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Abstract

A novel method for the study of repetitive mild traumatic brain injury (rmTBI) that models the
most common form of head injury in humans is presented. Existing animal models of TBI impart
focal, severe damage unlike that seen in repeated and mild concussive injuries, and few are
configured for repetitive application. Our model is a modification of the Marmarou weight drop
method and allows repeated head impacts to lightly anesthetized mice. A key facet of this method
is the delivery of an impact to the cranium of an unrestrained subject allowing rapid acceleration
of the free-moving head and torso, an essential characteristic known to be important for
concussive injury in humans, and a factor that is missing from existing animal models of TBI. Our
method does not require scalp incision, emplacement of protective skull helmets or surgery and
the procedure can be completed in 1-2 minutes. Mice spontaneously recover the righting reflex
and show no evidence of seizures, paralysis or impaired behavior. Skull fractures and intracranial
bleeding are very rare. Minor deficits in motor coordination and locomotor hyperactivity recover
over time. Histological analyses reveal mild astrocytic reactivity (increased expression of GFAP)
and increased phospho-tau but a lack of blood-brain-barrier disruption, edema and microglial
activation. This new animal model is simple and cost-effective and will facilitate characterization
of the neurobiological and behavioral consequences of rmTBI. It is also ideal for high throughput
screening of potential new therapies for mild concussive injuries as experienced by athletes and
military personnel.
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1. Introduction

Traumatic brain injury (TBI) results from a blow to the head. The severity of injury can
range along a continuum from mild (e.g., brief change in mental status, somatic effects or
consciousness) to severe (e.g., extended unconsciousness, coma, prolonged amnesia) to
fatal. Any form of TBI can result in short- and long-term disability. On a global scale, TBI is
a serious health concern and is the leading cause of mortality and disability among
individuals in high-income countries. TBI is one of the most common neurological
diagnoses in the US (Rutland-Brown et al., 2006) and the CDC has estimated that 1.7
million people sustain TBI on an annual basis.

Perhaps the form of TBI that has garnered the greatest scrutiny recently, in the public eye as
well as within military, scientific and medical communities, is repetitive, mild TBI (rmTBI).
Military operations in Iraq and Afghanistan are revealing that TBI accounts for about 28%
of all combat casualties (Okie, 2005) and approximately 88% of those are closed-head injury
(US Medicine, May 2006, vol. 42). The US Defense and Veterans Brain Injury Center has
estimated that ~180,000 military service members have been diagnosed with mTBI from
2001-2010 and other estimates place this number as high as 320,000 (Tanielian and Jaycox,
2008). Persistent accounts of rmTBI suffered by athletes (amateur and professional) have
also directed much needed attention to this growing and significant problem. It has been
estimated that 1.6-3.8 million sports-related TBIs occur each year (Guskiewicz et al., 2000;
Halstead and Walter, 2010). Epidemiological studies reveal that about 60% of retired
professional football players sustained at least 1 concussion during their careers (Guskiewicz
et al., 2005) and approximately 25% experienced repeat injury (Guskiewicz et al., 2005;
Pellman et al., 2004).

RmTBI generally produces a constellation of symptoms (e.g., headache, dizziness,
confusion) collectively referred to as post-concussive syndrome (Halstead and Walter, 2010;
Pellman et al., 2003b). Reports of more serious consequences of rmTBI such as chronic
traumatic encephalopathy (McKee et al., 2009; McKee et al., 2010; Omalu et al., 2010) and
increased co-morbidity of neurodegenerative disorders are also emerging (Chen and
D’Esposito, 2010; Guskiewicz et al., 2007a; Masel and DeWitt, 2010; Plassman et al.,
2000). The situation with regard to rmTBI is made even more complex by the fact that it is
extremely difficult to detect. For the most part, routine imaging approaches (e.g., CT and
MRI) contribute little to the evaluation and management of mild concussion (Van Boven et
al., 2009) but more advanced and specialized approaches such as diffusion tensor imaging
are showing promise (Levin et al., 2010; Mac Donald et al., 2011).

The availability of an animal model of rmTBI would certainly facilitate a better
understanding of the neurobiological and behavioral outcomes of rmTBI. A large number of
animal models of TBI have been developed and these have been effective in characterizing
the molecular and cellular bases of acute, severe (i.e., single-impact) TBI (Cernak, 2005;
Finnie, 2001; LaPlaca et al., 2007; Lighthall et al., 1989; Long et al., 2009; Morales et al.,
2005; Park et al., 1999; Weber, 2007). Biomechanical analyses of head impacts sustained by
athletics have revealed that the most critical factors in producing mild, concussive brain
injuries are high velocity impact and rapid head acceleration (Guskiewicz et al., 2007b;
Meaney and Smith, 2011; Pellman et al., 2003a; Pellman et al., 2003b; Viano et al., 2007;
Viano et al., 2005; Viano et al., 2009; Viano and Pellman, 2005). Unfortunately, most
existing animal models do not achieve these factors (see (Viano et al., 2009) for discussion).
The original Marmarou acceleration weight drop model (Marmarou et al., 1994) causes
severe compressive deformation of the cranial vault and results in cortical injuries (e.g.,
contusions and bleeding) beneath the site of impact. It is also characterized by a high
incidence of brainstem injury that can lead to transient hypertension, prolonged apnea,
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respiratory failure and mortality (Cernak, 2005; Chen et al., 1996; Flierl et al., 2009;
Kilbourne et al., 2009; Schumann et al., 2008; Stahel et al., 2000). Highly effective methods
for producing mild, closed-head injuries have been employed in the study of single impacts
(Milman et al., 2005; Zohar et al., 2003). TBI models other than closed-head, to include
lateral fluid percussion (Thompson et al., 2005) and controlled cortical impact (Lighthall et
al., 1989) involve direct loading of the brain and do not impart rapid changes in head
acceleration (i.e., subject heads are fixed in a stereotaxic frame) making them less than ideal
to recapitulate the kinds of injury seen after rmTBI in humans. Because the vast majority of
existing animal models of TBI impart such severe injuries with single impacts, it is difficult
to study repetitive injuries using them. Results from those attempts to apply multiple injuries
(usually 2) have been somewhat inconsistent in finding that by comparison to single injuries,
multiple insults worsen (Hamberger et al., 2009; Kanayama et al., 1996; Laurer et al., 2001,
Longhi et al., 2005; Uryu et al., 2002), make little difference (Creeley et al., 2004; DeFord et
al., 2002) or actually improve outcome (DeRoss et al., 2002). We report presently a new
mouse model that makes possible the study the human form of rmTBI.

2. Materials and methods

2.1. Apparatus and application of the method of rmTBI

The essential components and overall arrangement of the rmTBI apparatus are shown in Fig.
1. Weights (19 mm diameter) were milled from solid brass to the desired mass (e.g., 60, 75,
95, 120g) by varying their length but the 95g weight was the only one used presently for
impacting the mouse skull. This initial weight was estimated from the ratio of mouse to rat
brain weights (~0.21) to scale down from the 450 g weight used with rats in the Marmarou
method (Kreipke et al., 2006). A small steel cap (2 x 10 mm) is glued to the bottom of the
weight to restrict the zone of contact to the top of the mouse head between the ears. Weights
are dropped vertically through a PVC guide tube (20 mm diameter x 1.5 meter length). The
vertical traverse of the dropped weight is limited to ~40 mm of impact displacement by
Orvis Super Strong knotless tapered leader (5X), commercially available nylon fly fishing
line (2.2 kg test, 0.53 mm diameter). A stage consisting of a slit piece of aluminum foil, held
in place by an “H”-shaped Plexiglas frame (15 cm length x 9 cm width x 23 cm depth) holds
subjects in place. In this fashion, the slit foil just supports the body weight of a mouse
(22-25 g) with little or no resistance or restraint upon impact. A sponge cushion (15 cm
length x 9 cm width x 13 cm depth) is located 10 cm below the aluminum foil stage to
receive the falling mouse while the weight remains tethered above the free-moving body of
the animal. A photograph showing the dimensions of the foil stage and placement of an
anesthetized mouse on it is included as Supplementary Figure 1. In some experiments, the
new rmTBI method was compared to the original Marmarou method (Marmarou et al.,
1994) by resting mice directly on the sponge cushion. Immediately upon impact, mice were
withdrawn to prevent re-hits by the weight as subjects recoiled from the impact-induced
compression of the cushion causing secondary injuries to the brain and spinal cord.

All procedures involving the use of animals in this study were reviewed and approved by the
Wayne State University Institutional Animal Care and Use Committee. Mice are lightly
anesthetized with isoflurane (i.e., until unresponsive to paw or tail pinch) and placed
immediately under the vertical PVC tube. Mice are suspended chest-down on a slit piece of
aluminum foil 10 cm above a foam cushion. The mouse is quickly positioned so that its head
is directly in the path of the falling weight by first resting the weight on the scalp midline
between bregma and lambda. Incisions in the scalp or emplacement of a protective skull
helmet are not necessary. The weight is then pulled rapidly upward by an attached string to
the desired drop distance and released. The downward traverse of the falling weight is
restricted by the string such that upon contact, the weight travels no more than 1 cm beyond
the original position of the dorsal surface of the head. Immediately upon impact, the mouse
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falls freely onto the foam cushion. In this arrangement, the impact-induced acceleration and
fall always involves a 180° horizontal rotation of the mouse body. The mouse is moved
immediately to a holding cage to recover. A short video clip of the method is included as
Supplementary Material for online presentation. As part of the initial and preliminary
validation of our method, mice were exposed to 1, 5 (1 per day for 5 successive days) or 10
(1 per day for 5 days with a 2 day rest after the 51 impacts (specified below) using a single
weight (959) dropped from 1 meter. The time after exposure to injury at which outcome
tests were carried out are specified below in the results section. A total of 327 mice were
used in this study and the numbers used in each experiment are specified in the figure
legends.

2.2. Neurological and behavioral assessment

2.2.1. Edema—Edema was determined as brain water content using the wet/dry method as
previously described (Kawai et al., 2001; Masada et al., 2001). Mice were decapitated and
brains were rapidly removed from the skull. Whole, fresh brain was weighed on aluminum
foil, dried for 72 hours at 80°C in a Personal Hyb hybridization oven (Strategene, La Jolla,
CA), and reweighed. Brain water content was defined as % of water calculated as (wet
weight — dry weight)/(wet weight) x 100.

2.2.2. Recovery of righting reflex—Immediately following the weight-drop impact,
mice were placed on their backs in a clean cage. Controls were anesthetized but not
subjected to head impact. Righting reflex response was evaluated as an indicator of
neurologic restoration. The time taken by injured and control mice to adopt a prone position
following injury or anesthesia was recorded by 3 observers blinded to the treatment. The 3
times were averaged for a single score for each subject. Any occurrence of apnea, paralysis,
seizure, or death was noted. All mice were acclimated to the test room for 30 min prior to
experimentation using this and all other behavioral assays.

2.2.3. Balance and motor coordination—Balance and motor coordination were tested
in all controls (anesthetized, not injured) and injured mice at the prescribed post-injury time
points (24hr or 7d following the last injury or anesthesia only) using an accelerating rotarod
(Ugo Basile, Collegeville, PA). Mice were placed onto the accelerating rod, which gradually
increased in rotational speed from 4 > 40 rpm over 5 min, and remained on until they fell off
or reached the maximum time (300 seconds). Time spent on the apparatus was recorded for
each animal.

2.2.4. Locomotor activity—Locomotor activity was measured in four transparent plastic
cages (AccuScan Instruments, Columbus, OH; 43 cm x 42 cm x 42 cm) each covered by a
removable perforated plastic lid. Controls (anesthetized, not injured) and injured mice were
placed in the center of the cage and allowed to move freely for 30 minutes. During that time,
activity was measured by 16 infrared light beam arrays in the horizontal and vertical axes.
Motor activity was recorded on a computer and analyzed by Fusion software (AccuScan).
Total activity was defined as the sum of all beam breaks in both horizontal and vertical
planes during the 30 min recording session.

2.3. Immunohistochemical, immunoblotting and histochemical analyses

2.3.1. Immunohistochemical staining for GFAP expression—
Immunohistochemical analyses were carried out as previously described (Angoa-Perez et
al., 2010; Thomas et al., 2008b). Mice were deeply anesthetized with pentobarbital (200 mg/
kg, ip) and perfused transcardially with buffered 4% paraformaldehyde. Sections (50 pm)
from somatosensory cortex (immediately below the impact site on the skull), piriform cortex
and hippocampus, inclusive of sections containing the corpus callosum, were floated in 1
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ml/well of PBS/3% H,0, for 30 minutes to inactivate endogenous peroxidases. The PBS/
3% H,0O5solution was removed and wells were washed with PBS one time for 5 minutes.
Sections were blocked in 500 ul blocking buffer (PBS, 10% bovine serum albumin, 3%
Triton X-100, 1.5% normal goat serum) for 1h at room temperature (RT). The primary
antibody, anti-GFAP (1:500; LabVision, Fremont, CA) was diluted in blocking buffer
(primary antibody solution). 500 pl of primary antibody solution was added to each well and
incubated at 4°C overnight. The next morning, primary antibody solution was removed and
each well was washed with 1 ml PBS/0.1% Triton X-100 three times for 5 minutes each.
The biotinylated secondary antibody (Vectastain Elite, Vector Labs, Burlingame, CA) was
diluted in blocking buffer (1:1000) and 500 pl of this secondary antibody solution was added
to each well and incubated for 30 minutes at RT. The secondary antibody solution was
removed and each well was washed with 1 ml PBS/0.1% Triton X-100 three times for 5
minutes each. 500 pl of ABC reagent (Vector Labs) was added to each well and incubated
for 30 minutes at RT. Each well was washed with 1 ml PBS/0.1% Triton X-100 three times
for 5 minutes each. After the last wash, wells were filled with PBS and incubated for 5
minutes. The PBS was removed and 1 ml DAB staining solution (Vector Labs) was added to
each well and incubated for 5-10 min at RT, until sufficient color developed. DAB staining
solution was removed and 1 ml PBS was added to each well to stop the DAB reaction.
Sections were mounted on Fisher SuperFrost Plus Slides and thoroughly dried. Sections
were dehydrated through graded ethanol washes, incubated in Citrisolv for 5 minutes, and
coverslipped with Permount. Slides were allowed to dry overnight before viewing.

2.3.2. Immunoblot analysis for GFAP and phospho-tau levels—Immunoblot
analyses were carried out as previously described by our lab (Angoa-Perez et al., 2010;
Thomas et al., 2009, 2008b). Mice were sacrificed by decapitation and the hippocampus and
cortex were dissected bilaterally and stored at —80°C. Frozen tissue was disrupted by
sonication in 1% sodium dodecyl sulfate (SDS) at 95°C and insoluble material was
sedimented by centrifugation (18,000 xg). Protein concentration was determined by the
bicinchoninic acid (BCA) method and equal amounts of protein (50 pg/lane for both cortex
and hippocampus) were resolved by SDS—polyacrylamide gel electrophoresis (SDS-PAGE)
and electroblotted to nitrocellulose membranes. Blots were incubated in blocking buffer
(Tris-buffered saline containing Tween 20, 0.1% v/v, and 5% non-fat dry milk) for 1 h at
RT. Primary antibodies directed at GFAP (1:2000; LabVision, Fremont, CA), phospho-tau
(1:200; Abcam, Cambridge, MA), or B-actin (1:2000; Sigma Aldrich, St. Louis, MO) were
diluted in blocking buffer and incubated on blots for 16 h at 4°C. Blots were subsequently
washed 3 times for 5 minutes in TBS/Tween to remove excess primary antibody and
incubated with horseradish peroxidase (HRP)-conjugated anti-lgG secondary antibody
(1:4000; Sigma Aldrich) diluted in blocking buffer for 1 h at RT. The blots were washed 3
times for 5 minutes in TBS/Tween to remove excess secondary antibody. Immunoreactive
bands were visualized by enhanced chemiluminescence (Western Lightning Plus-ECL,
Perkin Elmer, Waltham, MA) on a Kodak Image Station (Carestream Molecular Imaging,
New Haven, CT). The relative densities of GFAP and phospho-tau reactive bands were
quantified using the ImageJ software program and normalized to B-actin.

2.3.3. Histochemical staining for microglial activation—Microglial activation was
assessed by histochemical staining of brain sections with Isolectin B4 (ILB,) as previously
described in our lab (Thomas et al., 2008a; Thomas et al., 2004). Briefly, 50 um sections
(paraformaldehyde fixed) from somatosensory cortex (immediately below the impact site),
piriform cortex, and the hippocampus were floated in 1 ml/well of PBS/3% H,0, for 30
minutes to inactivate endogenous peroxidases. Sections were washed once in PBS/0.1%
Triton X-100 for 5 minutes and incubated in fresh PBS/0.1% Triton X-100 for an additional
30 minutes. Microglia were labeled with HRP-conjugated ILB4 (10 pg/ml in PBS/0.1%
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Triton X-100; Sigma Aldrich) overnight at 4°C. Excess ILB,4 was removed by washing with
PBS/0.1% Triton X-100 three times for 5 minutes each. Sections were incubated with the
DAB substrate (0.1 mg/ml in PBS; Sigma Aldrich) for 25 min. After desired color
development, wells were then washed with PBS three times for 5 minutes and sections were
mounted on Fisher SuperFrost Plus Slides and thoroughly dried. Sections were dehydrated
through a series of graded ethanol washes, incubated in Citrisolv for 5 min, and coverslipped
using Permount. Slides were allowed to dry overnight before analysis.

Exposure of mice to single impacts using our new method revealed that subjects were
experiencing very mild injury. Mice recover consciousness spontaneously, show normal
grooming and social interactions with cage mates and do not display any signs of pain or
discomfort or resistance to handling after the procedure. Skull fractures, intracranial
bleeding, respiratory arrest or seizures are rarely seen. Therefore, we tested mice for their
responses to 5 impacts delivered one per day for successive days. The general
responsiveness of mice to repeated head impact is presented in Table 1. Data in this table
confirm that even repeat injury was mild in nature, causing little if any change in the rate of
skull fracture or intracranial bleeding by comparison to single impacts. The rate of mortality
after single (5%) or multiple (10%) impacts was very low by comparison to the high
mortality associated with single (64%) impacts using the original Marmarou method.
Attempts to deliver repeated impacts using the original Marmarou were halted when it
became evident that mortality exceeded 90%. The incidence of skull fracture and
intracranial bleeding, alone or in combination, was substantially lower using our new
method by comparison to the original Marmarou. The time required for subjects to recover
the righting reflex was measured and the results are presented in Fig. 2. It can be seen that a
single impact increased recovery times over controls (anesthetized but not injured) by about
2 minutes. Successive daily head impacts, up to the 51, did not further increase recovery
times over the first indicating that the effects of this method of TBI were very mildly
concussive. By comparison, the time to recover the righting reflex after a single non-lethal
impact using the original Marmarou method can be increased by as much as 15-fold
(Goodman et al., 2011).

The original Marmarou method results in a significant edema (Foda and Marmarou, 1994)
S0 we assessed this outcome in mice 4 hr after a single or 5 separate head impacts. The
results in Fig. 3 show that edema does not occur using this new method. Repeated mild
concussive injury in humans can result in problems with balance and postural equilibrium
(Guskiewicz, 2011) so we tested mice for their performance on the accelerating rotarod test.
Fig. 4 shows that a total of 4 head impacts (2/day, 6 hr apart, for 2 days) caused a significant
worsening in rotarod performance in injured mice when tested 1 day after the last injury.
Conversely, if 5 impacts were delivered (1/day for 5 successive days) and testing was
carried out 7 days after the final injury, rotarod performance was not different from controls
(anesthetized, not subjected to head impact). Mice exposed to 10 injuries showed mild
deficits in the rotarod test at 7 days but this effect was not significantly different from
control. Locomotor activity was measured after repeat head impacts and the results are
presented in Fig. 5. It can be that 5 head impacts resulted in a significant increase in
locomotor activity when assessed 5 days after the last impact but this effect recovered within
30 days.

Histological analyses were consistent with behavioral and neurological outcomes (above)
and revealed a mild injury at the cellular level. We did not observe contusions or extensive
loss of cortical matter below the point of impact to the skull (data not shown). The integrity
of the blood-brain barrier was assessed by measuring intracerebral mouse 1gG levels by
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immunohistochemistry and the results in Fig. 6 indicate that barrier integrity was not
compromised by 1 (Fig. 6A) or 5 repeated head impacts (Fig. 6B). By comparison, the
original Marmarou caused substantial disruption in the blood brain barrier, associated with a
rather large cortical contusion beneath the site of skull impact. Increased expression of
GFAP in hippocampus and cortex was observed, measured both by immunoblotting and
immunohistochemistry. Quantitation of immunoreactive bands in Fig. 7 (upper panels)
shows that the increases in GFAP expression in hippocampus and cortex were significantly
different from control. Immunohistochemical analyses (lower panels) confirmed increased
GFAP after rmTBI in both brain areas. Assessment of microglial activation using
histochemical staining with ILB,4 was negative when tested 30 days after 5 or 10 head
impacts (Fig. 8B,C). Substantial microglial activation was seen throughout hippocampus and
overlying cortex (data not shown) when determined in mice 30 days after exposure to a
single impact using the original Marmarou method as shown in Fig. 8D. The levels of
phospho-tau, a microtubule associated protein, were determined in cortex by
immunoblotting because hyper-phosphorylated helical fragments of tau have been
associated with neuronal tangles observed in postmortem brain from athletes exposed to
repetitive concussive injury (McKee et al., 2009; McKee et al., 2010). Fig. 9 shows that
mice exposed to 5 head impacts have significantly higher levels (~160% of control) of
phospho-tau 30 days after injury by comparison to controls. As a positive control, mice were
treated with chloral hydrate (500 mg/kg, ip) which is known to lead to rapid (60 min)
hyperphosphorylation of tau (Planel et al., 2007) and results in Fig. 9 document a 3.5-fold
increase in phospho-tau levels.

4. Discussion

The purpose of our study was to design and implement a new model of human rmTBI using
mice as subjects. Applying simple but crucial modifications to the tried-and-tested
Marmarou weight drop method of TBI allowed repeated head impacts resulting in mild
concussive injuries. By suspending mice unrestrained on a stage that offers minimal
resistance to acceleration of the head upon impact and delivering a blow to the head that is
glancing versus crushing, many of the serious outcomes associated with closed-head models
of TBI (i.e., high mortality, skull fracture, respiratory arrest) are avoided. Consequently,
mice can be exposed readily to 1-2 impacts per day over extended periods of time until a
total of at least 10 exposures have been completed. Initial validation of this method
establishes that it produces an injury that can be classified as mild. Mortality rates and the
incidence of skull fracture and intracranial bleeding are very low. From a behavioral
perspective, mice exposed to rmTBI using our model appear normal and do not show any
evidence of seizures, paralysis or pain. Injured mice are not aggressive toward their cage
mates and they do not resist handling or vocalize when handled to any greater extent than
controls.

Consistent with results from athletes who have experienced repeated mild concussive
injuries (Guskiewicz, 2011), mice exposed to repeated head impacts using our method do
show mild balance and coordination deficits. However, these deficits are not serious enough
to interfere with food and water intake, nor do they appear to alter normal grooming. It also
appears that deficits seen in repeatedly injured mice on the rotarod test recover over time.
Another outcome with high translational relevance that we observed after rmTBI using our
new model of rmTBI was a transient increase in locomotor activity. Humans who have
experienced TBI, particularly children, often develop secondary problems with attention.
These attention deficits involve slowing of information processing speed and response
inhibition, and are associated with hyperactivity (Konrad et al., 2000). TBI in rodents can
also result in hyperactivity (Homsi et al., 2010; Pullela et al., 2006). Therefore, the present
finding of increased locomotor activity after rmTBI is consistent with both clinical and basic
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research reports and provides additional validation of this new model. Another outcome
often associated with TBI in humans and in animal models is persistent cognitive
dysfunction (Bales et al., 2009). We have not yet systematically evaluated cognitive
performance after subjecting mice to rmTBI but this is a high priority analysis that will be
the focus of future experiments.

From a histological perspective, repeatedly injured mice do not show edema, cortical
contusions or obvious loss of neuronal matter beneath the point of impact on the skull. The
blood brain barrier remains intact and attempts to document microglial activation were
negative. However, mice subjected to rmTBI do show increased GFAP expression,
indicative of a mild astrocytic response to injury. Perhaps of greatest interest were the
findings of increased expression of phospho-tau 30 days after the last injury. Increases in
phospho-tau and GFAP could be early signs of chronic traumatic encephalopathy, hallmark
neuropathological indices that are now being associated with professional athletes exposed
to multiple, mild concussive injuries during their careers (McKee et al., 2009; McKee et al.,
2010; Omalu et al., 2010). Limited experiments did not reveal evidence of increased p-APP
staining (data not shown) but additional studies will be required to confirm and extend the
initial findings reported above.

The key characteristics of this new model that set it apart from other closed head models and
make it ideal for studies of rmTBI include the following: a) it can be used to deliver
repeated, mild injuries to the same subject; b) the body and head of the subject are not
constrained (e.g., not resting on a cushion or fixed in a stereotaxic frame) and the mouse
falls freely upon impact; c) the dropped weight does not “drive” the head into a cushion and
thereby avoids the additional loading factors and midbrain injuries imparted by it (Viano et
al., 2009); d) the falling weight is restricted in the length of its downward traverse (glancing
blow, not crushing) and cannot strike the head of the subject multiple times (e.qg., after
mouse and weight recoil post-impact); e) the impact causes a very rapid and rotational
acceleration of the head, an essential characteristic of blows to the head of humans exposed
to concussive injuries (Guskiewicz et al., 2007b; Meaney and Smith, 2011; Pellman et al.,
2003a; Pellman et al., 2003b; Viano et al., 2007; Viano et al., 2005; Viano et al., 2009;
Viano and Pellman, 2005); f) only light anesthesia is required, minimizing the confounding
effects of prolonged anesthesia on TBI outcome (Statler et al., 2006) and incisions of the
scalp or other surgical preparations (e.g., emplacement of protective skull helmet) are not
needed; g) resuscitation and post-injury support (e.g., maintenance of body temperature) are
not required as the animals recover the righting reflex spontaneously; h) the procedure is
simple, inexpensive, and rapid (can be carried out in ~1-2 minutes per mouse); (i) it can be
applied readily to rats and other rodents, and j) it is suitable for high-throughput screening of
therapeutic compounds.

The blow to a mouse head using our model, when viewed real-time or in slow-motion video,
is fundamentally very similar to that seen in helmet-to-helmet collisions in football, head-to-
head collisions in soccer or fist-to-jaw punches in boxing, blows that are now known to
cause persistent concussive injury and chronic traumatic encephalopathy, especially when
repeated (McKee et al., 2009; McKee et al., 2010; Omalu et al., 2010). These characteristics
are difficult to achieve in existing animal models of closed head TBI (i.e., the original
Marmarou method and variants) as well as in non-closed head methods such as controlled
cortical impact and lateral fluid percussion. RmTBI is emerging as a serious medical and
socioeconomic concern on a global scale. In consideration of the fact that very little is
known about its neuropathological mechanisms and long-term behavioral consequences, a
new and widely applicable animal model is certainly called for.

J Neurosci Methods. Author manuscript; available in PMC 2013 January 15.
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In conclusion, we feel that the model of rmTBI, as described in the present manuscript,
overcomes the limitations inherent in existing animal models and offers the opportunity for
increased understanding of the pathophysiology of repetitive, mild concussive injury to the
brain. This unique model will also allow study of the importance of such variables as
number and severity of head injuries and their frequency on long-term outcome measures.
We have not yet determined “optimal” injury conditions but results using the 95 g weight
suggest that lower weights could be used with multiple impacts per day (e.g., 3-5) to more
closely simulate head impact conditions associated with full contact sports. Injury thresholds
for mild brain injury have been hard to obtain using existing animal models, for many of the
reasons mentioned above, and recent studies in humans using real-time data collection of
head impacts indicate that the concussive injury threshold is indeed very difficult to
determine and may be irrelevant when relating injury to clinical outcome (Guskiewicz and
Mihalik, 2011). The in-depth study of rmTBI in animals has not been that feasible to date
but the availability of an appropriate model may help identify new biomarkers of mild
concussive injury in humans that are not yet known to exist and are not accessible for
characterization and study.
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Fig. 1.

Apparatus for rmTBI using the mouse as subject. The essential components of the apparatus
are shown and depict (A) a photograph of the entire assembly comprised of a vertical guide
tube for the dropped weight situated above the mouse stage and collecting sponge; (B) a
photograph of the slit aluminum sheet that serves as the mouse stage above the collecting
sponge; (C) a still captured from a video recording showing the positioning of the mouse on
the stage immediately prior to head impact by the falling weight; and (D) a still captured
from a video showing the mouse approximately 30 msec after head impact, illustrating the
resulting 180° rotation of the mouse after head impact and ensuing acceleration/rotation.
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Fig. 2.

Recovery of righting reflex after TBI. Mice (N=12/group) were exposed to the indicated
number of head impacts on successive days using the new model of rmTBI and the time to
recover the righting reflex was recorded. Controls were anesthetized but not subjected to
head injury. Results are mean + SEM of the time (in seconds) required for mice to right
themselves after anesthesia + TBI. The main effect of treatment on recovery of the righting
reflex was significant (p < 0.001, 2-way ANOVA). The within group effect of days was not
significant for either group.
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Fig. 3.

rmTBI does not result in edema formation. Controls (N=6) and mice (N=6) exposed to the
indicated number of head impacts using the new model of rmTBI were sacrificed and edema
was determined by the wet/dry method 4 hr after the last injury. Results are means + SEM of
brain water content calculated as (wet weight — dry weight)/(wet weight) x 100.
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Fig. 4.
Effect of rmTBI on rotarod performance. Controls (N=21) and mice exposed to 4 (N=7), 5
(N=11) or 10 (N=10) head impacts were tested for balance and coordination on the
accelerating rotarod at the indicated times (in days) after the last injury. Results are the mean
+ SEM of the time subjects remained on the rotarod before falling. The symbol * indicates

that deficits were significantly different from control (p < 0.05).
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Fig. 5.

Effect of rmTBI on locomotor activity. Controls (N=6) and mice (N=6) exposed to 5 head
impacts (1/day for 5 successive days) were tested for locomotor activity 5 or 30 days after
the last injury. Horizontal and vertical activity was recorded in an automated apparatus as
mouse movement interrupted infrared beams of light. Results are the mean + SEM of
activity counts captured in a 30 min test session. The symbol * indicates a significant
difference from controls (p < 0.05).
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Fig. 6.

Effect of rmTBI on integrity of the blood brain barrier. Controls (A) or mice (B) subjected to
5 head impacts (1/day for 5 successive days) were perfused 7 days after the last injury and
the integrity of the blood brain barrier was assessed by immunohistochemical analysis of
intracerebral levels of mouse IgG. Panel (C) shows a representative image from a mouse 7
days after exposure to a single head impact using the original Marmarou method. Because
1gG immunoreactivity in brains of mice subjected to the new method of rmTBI was so low,
arrows are inserted to demarcate the surface of the cortex below the site of skull impact. The
calibration bar represents 50 um.
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Fig. 7.

Effect of rmTBI on GFAP expression. Controls or mice exposed to 10 head impacts using
the new method of rmTBI were analyzed for GFAP expression by immunoblotting (upper
panels) or in 50 um fixed sections by immunohistochemistry (lower panels) in hippocampus
(A) or cortex (B) 7 days after the last treatment. Each lane on the immunoblots represents
individual control (C) or rmTBI-treated (T) mice. Data for the bar charts was derived from
scans of immunoblots using ImageJ. The symbol * indicates a significant difference from
control (p < 0.05). The calibration bar represents 50 um.
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Fig. 8.

rmTBI does not result in microglial activation. Paraformaldehyde-fixed sections (50 um)
from controls (A) or mice exposed to 5 (B) or 10 (C) head impacts using the new method or
to a single impact using the original Marmarou method (D) were analyzed for microglial
activation using ILB4 histochemical staining. The calibration bar represents 50 um.

J Neurosci Methods. Author manuscript; available in PMC 2013 January 15.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Kane et al. Page 23

p-tau -.d.-.'ﬁ-

Cc ¢H T T € T T CH T

*%*

ES
1

{

p-tau
(arbitrary units)
N
- H
N\

Cor;trol rmTBI CH

Fig. 9.

Increased phospho-tau after rmTBI. Controls or mice exposed to 5 head impacts (1/day for 5
successive days) were tested for phospho-tau by immunoblotting 30 days after the last
treatment. Bands on the blot represent individual controls (C) or mice exposed to rmTBI (T).
As a positive control, mice were also treated with chloral hydrate (CH; 500 mg/kg, ip) which
is known to cause hyper-phosphorylation of tau. The symbols indicate significant
differences from control with p < 0.05 (*) or 0.001 (**).
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Comparison of a new rmTBI model with the original Marmarou weight drop method

Table 1

rmTBI- 1X | rmTBI-5X | Original Marmarou-1X
Mortality 5% 10% 60%2
Neither bleed nor fracture 90% 90% 20%
Skull fracture 0% 0% 10%
Bleed 10% 10% 10%
Both bleed and fracture 0% 0% 60%

Page 24

aThe mortality rate using the original Marmarou model rose to >90% with repeat injuries so its further use was terminated. Mortality was primarily

from respiratory arrest. Group sizes were N=49 for the new rmTBI method and N=50 for the original Marmarou method.
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