h, reaching a contusion volume equivalent to
that of the flat-tip impactor group. Square symbols denote
flat-tip impactor group means; diamond symbols denote
round-tip impactor group means. Error bars represent stan-
dard deviations. (+p <0.0005 compared to the previous time
point for the flat-tip impactor group; **p <0.001 compared to
the previous time point for the rounded-tip impactor group;
# p<0.005 comparing flat-tip and rounded-tip impactor
groups at the same time point).
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addition to the robust IgG immunostaining in the ipsilateral
cortex, subcortical white matter and hippocampus, faint IgG
labeling was observed in the dorsal thalamus and in the
contralateral cortex and hippocampus near midline. At 9
days, IgG extravasation was less pronounced than at 24 h.

Traumatic axonal injury

Traumatic axonal injury was assessed qualitatively using
immunohistochemistry for APP, a well-established marker of
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axonal injury. Impact to the cortex with either a flat-tip or
rounded-tip impactor resulted in acute axonal injury
throughout cortical and subcortical structures in the ipsilat-
eral hemisphere. There were no overt differences in the dis-
tribution or time course of axonal injury between the two tip
geometries. From 1h to 24h post-injury, axonal injury was
evident along the edges of the impact site in the neocortex,
and in the deep neocortex (layer VI) and the subcortical white
matter tract below the impacted cortex (Fig. 10A, B). APP-
positive injured axons were also observed in the dorsal

FIG. 7. Hippocampal neurodegeneration after CCI with a flat-tip (A, C, E) or a rounded- tip (B, D, F) impactor. Fluorojade-
B staining of sections taken at the impact epicenter illustrate degenerating neurons in the dentate gyrus granule layers,
dentate hilus, and CA3 and CAl pyramidal layers at 4h (A, B), 12h (C, D), and 24h (E, F) after 1.0-mm CCI brain injury.
Scale bar represents 500 ym.
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FIG. 8. Quantification of regional hippocampal neurode-
generation as a function of impactor tip shape. Fluorojade-B
positive (FJB+) neurons were counted in the dentate gyrus,
including the granule layers and hilar region, CA3/CA3c
pyramidal layer, and CA1 pyramidal layer at 4h, 12h, and
24h after brain injury with a flat-tip impactor (dark grey
bars) or rounded-tip impactor (light gray bars). Data are
shown as means+standard deviation. (+p<0.05 compared
to the adjacent time point for the flat tip impactor group;
#p<0.001 comparing flat tip and rounded tip impactor
groups at the same time point).
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ipsilateral thalamus (Fig. 10C, D) and occasionally within the
hippocampus, most often in the stratum oriens of the CA3 and
CA1 regions and along the hippocampal fissure. Qualita-
tively, the frequency and staining intensity of APP-positive
axons increased from 1h to 12h. No axonal injury was ob-
served in the contralateral hemisphere for any of the time
points for either tip shape.

Motor and cognitive behavioral outcome

Deficits in coordinated motor function were evaluated us-
ing a modified NSS at 1h and 1, 2, 5, and 7 days after CCI
brain injury. Tip geometry was not a factor in determining the
level of initial motor dysfunction or the rate of recovery of
function (Fig. 11A). Both groups of brain-injured mice ex-
hibited profound motor deficits using the NSS at 1h post-
injury and a significant spontaneous recovery over time [main
effect of time, F(4,32)=37.71, p <0.0001]. Similarly, evaluation
of basic motor functions including limb flexion, extension,
and grip strength using a composite neuroscore revealed
equivalent deficits in mice injured using either a flat-tip or
rounded-tip impactor (Fig. 11B). Both groups of mice showed
notable motor dysfunction at 1 day after CCI, and signifi-
cant recovery of function over time [main effect of time,
F(3,24)=14.26, p<0.0001].

As with post-traumatic motor deficits, the use of a flat-tip
or rounded-tip impactor did not significantly alter post-
traumatic cognitive function assessed in an MWM at 1 week
after severe CCI (Fig. 11C). Learning latencies were equivalent
for the two groups, with both achieving significantly lower
latencies to the platform on days 8 and 9 compared to day 7
(p<0.0005).

Discussion

The CCI model of contusion brain injury is one of the most
widely used models of TBI in mice. Mouse models are being
increasingly used to exploit transgenic and knockout tech-
nologies for the study of specific proteins or for expression of
tissue- or cell-specific reporters. The low cost and small body
weight of mice are also attractive for testing therapeutic in-
terventions, especially when large cohorts are needed to
perform comprehensive dose response studies or test behav-
ioral outcomes. We have demonstrated that in the mouse CCI
model the rate of neocortical neurodegeneration is highly
dependent upon the shape of the impactor tip. A 1.0-mm
depth injury with a flat-tip impactor results in significantly
faster cortical neuron death, more pronounced acute hemor-
rhage, and greater initial hippocampal neurodegeneration
than injury with a rounded-tip impactor. Injury severity, as-
sessed by (1) impact depth and velocity, (2) the size of the
neocortical contusion at 9 days after injury, (3) the presence or
pattern of BBB breakdown and axonal injury, and (4) the
magnitude of neurobehavioral deficits, was equivalent for
the two impactors. These data suggest that rounding the tip of
the impactor slows the temporal course of the neurovascular
damage without reducing or eliminating important patho-
physiological features of CCI brain injury.

A three-dimensional finite element model was used to
predict tissue strains in response to a 1.0-mm 3.5-m/s CCI
injury using a flat-tip or rounded-tip impactor. Maximum
principal strains were predicted to be substantially higher for
the flat-tip impactor than for the rounded-tip impactor. For
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FIG.9. Acute BBB damage after severe controlled cortical impact using a flat-tip impactor (A, C) or a rounded tip impactor
(B, D). The location and progression of extravasation of IgG was similar for injury with the flat-tip and rounded-tip
impactors, as illustrated at 1h (A, B) and 4h (C, D) after injury.

the flat-tip impactor, tissue strains were predicted to be
highest around the edge of the impactor as it penetrated the
cortical parenchyma. Histological damage, including hemor-
rhage and loss of Nissl stain, was indeed observed most fre-
quently at the boundaries of the impactor’s path as early as 1 h
after injury with a flat-tip impactor (see Figs. 4 and 6). Inter-
estingly, the strain at which human cerebral arteries fail under
dynamic elongation ex vivo is estimated to be 0.50, or 50%
(Monson et al., 2003). Based on these data, arterial rupture or
tearing would be predicted along the edges of the path of the
flat-tip impactor, consistent with the presence of hemorrhage
in this region. For the rounded-tip impactor, maximum strains
were predicted to be centered beneath the impactor, more
diffusely distributed in the deep cortex, consistent with strain
contours generated for CCI injury in the rat (Mao et al,
2010b). One limitation of the current mouse brain model
is that the finite element meshes were morphed from the
previously validated rat brain model with some adjustments
made on the brain outer surface, ventricles, and white matter.
Gray matter structures were assigned the same material
properties. Detailed meshes representing other anatomical
parts, such as hippocampus or thalamus, and incorporation of
region-specific material property heterogeneities, are required
in the future to improve the biofidelity of this model. Testing
mouse brains to acquire mouse-specific properties would in-
crease the prediction accuracy of the numerical mouse brain
model. Tears within the brain parenchyma during impact
would necessarily alter the strain pattern in neighboring re-
gions. However, micro-tearing of brain tissues or intracranial
vasculatures was not addressed in our finite element model
because a much higher resolution brain model would be
needed for predicting such injuries. Unfortunately, a very fine
mesh model is computationally challenging at present. Even if
such a model existed and were computationally feasible, very

little is known about strain thresholds for individual cellular
components within the brain.

Dynamic strains of >0.10-0.20 (10-20%) are sufficient to
elicit morphological signs of injury or dysfunction in neurons
or axons (Bain and Meaney, 2000; Cater et al., 2006; Elkin and
Morrison, 2007; Geddes et al., 2003a). During focal or diffuse
TBI, tissue deformation leads to early compromise of the
normal selective barrier function of the plasmalemma (Farkas
et al., 2006; Whalen et al., 2008), contributing to ion dysre-
gulation (Kilinc et al., 2009). Both enhanced neuronal mem-
brane permeability and increases in intracellular free calcium
have been shown to be proportional to applied strain (Geddes
etal., 2003a; LaPlaca et al., 1997), suggesting that in regions of
highest tissue strains, neurons will more likely experience
greater and more sustained calcium perturbations, which
could lead to mitochondrial dysfunction, protease activation
and cell death. While trauma-induced membrane permeabil-
ity increases may be transient under some conditions, sus-
tained leakiness results in cell death (Farkas et al., 2006;
Geddes et al., 2003a,b; LaPlaca et al., 1997). Collectively, these
studies are consistent with the premise that higher strains
generated by a flat-tip impactor would be associated with
more severe membrane permeability alterations and calcium
dysregulation with less likelihood of recovery, resulting in
rapid cell death. Recent work supports a direct correlation
between maximum principal strains predicted by finite ele-
ment modeling and the degree of neuronal degeneration in a
rat model of CCI brain injury (Mao et al., 2010a).

Quantification of the progression of cell death within
the ipsilateral neocortex following severe contusion injury
with either a flat- or rounded-tip impactor revealed marked
differences in the evolution of neocortical damage. Injury
with a flat-tip impactor produced rapid cell death, with
maturation of the neocortical lesion by 4h, whereas impact



2258

PLEASANT ET AL.

FIG. 10. Traumatic axonal injury induced by injury with either a flat-tip (A, C) or rounded-tip (B, D) impactor. The spatial
patterns of axonal injury, detected using immunohistochemistry for amyloid precursor protein, were similar for mice injured
with a flat- tip or rounded-tip impactor. In the neocortex, axonal injury was concentrated around the periphery of impact site
and in the subjacent white matter and gray matter/white matter interface (12h postinjury shown; A, B). Axonal injury was
also clearly evident in subcortical structures such as the hippocampus (not shown) and dorsal thalamus (24 h shown; C, D;
scale bar represents 200 yum).

with a rounded tip resulted in milder initial neocortical
damage that progressively increased out to 24 h post-injury to
a level equivalent to that produced by the flat-tip impactor.
Although relatively little information is available on the acute
time course of cortical damage after CCI, our findings are
consistent with previous studies using CCI with a flat-tip
impactor in mice. Using propidium iodide exclusion as an
indicator of membrane integrity, Whalen and associates
(2008) reported marked increases in plasma membrane com-
promise in the cortex at 1h after 0.6-mm, 6-m/s CCI, after
which most membrane-compromised neurons degenerated.
Similarly, Hall and colleagues (Hall et al., 2008; Thompson
et al., 2006) demonstrated that the size of the cortical cavita-
tion (lesion volume) is fully developed by 6h after 1.0-mm,
3.5-m/s CCI. In the CCI model, the amount of neocortical cell
death can be altered by changing the depth or velocity of
impact in the mouse (Fox et al., 1998; Hannay et al., 1999;
Saatman et al., 2006) and rat (Goodman et al., 1994; Sutton
et al,, 1993). However, because these histological evaluations
were typically performed days to weeks after the injury, it is
unclear to what extent velocity or depth of impact affects the
rate of cortical neurodegeneration. Injury severity and the rate
of cell death may also vary for different injury devices. Fox
et al. (1998) use a custom-made CCI device with a flat-tip

impactor and reported no cortical cavitation at 7 days after a
1-mm depth, 4.5-m/s injury to C57BL/6 mice. Nevertheless, a
1-mm impact at a higher velocity (6 m/s) resulted in neocor-
tical neurodegeneration concentrated at the periphery of the
flat-tip impactor, a pattern consistent with our finite element
predictions, as described previously.

In addition to a prominent neocortical contusion, CCI brain
injury typically results in neuron loss in the hippocampal
dentate gyrus and CA3 pyramidal layers (Baldwin et al., 1997;
Goodman et al., 1994; Hall et al., 2008; Saatman et al., 2006;
Smith et al., 1995). Although the CA3 sub-region is positioned
further from the impact than the CAl region, CA3 neurons
appear more vulnerable to CCI, perhaps because of greater
tissue compliance within the CA3 region compared to the
CAT1 region (Elkin et al., 2010). However, involvement of the
CA1 pyramidal layer is also often reported as impact depth is
increased (Goodman et al., 1994; Saatman et al., 2006; Scheff
et al., 1997; Whalen et al., 2008). Quantification of degen-
erating neurons revealed that the rates and extent of neuro-
degeneration within the hippocampus are altered by the
impactor tip geometry. Injury with a flat-tip impactor pro-
duced a wave of acute neurodegeneration at 4h, with the
largest number of degenerating cells in the dentate gyrus,
followed by the CA3 and then the CA1 regions. A similar
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FIG. 11. Effect of impactor tip shape on neurological motor
and cognitive function of mice subjected to cortical impact
injury. Mice injured with a flat-tip impactor or a rounded-tip
impactor exhibited equivalent motor deficits over the first
week after injury, when measured using (A) a 14-point
modified neurological severity score (NSS) or (B) a 12-point
composite neuroscore. (C) Impactor tip shape also had no
significant effect on the ability to learn the location of a hidden
platform in a MWM over a 3-day testing period. Dark gray
bars or square symbols denote flat-tip impactor group means;
light grey bars or diamond symbols denote round-tip im-
pactor group means. Error bars represent standard deviations.
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acute phase (peak at 1-6h) and regional distribution of de-
generating neurons with plasma membrane compromise was
reported for mouse CCI with a flat-tip impactor (Whalen et al.,
2008). In contrast, impact with a rounded tip appeared to
produce a more consistent progression of hippocampal neu-
rodegeneration across the first 24 h after injury, with minimal
involvement of the CAl region. Early hippocampal neuro-
degeneration may be more extensive following injury with the
flat-tip impactor as a result of larger tissue displacement
during impact, with the bulk of the cortical tissue being forced
downward into the hippocampal structure. Despite the
slightly larger diameter of the rounded tip, a much smaller
volume of tissue is displaced and some of the cortical tissue
may be compressed and deformed laterally, reducing the
deformation of the hippocampus. Results predicted by the
finite element model corroborate this assumption. A peak
maximum principal strain of 30.1% was induced using the flat
impactor whereas the corresponding value was 24.8% for the
rounded impactor. Despite the lower strains that occur in the
hippocampus compared to the neocortex with CCI, hippo-
campal neurons in vitro exhibit larger intracellular calcium
increases and more cell death compared to cortical neurons in
response to stretch injury, suggesting an enhanced vulnera-
bility to traumatic stimuli (Elkin and Morrison, 2007; Geddes
et al., 2003b).

BBB breakdown is an important aspect of cerebrovascular
damage in TBI (DeWitt and Prough, 2003) that has been
reproduced in severe CCI (Hicks et al., 1997; Smith et al.,
1995). In this study, damage to the BBB was visualized by IgG
immunoreactivity within the ipsilateral neocortex and hip-
pocampus in patterns similar for both impactor tips. Extra-
vasation of IgG was localized primarily to the neocortex at 1h,
whereas at 4 h post-injury IgG labeling was also observed in
the hippocampus, as previously reported (Saatman et al.,
2006). Regional patterns of disruption of the BBB in mice were
not substantially modulated in the present study by impactor
tip geometry, or by severity of injury (impact depth) for CCI
injury with a rounded-tip impactor (Saatman et al., 2006),
suggesting that the threshold for mechanically stimulated
BBB damage may be low, and that compromise of the BBB
may be a common pathology across a range of injury seve-
rities. Our analysis of BBB breakdown is limited in that it was
not quantitative, leaving open the possibility that the degree
of extravasation caused by the two tips may be different. In
addition, IgG extravasation yields limited information about
the time course of BBB disruption. Further studies with Evan’s
Blue administered intravascularly at various post-injury time
intervals could provide more information regarding the time
course of BBB disruption or recovery for these two injury
paradigms. Nonetheless, our data confirm that impact injury
with a rounded tip results in neocortical and hippocampal
BBB damage, reproducing an important aspect of CCI pa-
thology associated with secondary injury cascades such as
inflammation and oxidative stress.

Axons are vulnerable to stretch injury induced by tensile/
shear strains within the brain tissue. Traumatic axonal injury
results in rapidly altered membrane permeability, intracellu-
lar calcium imbalances and mitochondrial damage, protease
activation, and disruption in axonal transport (Saatman et al.,
2009). Injured axons are a vital therapeutic target in diffuse
brain injury, representing the defining pathology in diffuse
axonal injury. Sparing axonal integrity may also be important
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in focal brain trauma. Even in models designed to produce
focal contusions, such as the CCI model, axonal damage is
present in several regions outside the contused neocortex,
such as the hippocampus and thalamus (Dunn-Meynell and
Levin, 1997; Hall et al., 2005, 2008; Lighthall et al., 1990). Here
we show that impact with either a rounded- tip or flat-tip
impactor produced axonal injury within the contused neo-
cortex and the underlying hippocampus and thalamus. Al-
though the number of injured axons was not quantified, the
onset and overall distribution of axonal injury was compa-
rable for the two tip geometries.

In pre-clinical evaluation of therapeutic approaches for TBI,
behavioral deficits are an especially important outcome
measure. Both motor and cognitive deficits have been well
described in both rat and mouse models of TBI, utilizing a
number of different behavioral tasks (Fujimoto et al., 2004;
Hamm, 2001). The severity of behavioral dysfunction can be
altered by changing certain biomechanical aspects of CCI in-
jury, such as the depth (Saatman et al., 2006; Yu et al., 2009) or
velocity (Fox et al., 1998) of impact. Despite the fact that CCI
brain injury with a flat-tip impactor resulted in greater max-
imal tissue strains than impact with a rounded tip, motor and
cognitive functions of brain-injured mice were not grossly
influenced by impactor tip geometry, although the small
group sizes may have limited our ability to detect small dif-
ferences. Behavior was evaluated at several times after injury
using a composite neuroscore, neurological severity score,
and a MWM learning task. This suggests that slowing the
progression of cortical cell death through the use of a rounded
tip did not compromise the fidelity of the behavioral response.
Brain injury-induced neuromotor or cognitive impairments
in CCl-injured mice have been attenuated through various
treatment approaches, illustrating the influence of secondary
injury cascades on post-traumatic behavioral responses
(Clausen et al., 2009; Longhi et al., 2009; Mbye et al., 2009; You
etal., 2008). Therefore, the use of a rounded- tip impactor may
provide a greater therapeutic window for targeting acute cell
dysfunction or death without diminishing the power of the
CCI model for the evaluation of behavioral impairment and
recovery.

In summary, we have quantitatively and qualitatively in-
vestigated the effects of impactor tip geometry on predicted
tissue strains, histological outcomes, and behavioral re-
sponses following severe lateral CCI brain injury in mice.
Compared to CCI with the commonly used flat-tip impactor,
injury with a rounded-tip impactor resulted in more uniform
maximum principal strains with lower peak magnitudes,
reduced acute neurovascular disruption, and a slower pro-
gression of neocortical cell death. A more gradual evolution
of neocortical neuronal death was achieved with a rounded-
tip CCI without altering the size of neocortical contusion at 9
days after injury or substantially changing other clinically
relevant aspects of this brain injury model such as BBB
breakdown, axonal injury, or neurobehavioral dysfunction.
By slowing the progression of neuronal damage, the CCI
model may better mimic the evolution of contusive damage
in human TBI. Furthermore, lengthening the time between
the primary insult and the eventual death of the cell is ad-
vantageous for mechanistic studies aimed at distinguishing
the onset, duration, and interactions of upstream and
downstream events, or isolating specific aspects of injury
cascades. Slowing the time course of neuronal death also
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yields a longer therapeutic window, increasing the likeli-
hood that therapeutic compounds can be administered using
a clinically relevant post-injury paradigm, reach therapeutic
levels in the central nervous system, and affect the desired
targets. These data suggest that along with impact depth
and velocity, impactor tip shape is an important determinant
of acute tissue response to rapid impact brain injury.
Therefore, in studies of acute injury mechanisms of con-
tusive TBI or in evaluations of therapeutic interventions
targeting neuronal death, impactor tip geometry should be
carefully considered.
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