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Abstract

Traumatic brain injury (TBI) may involve diverse injury mechanisms (e.g., focal impact vs. diffuse impact loading).
Putative therapies developed in TBI models featuring a single injury mechanism may fail in clinical trials if the model
does not fully replicate multiple injury subtypes, which may occur concomitantly in a given patient. We report devel-
opment and characterization of a mixed contusion/concussion TBI model in mice using controlled cortical impact (CCI,
0.6 mm depth, 6 m/sec) and a closed head injury (CHI) model at one of two levels of injury (53 vs. 83 g weight drop from
66 in). Compared with CCI or CHI alone, sequential CCI-CHI produced additive effects on loss of consciousness
(p<0.001), acute cell death (p<0.05), and 12-day lesion size (p <0.05) but not brain edema or 48-h contusion volume.
Additive effects of CHI and CCI on post-injury motor (p < 0.05) and cognitive ( p <0.005) impairment were observed with
sequential CCI-CHI (83 g). The data suggest that concussive forces, which in isolation do not induce histopathological
damage, exacerbate histopathology and functional outcome after cerebral contusion. Sequential CHI-CCI may model
complex injury mechanisms that occur in some patients with TBI and may prove useful for testing putative therapies.
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Introduction

N 2007, the National Institute of Neurological Disorders and

Stroke sponsored a workshop entitled Classification of Trau-
matic Brain Injury (TBI) for Targeted Therapies.' The committee
recognized that development of rational therapeutic strategies for
TBI might be facilitated by a classification scheme based on
mechanism of injury (e.g., focal impact loading producing contu-
sions, diffuse impact loading producing concussion, inertial load-
ing producing diffuse axonal injury/subdural hematoma, etc.).'
The committee also recognized that multiple injury mechanisms
(e.g., concussion and contusion) could occur in a given patient,
leading to heterogeneity of injury subtypes that might complicate
development of therapeutic strategies if the targeted pathophysio-
logical mechanism(s) were differentially regulated in one injury
subtype versus another. A limitation of most rodent and large an-
imal TBI models is that they incorporate one predominant brain
injury subtype and may therefore fail to account for injury het-
erogeneity in TBI patients. This shortcoming may contribute to
treatment failure in clinical trials for TBI.?

Controlled cortical impact (CCI) has been widely used to model
cerebral contusion in mice.*® Because the head is held fixed in a
stereotaxic frame, CCI does not impart acceleration/deceleration
forces characteristic of concussive TBI, which is characterized by
linear or angular acceleration of the head.”™"" We recently pub-
lished a closed head injury (CHI) model of concussive TBI in mice
in which the head freely rotates in the anterior-posterior plane.'
The CHI model is distinct from CCI inasmuch as it produces
cognitive deficits in the absence of contusion, acute cell death,
edema, significant axonal injury, or chronic brain tissue loss.

Because no experimental TBI study has examined concussive
and contusion injury mechanisms separately and together, it re-
mains unknown how the presence of both injury subtypes might
influence outcome. This is an important gap in the literature for at
least two reasons. First, similar cellular and biochemical mecha-
nisms may differentially affect outcome in contusion and concus-
sion, making assessment of molecular therapeutic targets for
patients with both injury subtypes problematic.>'* Second, treat-
ments that work in one injury subtype may be ineffective or even
detrimental in another, leading to treatment failure in the scenario

"Neuroscience Center, Departments of “Pediatric Critical Care Medicine, *Radiology, “Neurology, Massachusetts General Hospital, Harvard Medical

School, Charlestown, Massachusetts.
Pennsylvania State University, University Park, Pennsylvania.

382



MIXED TBI MODEL IN MICE

in which two (or more) injury subtypes coexist. To begin to address
this knowledge gap, we developed a new model of sequential CCI-
CHI in mice and examined the effect of both injury subtypes on
clinically relevant outcome measures, including loss of conscious-
ness, brain edema, lesion size, and motor and cognitive function.

Methods
Animals

Mice were housed for 12-h day/night cycles in a pathogen-free
facility at Massachusetts General Hospital Institutional Animal
Care in accordance with the National Institutes of Health Guide for
Care and Use of Laboratory Animals. Food and water were given
ad libitum. Adult C57/BL6 male mice (8—16 weeks of age; Jackson
Laboratories, Bar Harbor, ME) were used. All trauma protocols
were approved by the Massachusetts General Hospital Institutional
Animal Care and Use Committee.

ccCi

The CCI model was used as previously described.'? Anesthesia
was induced using a Fluotec 3 vaporizer (Colonial Medical, Am-
herst, NH) and 70% nitrous oxide, 4-5% isoflurane (Anaquest,
Memphis, TN), and balance oxygen. After induction, mice were
removed from the chamber, positioned on a stereotaxic frame with
the nose placed in an opening of a plastic tubing carrying anesthesia
from the chamber to the animal and then out into a negative pres-
sure hood. Isoflurane was reduced to 3.5-4%. Side stream venti-
lation of room air mixed with isoflurane produces unresponsiveness
to tail and toe pinch and to surgical procedures, yet maintains blood
pressure and blood gases within normal limits in CHI and CCI
models.'*""

A 5-mm craniotomy was made with a portable drill and trephine
over the left parietotemporal cortex. The bone flap was removed,
and the dura was left intact. Impact was delivered using a 3-mm
flat-tip pneumatic piston at a velocity of 6 m/sec, duration 100 ms,
and depth of 0.6 mm. The bone flap was discarded and the scalp
incision sutured closed. Sham-injured mice underwent craniotomy
but not CCI. Loss of consciousness (LOC) time was the time be-
tween removal from anesthesia to spontaneous ambulation.

CHI

CHI was administered using a modification of a recently pub-
lished protocol.'? Isoflurane anesthesia was given for 45 seconds,
then CHI was performed by placing the mouse on a Kimwipe
(Kimberly-Clark, Irving, TX) with its head positioned under a
hollow tube (66" length, 10 mm diameter), right ear facing upward.
A metal bolt (53 or 83 g) was dropped through the tube and im-
pacted the head behind the right ear, thus avoiding the craniotomy
site from CCI in sequential injury mice, and allowing the head to
freely rotate downward into the Kimwipe. LOC time was measured
from time of impact to spontaneous ambulation.

Sequential head injury

A combination of contusion and concussion injury was per-
formed using either CCI followed by CHI (CCI-CHI) or CHI
followed by CCI (CHI-CCI). The time period between the two
injuries was 1-2 minutes. In the CCI-CHI model, mice were sub-
jected to a total of 4 min of 4% isoflurane anesthesia. Mice were
placed on a stereotactic frame where CCI was performed. The scalp
was quickly sutured closed and the animal removed from the frame
and subjected to CHI. For CCI-CHI, LOC time was measured from
time of CHI impact to spontaneous ambulation. In the CHI-CCI
model, animals again received a total of approximately 4 min of
anesthesia. After anesthesia induction, CHI was performed, and
mice were rapidly placed in a stereotaxic frame and subjected to
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CCI. For CHI-CCI, LOC time was measured from the time of
removal from anesthesia to spontaneous ambulation.

Assessment of post-traumatic seizure activity

Mice were observed for seizure activity during LOC time and
while awake in the immediate post-injury period. Criteria for be-
havioral seizures included any of the following: arrest of motion,
myoclonic jerks of the head and neck, brief twitching movements
of forelimbs and hindlimbs, bilateral tonic—clinic forelimb or hin-
dlimb activity, or generalized tonic—clonic activity with rearing and
loss of postural tone.'®'” Mice classified as having no seizure ac-
tivity lacked any of the aforementioned behavioral manifestations.
Seizure activity was scored by the same operators who performed
trauma.

Physiological variables

Mice (n=15) were anesthetized and the femoral artery cannulated
with P10 tubing (Intramedic polyethylene tubing P10, Becton-
Dickenson, Franklin Lakes, NJ). Arterial blood gases were drawn at
1 and 5 min post-injury. Blood pressure was monitored continu-
ously for 1-5min after sequential injury (Power Lab, AD Instru-
ments, Colorado Springs, MO).

Assessment of vestibular-motor function

Vestibular-motor function was assessed between 1-7 days post-
injury using the wire-grip test.’” Mice were placed on a wire 45 cm
in length, suspended 45 cm above a padded surface. The length of
time they remained on the wire within a 60 sec interval was mea-
sured, as well as their wire grip score, which was quantified using a
5-point scale. An average of 3 trials was calculated for each mouse
on each test day.

Morris water maze

The Morris water maze (MWM) was used to evaluate spatial
learning and memory beginning 7-10 days after injury to allow for
recovery of motor deficits.” The apparatus consisted of a white pool
83 cm in diameter and 60 cm deep, filled with water to a depth of
29 cm. Visible cues were positioned on the walls of the tank and
around the room. Water temperature was maintained approxima-
tely 25°C. A clear Plexiglas goal platform 10 cm in diameter was
positioned 0.5 cm below the surface of the water (hidden platform),
approximately 15 cm from the southwest wall (target quadrant) of
the tank.

Each mouse was subjected to two trials per day. After five sets of
hidden platform trials and one probe trial, two sets of visible
platform trials were performed. For each trial, mice were ran-
domized to one of four starting locations (North, South, East and
West) and placed in the pool facing the wall. The maximum time
allotted to reach the platform was 90 sec. If the mouse failed to
reach the platform within the allotted time, it was placed on the
platform by the experimenter and allowed to remain there for
10 sec. In the probe trial, the goal platform was removed, mice were
placed in the tank opposite the target quadrant, and the time spent in
the target quadrant was assessed over 60 sec. The probe score was
time in seconds spent by the mouse in the target quadrant. Visible
platform trials were performed on the day after the probe trial. For
the visible trials, the goal platform was raised 0.5 cm above the
water and clearly marked with red tape (visible platform). Perfor-
mance in the hidden and visible platform trials was quantified as
latency to the platform in seconds.

Assessment of brain edema

Brain edema was assessed by measuring brain water content
using the (wet-dry)/wet brain weight method. Brains were removed
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at 24 or 48h after injury and bisected into left and right hemi-
spheres. Each hemisphere was weighed (wet weight), then dried at
99°C for 72h and dry weights were obtained. Percent brain water
content was expressed as (wet-dry weight)/wet weight x 100%.

Assessment of contusion and lesion volume

At 48 h (contusion volume, n=6 CCI-CHI 83 g and 6 CCI) or 21
days (lesion volume) after injuries, mice were euthanized, and
brains were frozen in nitrogen vapor. The brains were sectioned in
the coronal plane (14 um) at intervals of 0.5 mm from anterior to
posterior end. The sections were mounted on poly-L-lysine-coated
slides and stained with hematoxylin (lesion volume) or hematoxy-
lin and eosin (H&E, contusion volume). For lesion volume anal-
ysis, area of the uninjured and injured hemisphere was measured on
each section using image analysis software (NIS Elements BR 3.0,
Tokyo, Japan). The hemispheric volume was obtained by summing
area of each section and multiplying it by 0.5. Lesion volume
(mm?) was expressed as difference between the uninjured and in-
jured hemisphere volume. For contusion volume analysis, the area
of the contusion demarcated by H&E staining was quantified along
with the area of non-contused left hemisphere using image analysis
as above.

Histochemical detection of acute cellular injury
and degeneration

We previously reported no acute cell death in CHI (53 g).'* To
determine whether CHI (83 g) induced acute cellular injury, mice
were anesthetized briefly in isoflurane, and propidium iodide
(PI; Sigma, St. Louis, MO) was administered via intraperitoneal
injection (2 pug/g in 200 uL. phosphate buffered saline [PBS]) 1h
before euthanasia at 24, 48, or 72h after CHI (83 g) (n=4/time
point). For detection of acute cellular injury/degeneration in CCI
and sequential injury as well as CHI (83 g), H&E staining was
also used (n=4/timepoint). Mice were euthanized and brains were
removed and frozen in nitrogen vapor. Cryostat coronal sections
(14 pm) were cut at 250 um intervals from anterior to poste-
rior hippocampus and mounted on poly-L-lysine-coated slides.
Frozen sections were stained with H&E, mounted with Permount,
and photographed (NIS Elements BR 3.0). PI labeling was detected
in slides not subjected to H&E by fluorescence microscopy us-
ing excitation and emission wavelengths of 568 and 585nm,
respectively.

Assessment of injured cell counts

For acute cellular injury and death studies in CHI (83 g) mice,
brain regions assessed for cell counts were all X200 microscopic
fields (1100 1100 um) in cortex (n=6 fields/hemisphere, 5 sec-
tions per mouse), hippocampus (1-4 fields per hemisphere x5
sections per mouse), and corpus callosum (3 fields/hemisphere x 5
sections/mouse). Time points examined were 6 (n=06), 24, 48, and
72 h (n=4/timepoint).

For acute cellular injury studies in right hemispheric brain re-
gions in CHI, sequential injury (CCI-CHI) and CCI mice (6 h, n=6/
group), PI+ or argyrophilic cells (H&E) were assessed in the right
(uninjured) cortex (6 fields/section) and hippocampus (1-4 fields/
section). Cell count data for each mouse were the average of the
total number of X200 brain fields counted. All cell count data were
performed by investigators blinded to study groups.

Assessment of APP

For immunohistochemical detection of amyloid precursor pro-
tein (APP), frozen sections were air-dried and fixed in 100% eth-
anol, washed in PBS (pH 7.4), and blocked in 3% normal goat
serum/PBS. Sections were incubated overnight at 4°C with rabbit
anti-amyloid precursor protein (1:500, Sigma, St. Louis, MO). The
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following day, slides were washed in PBS and reacted with the
appropriate Cy3 conjugated secondary antibody (1:300; Jackson
ImmunoResearch, West Grove, PA) for 60 min, washed in PBS,
and cover-slipped for analysis using excitation/emission spectra of
568/585nm on a Nikon Eclipse Ti-S fluorescence microscope
(Micro Video Instruments; Avon, MA). APP-positive axons were
evaluated qualitatively in corpus callosum in left and right hemi-
spheres because that is where staining was most robust (CHI, CCI,
CCI-CHI 83 g, n=4/group).

Statistical analyses

Data are mean + standard error of the mean, except for right
hemisphere PI+ cell counts (median [range]), which were not
normally distributed. Data were analyzed using Sigma Stat 3.0 or
Graphpad PRISM V (Graphpad Software Inc., La Jolla, CA). Wire-
grip test and MWM results were analyzed using two factor repeated
measures analysis of variance (RM ANOVA, group X time). Phy-
siological variables, seizures, apnea, LOC, edema, lesion volume,
and probe trial data were analyzed by ANOVA or ANOVA on
ranks and ¢ test or rank sum test as appropriate. For all comparisons,
p<0.05 was considered significant.

Results

A total of 164 mice were used in survival experiments, of which
5 mice died (Table 1). None of the CHI mice examined (0/10 at 53 g
and 0/16 at 83 g weight drop) exhibited skull fracture, contusions,
or intraparenchymal hemorrhage. Table 2 shows the incidence of
seizures and apnea in injured mice. All mice classified as having
seizures had bilateral lower extremity tonic-clonic movements and
tail stiffening. All seizures lasted less than 60 sec and were only
observed immediately after injury during LOC time, and never in
awake animals after injury. The incidence of seizures or apnea did
not differ between CHI 53 g and 83 g in CHI alone or CCI-CHI.

Baseline physiological variables for CCI and CHI have been
published previously by us.'!> At 1 and 5 min after sequential
injury (CHI 83g-CClI), mice were not acidotic (pH 7.36 £ 0 at 1 min,
7.39£0.1 at 5 min), hypercarbic (PaCO, 36+ 3 Torr at 1 and 32+3
Torr at 5min), or hypoxic (PaO, 178 +21 Torr at 1 and 150+ 23
Torr at 5min) after injury. Mean arterial blood pressure was
74+4mm Hg at 3 min (p=0.29 vs. CHI [53 g] reported by Khu-
man and associates'?).

TABLE 1. NUMBERS OF MICE USED IN EXPERIMENTS

LOC Edema Lesion volume  Motor ~MWM

53¢

CHI sham 6* 6 6
CCI sham 6 6 6 6
CHI only 10 10 10
CCI only 10 6 10 10 10
CCI-CHI 20 9 9 9
CHI-CCI 16 6 10 10 10
83g

CHI sham 6 6 6 6 6
CCI sham 6 6 6 6
CHI only 16 6 16 16 16
CCI only 16 6 15 15 15
CCI-CHI 16 13 14 13
CHI-CCI 6

*Numbers in bold indicate those used in calculating total number of
mice used in study.

LOC, loss of consciousness; MWM, Morris Water Maze; CHI, closed
head injury; CCI, controlled cortical impact.
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TABLE 2. INCIDENCE OF SEIZURES AND APNEA

Seizures Apnea
53g 83g pvalue* 53g 83g pvalue*
CHI alone 5/10 12/16 0.31 1/10  4/16 0.55
CCI-CHI 2/20  4/16 0.42 0/20 0/16 1
CHI-CCI 6/18 NA 4/18 NA

*Man-Whitney U test (rank sum).
CHI, closed head injury; CCI, controlled cortical impact.

Figure 1A shows LOC times in mice subjected to single and
sequential injury using CHI (53 g). As expected, CHI (53 g) and
CCT alone produced significantly more LOC compared with their
respective sham-injured groups (p<0.01 for both comparisons).
Sequential injury groups also had increased LOC times versus
single injury groups (p <0.001 for all comparisons), suggesting an
additive effect on LOC. CCI-CHI (53 g), however, did not differ
from CHI (53 g)-CCI with respect to LOC (p=0.27). Similar to the
findings with CHI (53 g), CCI-CHI (83 g) mice had increased LOC
times compared with CCI and CHI (83 g) alone (Fig. 1B).

Figure 2 shows the effect of mixed CHI-CCI on post-injury brain
edema assessed 48 h after injury. CCI and CHI-CCI (53 g) induced
significant increases in brain water content in injured hemispheres,
but brain edema in CHI (53 g)-CCI was similar to that of CCI alone
(Fig. 2A). Brain water content in injured hemispheres was also
increased to a similar extent between CCI and CHI (83 g)-CCI
groups (Fig. 2B).
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FIG. 1. Loss of consciousness time after single and sequential
injury with 53 g closed head injury (CHI). (A) Controlled cortical
impact (CCI) and closed head injury (CHI) 53 g each produced
significant loss of consciousness (LOC) compared with their re-
spective sham-injured groups (p<0.01 for both comparisons). Se-
quential injury groups also had increased LOC versus single injury
groups (**p<0.01 vs. CCI or CHI). No significant difference in
LOC was observed between CCI-CHI versus CHI-CCI (p=0.27).
(B) Similar results were obtained after single and sequential injury
with 83 g CHI (**p<0.01 for CHI-CCI vs. CCI or CHI).
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FIG. 2. Brain edema after single and sequential controlled
cortical impact (CCI) and closed head injury (CHI). (A) Both CCI
and CCI-CHI (53 g) induced significant increases in brain water
content in injured hemispheres at 48h (¥*p <0.01 vs. right hemi-
sphere for both groups). Increased brain water content produced
by sequential CCI-CHI (53 g) was similar to that produced by CCI
alone. (B) Increased brain water content produced by sequential
CCI-CHI (83g) was similar to that produced by CCI alone
(*p<0.01 vs. right hemisphere for both groups).

Figure 3 shows effects of sequential injuries on post-injury le-
sion volume. Lesion size was greater in CCI versus sham CCI
groups (p<0.0001), and was greater in CCI-CHI (53 g) and CHI
(53 2)-CCI compared with CCI alone (p <0.05, Fig. 3A). Lesion
size in CCI-CHI (53 g) did not differ from that of CHI (53 g)-CCI
(p=0.25). Post-injury lesion size was also greater in CCI-CHI
(83 g) compared with CCI alone, but lesion size did not differ be-
tween CCI-CHI (53 g) and CCI-CHI (83 g), p=0.55) (Fig. 3B).

Figure 4 shows the effect of sequential injuries on post-injury
motor function. Compared with sham-injured mice (Fig. 4A), CCI,
CCI-CHI (53 g), and CHI (53 g)-CCI produced deficits in the wire-
grip test; however, motor deficits after CCI-CHI (53 g) did not
differ from those observed after CHI (53 g)-CCI, and neither se-
quential injury group with CHI 53 g had motor deficits greater than
CClI alone (Fig. 4B). CCI-CHI (83 g), however, had greater motor
deficits than CHI (83 g) or CCI alone, demonstrating an additive
effect of CHI (83 g) to that of CCI (Fig. 4C).

Figure 5 shows results of Morris water maze testing. No dif-
ferences in hidden or visible platform testing were observed be-
tween sham-injured CCI and sham-injured CHI mice (Fig. 5A).
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FIG. 3. Lesion volume after single and sequential controlled
cortical impact (CCI) and closed head injury (CHI). (A) Post-
injury lesion size was greater in CCI versus sham CCI groups
(p<0.0001) and was greater in CCI-CHI (53 g) and CHI (53 g)-
CCI compared with CCI alone (p <0.05). Lesion size in CCI-CHI
(53 2) did not differ from that of CHI (53g)-CCI (p=0.25). *p
<0.0001 and **p<0.05 (B) Similar to results with CHI (53 g),
lesion volume after injury was significantly greater in CCI-CHI
(83 g) compared with CCI alone (p<0.001) but did not differ
from that of CCI-CHI (53 g) (p=0.55). **p<0.001 vs. CCI and
*p<0.0001 vs. sham CCIL.

Compared with sham-injured mice, CCI but not CHI (53 g) alone
produced hidden platform deficits (Fig. 5B). Hidden platform
deficits in CCI alone and in both sequential models using 53 g
CHI were greater than those observed in CHI (53 g) alone (p <0.05
for group, hidden platform trials), but no differences were ob-
served among CCI-CHI (53 g), CHI (53 g)-CCI, and CCI groups
(Fig. 5B). Likewise, no differences in visible platform ( p > 0.05 for
group) were observed among the four injury groups using CHI 53 g
(Fig. 5B). Figure 5C shows MWM data using CHI (83 g). All in-
jured groups had hidden platform deficits compared with sham-
injured CHI and CCI mice. In addition, hidden platform deficits
were worse in CCI-CHI (83 g) mice compared with CCI alone
(p<0.005 for group).

Figure 6 shows probe trial data for MWM experiments. Com-
pared with sham-injured mice, all four injury groups (CCI, CHI [53
g], CCI-CHI [53 g], and CHI [53 g]-CCI) had probe trial deficits
(p<0.001 ANOVA, p <0.05 for each group vs. shams; Fig. 6A). No
difference in probe trial performance, however, was observed among
the four injury groups using 53 g (p=0.3 ANOVA). Compared with
sham-injured (CHI or CCI) mice, probe trial deficits were also ob-
served in CCI, CCI-CHI (83 g), and CHI (83 g) mice (Fig. 6B).

Figure 7 shows gross histopathology of sequential injury (CCI-
CHI 83 g) compared with CCI and CHI (83 g). At 2 weeks after
injury, a cavitary lesion involving damage to cortex and underlying
hippocampus was observed in all CCI and sequential injury mice,
with overall lesion size greater in sequential injury (Fig. 7A, Fig. 3).
Representative photomicrographs of extent of contusion in CCI and
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FIG. 4. Motor performance after single and sequential con-
trolled cortical impact (CCI) and closed head injury (CHI). (A) No
difference in wire-grip test performance was observed between
sham-injured CCI and CHI mice. (B) Compared with sham-in-
jured mice and to CHI (53g) alone, CCI, CCI-CHI (53 g), and CHI
(53 2)-CCI produced deficits in the wire-grip test (p<0.005 for
group for each comparison to sham or CHI [53 g]). Neither CCI-
CHI (53 g) nor CHI (53 g)-CCI, however, had motor deficits
greater than CCI alone, and CCI-CHI (53 g) performed similarly
to CHI (53 g)-CCI. (C) Motor deficits after CCI-CHI (83 g) were
significantly greater than CHI (83 g) or CCI alone (p<0.05 for

group).

sequential injury mice (48 h) are shown in Figure 7B. Quantitative
analysis showed that contusion volume was similar between groups
(CCI, 26+4.6; sequential, 24.3+2.7mm’, p=0.74, n=6/group).
Likewise, non-contused left hemispheric volume was also similar
between CCI (98.3 + 5.4 mm°) and sequential injury (89.6+4.0 mm?)
(p=0.2), consistent with brain edema data (Fig. 2).

Figure 8 shows histopathology of acute cellular and axonal in-
jury in CHI (83 g), CClI, and sequential injury (CCI-CHI 83 g) mice.
In CHI (83 g), no PI+ or argyrophilic (H&E) cells were observed
in X200 fields in injured cortices, hippocampi, or corpus callosum
at 24, 48, or 72 h in any of the mice examined (n=4/time point). As
expected, mice subjected to CCI and sequential injury had large
numbers of degenerative cells in the left hemispheric cortex and
hippocampus at 6 h (not shown). Degenerative cells were not de-
tected in right hemispheric brain regions of CCI or CHI mice, but
were significantly increased in right hemispheric dentate gyrus
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FIG. 5. Morris water maze performance after single and se-
quential controlled cortical impact (CCI) and closed head injury
(CHI). (A) Sham-injured CCI and CHI groups did not differ with
respect to performance in hidden and visible platform trials. (B)
CCI (p<0.05 for group) but not CHI (53 g) alone produced hid-
den platform deficits compared with shams. Hidden platform
deficits in CCI alone and in both sequential models (CCI-CHI 53 g
and CHI 53 g-CCI) were greater than those observed in CHI (53 g)
alone (p<0.05 for group), but no differences were observed
among CCI-CHI (53 g), CHI (53 g)-CCl, and CCI groups. Like-
wise, no differences in visible platform (p>0.05 for group). (C)
CCI-CHI (83 g) mice had hidden platform deficits compared with
CCI alone (p<0.005 for group), indicating an additive effect of
CHI (83 g) to that of CCI in the sequential injury group.

(arrow; PI+ cells in inset) of sequential injury mice (CCI-CHI 83 g,
3.5 [82.2]; CCI, 0 [0]; CHI 83g, 0 [0] PI+ cells/x200 field;
p=0.002 ANOVA; p<0.05 CCI-CHI [83 g] vs. CHI 83 g and CCI).
No degenerative cells were detected in CA1 or CA3 in sequential
injury, CCIL, or CHI mice.
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FIG. 6. Probe trials after single and sequential controlled cor-
tical impact (CCI) and closed head injury (CHI). (A) Compared
with sham-injured mice, all four injury groups (CCI, CHI [53 g],
CCI-CHI [53 g], and CHI [53 g]-CCI) had probe trial deficits
(p<0.001 analysis of variance [ANOVA], p <0.05 for each group
vs. combined sham CHI and sham CCI mice). No differences in
probe trial deficits (p=0.3 ANOVA) were observed among the
four CHI (53 g) injury groups. (B) Using CHI (83 g), all three
injury groups had probe trial deficits compared with sham-injured
mice (p<0.01 ANOVA; *p<0.05 vs. sham-injured) but no dif-
ferences were detected among injury groups.

With respect to axon injury, APP staining was robustly detected
at 6 h in injured cortex and corpus callosum of CCI-CHI 83 g and
CCI mice, whereas APP was only occasionally detected in corpus
callosum of CHI (83 g) mice (Fig. 8B). In right hemispheric hip-
pocampal fields, APP-positive axons were only occasionally ob-
served and did not appear to differ among CCI, CHI, and CHI-CCI
mice at 6 or 48 h. Scale bars= 100 um.

Discussion

Using a novel sequential concussive and contusion brain injury
model in mice, we found that combination TBI produced additive
effects in LOC and post-injury lesion volume compared with either
CCI or CHI (53 or 83 g). Post-injury motor and Morris water maze
deficits in the (53 g) sequential model were similar to those ob-
served in CCI alone, whereas a higher CHI level (83 g weight drop)
produced additional motor and cognitive deficits in sequential in-
jury compared with CCI alone. Additive effects in gross histopa-
thology and LOC time were observed regardless of the order of
injury (CHI-CCI vs. CCI-CHI), and increased right dentate gyrus
cell death was produced by sequential injury versus CCI and CHI
(83 g). The data suggest an interaction between concussive and
contusion brain injury that leads to worse histopathological and
functional outcome in a CHI dose-dependent manner.

Regardless of the order in which injuries (CCI or CHI) were
performed, we found additive effects in sequential injury models
(53 g CHI) with respect to LOC and lesion volume. Interestingly,
83 g CHI did not increase lesion size beyond that of 53 g CHI in
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FIG. 7. Gross histopathology of single and sequential controlled cortical impact (CCI) and closed head injury (CHI). Representative
photomicrographs of hematoxylin and eosin-stained brain sections depicting (A) lesion volume (21 days) and (B) extent of contusion

(48h) in injured mice.

sequential injury models, suggesting a possible ceiling effect of
CHI between 53 and 83 g (Fig. 3). The data suggest that the latency
between injuries (approximately 1-2 min) is not a factor that sig-
nificantly influences the interaction between concussion and con-
tusion in the sequential TBI models. Nonetheless, because our
model features sequential and not concomitantly produced injuries,
we cannot claim that the sequential injury model reported here
precisely models the clinical scenario in which concussion and
contusion occur simultaneously in patients with TBL

In our previous report, CHI (53 g) produced over the center of the
head led to hidden platform as well as probe trial deficits in the
Morris water maze.'> The modified CHI used in the current study,
however, in which the head was impacted above the right ear (to
avoid striking contused brain in CCI-CHI), failed to produce defi-
cits in hidden platform trials in CHI (53 g). This is likely explained
by a less severe brain injury, because this modification also reduced
mortality rate from approximately 20% to 0/10 (CHI 53 g) and 0/16
(CHI 83g) in the current study and reduced the incidence of

Right

FIG. 8. Microscopic histopathology of single and sequential controlled cortical impact (CCI) and closed head injury (CHI). (A)
Representative photomicrographs of hematoxylin and eosin staining at 6 h after CHI, CCI, or CCI-CHI showing acute cellular injury
(argyrophilic cells) in left hemispheric hippocampus of CCI and CCI-CHI mice but not CHI. In contrast, no acute cellular injury/death
was observed in right hemispheric hippocampus (dentate gyrus shown in all micrographs) of CCI or CHI, but degenerative cells were
noted in right dentate gyrus of sequential injury mice. Inset, representative example of propidium iodide labeling of right sided dentate
gyrus cells 6 h after CCI-CHI 83 g. (B) Amyloid precursor protein (APP) immunohistochemistry showing robust axonal injury in left
hemispheric corpus callosum after CCI and CCI-CHI but not CHI. Only occasional APP-positive axons were detected in right

hemispheres in each group. Scale bar, 100 um.
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seizures by 50% (53 g CHI) as well.'? Because the modified CHI
model behaved differently in the current study, we characterized it
in terms of LOC, edema, lesion volume, histopathology, and motor
and cognitive deficits so that valid conclusions could be drawn from
the sequential injury model data here.

Sequential injury (using either 53 or 83 g CHI) induced additive
LOC versus CHI and CCI alone. Increased LOC in the sequential
model was not an artifact of the anesthesia regimen, because mice
subjected to sequential injury were exposed to similar depth and
duration of anesthesia as mice subjected to CCI alone. There are
very few studies examining mechanisms of LOC in rodent TBI
models; however, posttraumatic coma has been associated with
degree of axonal injury in rodent and human TBL'®'® Axonal in-
jury is a prominent feature of CCI?® but is infrequently detected in
the CHI model by APP immunohistochemistry (current study) or
by electron microscopy.'> LOC was significantly increased in a
sequential linear/angular acceleration model compared with linear
or angular acceleration alone, and sequential injury also signifi-
cantly increased axonal damage in that study.19

We found a decreased incidence of seizure activity in sequential
injury (CCI-CHI) mice compared with mice subjected to CHI
alone. This observation suggests that CCI somehow reduces seizure
vulnerability to CHI. Cortical spreading depression produced im-
mediately after CCI is associated with profound reduction in elec-
troencephalographic activity to less than 15% of baseline; this effect
lasts several minutes before slowly recovering and may be one rea-
son why seizure activity is reduced when CHI follows CCL?'

Focal (CCI) and concussive (CHI) mechanisms may each con-
tribute to outcome in severely injured patients whose TBI is char-
acterized by more than one injury type secondary to focal and
inertial loading mechanisms."?*> Inasmuch as sequential injury
produced additive effects on histopathological and functional out-
come, our study is in principle similar to other injury models in
which TBI was combined with controlled secondary insults to
mimic the clinical scenarios of superimposed hypoxemia,?**
systemic hemorrhage,? polytrauma,®® and seizures.?’

Others have also reported TBI consisting of simultaneous linear
and angular head acceleration.?®'* In the model by Marmarou and
colleagues,” combined impact and linear acceleration produces
robust diffuse axonal injury but not contusion. Sequential injury
reported herein differs from that of the Marmarou model because
sequential injury produces cerebral contusion with relatively little
axonal injury (detected by APP histochemistry). Interestingly, se-
quential injury produced a significant, albeit modest, increase in
cell death in the right hemispheric dentate gyrus versus CCI and
CHI alone. Whether CHI exacerbates histopathology of CCI or vice
versa is not discernable from the current study design; however, the
present data suggest an interaction between CCI and CHI that
produces increased cell death even in the intact right hemisphere,
which may contribute to the observed exacerbation of cognitive
deficits in the CCI-CHI (83 g) model. One caveat is that APP his-
tochemistry is not as sensitive as silver staining for detecting cell
and axonal damage; thus, more work is needed to fully characterize
the histopathology of sequential injury.

The current study is unique and fills a gap in the literature by
using concussive and contusion injury mechanisms in a sequential
TBI model.

How CHI (which does not result in acute brain cell death/tissue
loss'?; Fig. 3) increases brain tissue damage in sequential CHI-CCI
is unknown. Physiological variables obtained at 1-2 min after CCI-
CHI (83 g) suggest that hypotension and hypoxemia, known to
worsen outcome after TBI,*® do not play a major role. Mechanisms
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associated with concussive injury (reviewed by Barkhoudarian and
coworkers®") that could explain the increased tissue damage in the
sequential model might include excitotoxicity and calcium and
other ion fluxes,** hyperglycolysis and mitochondrial energy fail-
ure,*** loss of cerebral blood flow autoregulation,*® and changes
in cortical spreading depression, although a recent study suggests
that this mechanism may not be critical for contusion TBIL.?!

Molecular mechanisms that may be exacerbated by sequential
injury include deranged electron transport and oxidative stress,
apoptosis and necrosis. Increased inflammation may be particularly
damaging because it may increase the volume of ischemic brain
tissue in the contusion core via microvascular plugging,’”® or by
exacerbating acute cell death. We previously reported that CHI
renders the injured brain more vulnerable to cytokines that initiate
programmed cell death acutely after CCI>'%; however, we did not
observe increased contusion volume at 48h in sequential injury
versus CCI, suggesting that the increased lesion volume at 14 days
after sequential injury may be because of increased brain tissue
atrophy rather than increases in contusion size and acute cell death.
Alternatively, concussive forces might exacerbate brain tissue loss
after focal injury by increasing delayed (e.g., up to 14 days) in-
flammation, leading to neurodegeneration induced by activated
microglia and/or astrocytes.>*~*? Distinguishing between these and
other explanations for why concussive forces might exacerbate
brain tissue damage after cerebral contusion is an important di-
rection for future studies.

Modeling two different TBI injury subtypes is important for at
least two reasons. First, the failure of all randomized clinical trials
except one™ to show a positive effect of treatment strategies on
outcome after TBI may relate in part to oversimplified TBI models
that fail to account for the heterogeneity of injury mechanisms in
severely injured patients. In this regard, the same molecular path-
way in one injury subtype may behave differently in another,
complicating targeted therapeutic strategies.>'> One goal of future
studies is to examine the role of key pathways (known to mediate
outcome in CCI and CHI) in the sequential injury model. Such
studies have the potential to improve understanding of how specific
mechanisms might contribute to outcome in severely injured pa-
tients with mixed injury types.

The second reason to study sequential injury models is related to
the first: it is possible that therapies that work in a more complex
sequential TBI model might translate better in human trials that
enroll patients with mixed injury subtypes. Future studies in our
laboratory will seek to identify therapies that reduce histopathology
and improve functional outcome after sequential CCI-CHIL. It is
hoped that positive effects in this more complex TBI model might
have an increased chance of translating to human studies.
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