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Abstract

Sports-related head impact and injury has become a very highly contentious public health and
medico-legal issue. Near-daily news accounts describe the travails of concussed athletes as they
struggle with depression, sleep disorders, mood swings, and cognitive problems. Some of these
individuals have developed chronic traumatic encephalopathy, a progressive and debilitating
neurodegenerative disorder. Animal models have always been an integral part of the study of
traumatic brain injury in humans but, historically, they have concentrated on acute, severe brain
injuries. This review will describe a small number of new and emerging animal models of sports-
related head injury that have the potential to increase our understanding of how multiple mild head
impacts, starting in adolescence, can have serious psychiatric, cognitive and histopathological
outcomes much later in life.
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Traumatic brain injury (TBI) results from a blow to the head and the severity of injury can
range along a continuum from mild (e.g., headache, dizziness) to severe (e.g., extended
coma, amnesia) to fatal. TBI is one of the most common neurological diagnoses in the US
(Rutland-Brown et al. 2006) and the Center for Disease Control and Prevention (CDC) has
estimated that ~ 1.5 million people sustain TBI on an annual basis. Approximately, one-third
of all injury deaths arise from TBI and roughly 90 000 experience long-term disability
yearly as a result of brain injury (Masel and DeWitt 2010). The cost of lifetime care for
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survivors of TBI has been estimated at $0.6-$1 million per individual with a total annual
cost of approximately $60 billion to the United States (Corso et al. 2006). Perhaps the form
of TBI that has garnered the greatest amount of scrutiny recently is repetitive mild traumatic
brain injury (rmTBI) resulting from sports-related head impacts. Frequent news accounts of
concussed former athletes’ struggle with depression, sleep disorders, mood swings, and
cognitive problems are directing much needed attention to this significant and emerging
health issue. It has been estimated that 1.6-3.8 million sports-related TBIs occur each year
(Langlois et al. 2006; Halstead and Walter 2010). Because many concussive-like injuries go
unreported or are not recognized (McCrea et al. 2004; Langlois et al. 2006; Daneshvar et al.
2011), these figures are likely to represent a gross underestimation. From 2001 to 2005,
there were ~ 500 000 emergency room visits for concussion among US children aged 8-19
years of age, half of which were sports-related. In organized high school football,
concussions occur at rates of ~ 3.6-5.6% among the 1.2 million participants (Powell and
Barber-Foss 1999; Guskiewicz et al. 2000), translating to ~ 43 000-67 000 adolescent head
injuries. Epidemiological studies reveal that ~ 60% of retired National Football League
(NFL) football players sustained at least one concussion during their careers (Guskiewicz et
al. 2005) and ~ 25% experienced repeat injury (Pellman et al. 2004; Guskiewicz et al.
2005). The issue of how sports-related rmTBI may lead to chronic psychiatric and
neuropathological disorders is highly contentious and has significant medico-legal
ramifications. An overriding concern in rmTBI is the possibility that successive injuries,
including subconcussive ones, may synergize with previous ones so that their effects
become additive (Guskiewicz et al. 2003).

To place the terms ‘repetitive’ and ‘mild’ into the context of sports-related rmTBI, one must
consider the rate and nature of head impacts as illustrated in American-style football.
Beckwith et al. (2013a,b) studied collegiate and high school players and determined in a 6-
year project that ~ 8% suffered concussive impacts, a rate of ~ 5 per season. A head impact
was defined as one that was greater than or equal to 14.4 g. These same players also
received ~ 280 non-concussive impacts each per season or ~ 11 per week. Players in these
studies (Beckwith et al. 2013a,b) who were not concussed (92%) received ~ 210 impacts per
season or ~ 8 per week. Altogether, the subjects in these studies received ~ 55 non-
concussive impacts for each concussive impact. It has been estimated that elementary
school-aged football players (ages 9-12 years) average 240 head impacts per season (Cobb
et al. 2013). Individual high school football players can receive between 650 and 900 head
impacts per season (Broglio et al. 2011a, 2012) or greater than 25 impacts per game plus
practice sessions (Urban et al. 2013) and some collegiate football players have sustained
upwards of 1440 head impacts in a single season (Crisco et al. 2010). Each of these studies
derived the number of head impacts sustained by individual players by using helmets
instrumented with the Head Impact Telemetry system. Forbes et al. (2012) summarized all
studies that catalogd football head impacts, showing that individual athletes receive
hundreds of head impacts on a regular basis. Injuries that may be caused by concussions are
generally mild and often escape detection by brain imaging (Gardner et al. 2012; Slobounov
et al. 2012; Terry et al. 2012), making detection of changes caused by non-concussive
impacts even more challenging. As the aforementioned rates of head impact and injury
focused on American-style football, participants in other sports including soccer, boxing, ice
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hockey, rugby, and lacrosse also have significant rates of head injury (Gessel et al. 2007;
Hootman et al. 2007; Marar et al. 2012; Cusimano et al. 2013). The discussion in this
review article is intended to apply generally to all sports events that involve frequent head
contact.

Numerous attempts have been made to define ‘concussion’ in biomechanical terms.
Although these very sophisticated studies have established the forces (e.g., translational and
rotational acceleration) that can be delivered in athletic head impacts, it does not appear that
these data can be used to predict whether a player will be concussed (Guskiewicz and
Mihalik 2011; Forbes et al. 2012). A review by Forbes et al. (2012) calculated average head
impact forces received by concussed players and found that a large number of nonconcussed
players received impacts that exceeded forces encountered by concussed players. The Head
Impact Telemetry system is known to have a large range of inaccuracy when measuring
impact forces in the field (Jadischke et al. 2013), so attempts to relate specific impact forces
to injury are limited. The issue of what defines a concussion clinically [or if a concussion
represents injury (McCrory et al. 2013a)] is far too complex to be debated presently (e.g.,
see (Blennow et al. 2012; Slobounov et al. 2012), but it is clear that athletes are being
exposed to very large numbers of head impacts over long periods of time, and less than
0.02% of these impacts account for concussions (Forbes et al. 2012). Emerging studies are
establishing that football players can experience transient disruptions in the blood-brain
barrier (evidenced by surges in serum levels of the astrocytic protein S100B) in the absence
of concussion (Marchi et al. 2013). The authors of this study suggest further that the
correlation of serum S100B levels and CNS changes seen using diffusion tensor imaging
support a link between repeated blood-brain barrier disruption and future risk for cognitive
changes (Marchi et al. 2013). Cognitive and neurophysiological impairments have been
detected in high school football players without clinically diagnosed concussion (Talavage
et al. 2014). The specific focus on concussions as the cause of persistent CNS deficits may
be somewhat misplaced in light of the fact that most athletes are exposed to multiple
subconcussive head impacts throughout their careers and these may also increase the risk of
developing neurodegenerative insult (Stern et al. 2011).

It is fair to state that the full clinical picture of sports-related rmTBI has not yet been
assembled. In general terms, rmTBI has symptoms that are similar to post-concussive
syndrome that include headache, dizziness, confusion and fogginess, irritability, and
drowsiness (Pellman et al. 2003b; Barlow et al. 2010; Halstead and Walter 2010; Jordan
2013). Most mildly concussed individuals return to normal shortly after injury (Pellman et
al. 2005, 2006; Barlow et al. 2010; Halstead and Walter 2010). More significant health
issues arise as athletes age and can include chronic traumatic encephalopathy (CTE; Omalu
et al. 2010; Halstead and Walter 2010; Baugh et al. 2012; Mez et al. 2013). From a
neuropathological perspective, CTE is associated with the appearance of foci of
hyperphosphorylated tau tangles, disseminated microgliosis and astrocytosis and progressive
neurodegeneration (McKee et al. 2009, 2013; Mez et al. 2013). CTE has been linked to
increased mortality, shortened life-span and increased co-morbidity of neurodegenerative
[e.g., Alzheimer's and Parkinson's disease (Masel and DeWitt 2010; Guskiewicz et al.
2007a; Langlois et al. 2006; Plassman et al. 2000; Sivanandam and Thakur 2012)] and
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psychiatric disorders (Guskiewicz et al. 2005, 2007a; De Beaumont et al. 2009, 2012; Rao
et al. 2010; Hart et al. 2013; Mez et al. 2013)]. CTE may also reflect the culmination of
long-term rmTBI (Omalu et al. 2005; McKee et al. 2009; Gavett et al. 2011). It is not yet
possible to link repeated head impacts to the development of CTE directly and it is not clear
that CTE causes behavioral or cognitive changes in retired athletes (Karantzoulis and
Randolph 2013; Randolph et al. 2013).

Animal models of sports-related rmTBI are essential to help minimize risk

to human athletes

Animal models of TBI have always been an important element in the study of how the CNS
responds to injury. Animal models have been developed to simulate virtually every form of
human brain injury imaginable: penetrating, blast-related, hemorrhagic-related, and
concussive/contusive. However, a substantial roadblock that is hampering efforts to achieve
a better understanding of sports-related rmTBI is the shortage of effective animal models. If
any form of human head injury could benefit from a new and useful model, it would
certainly be sports-related head injury. At present, the vast majority of research on sports-
related head injury is restricted to athletes. These studies, while recording impact forces
experienced by participants, searching for CNS changes with brain imaging, determining
health outcomes, and testing of new protective equipment, do not allow in-depth
mechanistic approaches. Well-intentioned estimates of whether and when a head-injured
athlete can return to play may be wrong and newly developed protective head gear may be
no more or even less effective than what is presently available. The consequences of such
estimates that turn out to be incorrect may not be known for 10-20 years, long after an
athlete has ceased participation in a sports career that involves head impact, and would be
dire. An animal model of sports-related rmTBI would have another important benefit. At
present, it has been difficult to form a direct link between repeated head impacts in sports
and the development of psychiatric and/or neuropathological disorders in athletes (McCrory
et al. 2013b). Co-existing or complicating conditions such as genetic predispositions to
disease, abuse of illicit drugs and alcohol, and intake of performance-enhancing steroids are
often not cataloged in human athletes and each these factors, alone or in combination, could
contribute to chronic and persistent health problems, including CNS disorders (lverson
2014). The use of animal subjects would allow a determination of whether repeated mild
head impacts can be linked to cognitive and neuro-pathological problems by controlling the
conditions mentioned above.

Minimal characteristics of an animal model of sports-related head injury

Numerous animal models of TBI have been developed and a discussion of these models is
well beyond the scope of this review [see (Lighthall et al. 1989; Park et al. 1999; Morales et
al. 2005; LaPlaca et al. 2007; Weber 2007; O'Connor et al. 2011; Xiong et al. 2013; Dewitt
et al. 2013) for reviews]. Just as these animal models have been very effective in
characterizing the molecular and cellular bases of severe, acute TBI, an animal model of
sports-related rmTBI would help fill many of the gaps in our understanding of this
condition. Conservatively speaking, the key characteristics of head impact/injury in athletes
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that should guide the development and application of an animal model of this condition

include:

@)

(@)

3)

(4)

The head (with scalp and skull intact) must be struck directly. It is not enough
for a model to damage the subject's brain but to do so in a manner that closely
approximates that seen in athletes when exposed to head impacts. Impacts
directly to the head achieve higher accelerations and have shorter durations than
those that involve non-head contacts (Kimpara and lwamoto 2012).

Head impacts should occur with high velocity and involve a rapid change in
head velocity and rapid acceleration of the head (both rotational and angular
acceleration) (Pellman et al. 2003a,b; Viano and Pellman 2005; Viano et al.
2005, 2007, 2009; Guskiewicz et al. 2007b; Meaney and Smith 2011; Jordan
2013; Urban et al. 2013). The importance of head rotation (vs. striking a head
fixed in place) in contributing to concussive-like brain injuries was recognized
more than 70 years ago (Denny-Brown and Russell 1941) and more recent
studies have shown that rhesus monkeys are rendered unconscious more readily
when rapid head rotations were achieved via direct blows to the head versus
contact involving whiplash without head contact (Ommaya et al. 1971; Ommaya
and Gennarelli 1974). Emerging studies of head impacts sustained by football
players have also suggested the importance of head movement, both rotational
and angular acceleration, in determining clinical outcomes (Pellman et al.
2003a,b; Viano and Pellman 2005; Viano et al. 2005, 2007, 2009; Guskiewicz et
al. 2007b; Meaney and Smith 2011; Jordan 2013; Urban et al. 2013).

Repeated impacts to the head are mild and single impacts do not cause moderate
or severe injury such as edema, neuronal damage or loss, or hemorrhage. The
majority of head impacts received by football players are non-concussive
(Guskiewicz et al. 2007b; Broglio et al. 2011b; Guskiewicz and Mihalik 2011;
Forbes et al. 2012; Beckwith et al. 2013a,b). Conventional brain imaging
approaches generally lack the sensitivity to detect concussion-induced changes
much less the milder changes that accompany non-concussive impacts (Gardner
et al. 2012; Slobounov et al. 2012; Terry et al. 2012).

Head impacts should begin in adolescence and continue sporadically over a long
period of time, generally into adulthood. Children play full contact football (e.g.,
Pop Warner from 5 to 16 years old) or participate in boxing (e.g., Golden
Gloves from 10 to 15 years old). A cursory internet search reveals that ~ 1.2
million high school and ~ 65 000 college athletes are playing American-style
football at any given time so the number of adolescent athletes exposed to
sports-related head contacts is very large. The brain changes continuously
through adolescence and into adulthood and the developing brain can respond
differently to head impact than the mature brain (Babikian et al. 2010; Grady
2010; Choe et al. 2012; Prins and Giza 2012; Toledo et al. 2012). Indeed, all
animal models of rmTBI that have addressed long-term neurodegenerative
outcomes have involved injuries sustained in adulthood (see below).
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(5) The animal model of sports-related rmTBI should have psychiatric
manifestations and result in mild cognitive difficulties as seen in former athletes.
Findings emerging from the study of retired professional athletes are suggesting
the possibility that repeated head impacts (concussive and non-concussive) can
increase the risk for developing depression and other psychiatric disorders
(Guskiewicz et al. 2007a; Kerr et al. 2012; Didehbani et al. 2013).

(6) The animal model of sports-related rmTBI should lead to the gradual appearance
of CTE-like neuropathology as has been seen in some retired athletes (Omalu et
al. 2005, 2006, 2010; McKee et al. 2009; Gavett et al. 2011; Mez et al. 2013;
Peskind et al. 2013). Documentation of increases in phosphorylated tau over
time need not imply that these signs are causing the behavioral and psychiatric
conditions being seen in retired athletes. Such results would suggest that the
forces associated with sports-related head impacts in animal models can result in
similar proteinopathies as seen in humans and may make phosphorylated tau, an
useful biomarker of repeated mild head injuries.

Most existing animal models of TBI are not effective for the study of sports-

related head impact

Most existing animal models of TBI achieve very few of the criteria for modeling sports-
related rmTBI (see also (Viano et al. 2009) for related discussion). The first weight drop
model developed for use in rats directly impacted the exposed dura and caused extensive
hemorrhaging and cortical cavitation (Feeney et al. 1981). The Marmarou weight drop
model applies impact to the exposed, intact skull. This method causes severe compressive
deformation of the cranial vault, results in cortical injuries (e.g., contusions and bleeding)
beneath the site of impact and its damage extends to the brainstem (resulting in respiratory
arrest and apnea) and spinal cord (Foda and Marmarou 1994; Marmarou et al. 1994;
Kallakuri et al. 2003). Variants of the weight drop method also result in cortical contusions,
axonal damage, and in some cases high rates of mortality (Chen et al. 1996; Stahel et al.
2000; Flierl et al. 2009; Kilbourne et al. 2009; Namjoshi et al. 2013). TBI models other than
closed-head, to include lateral fluid percussion, (Thompson et al. 2005) and controlled
cortical impact methods (CCl, (Lighthall et al. 1989) involve head restraint (i.e., use of
stereotaxic), skull trephaning, and direct impact of the brain. Recent modifications in each of
these popular models have lead to the publication of methods that are referred to as
repetitive and mild TBI. By striking the exposed skull directly (i.e., scalp reflected, no
craniotomy), the CCI model has been used to deliver 2-3 impacts over 1-2 days (Laurer et
al. 2001; Uryu et al. 2002; Conte et al. 2004; Longhi et al. 2005; Yoshiyama et al. 2005;
Shitaka et al. 2011; Bennett et al. 2012; Mouzon et al. 2012). The use of dropped weights
with lower masses to strike head 3—4 times over several days has also been tested (Allen et
al. 2000; DeFord et al. 2002; Creeley et al. 2004). Each of these methods falls short of
serving as effective models of sports-related TBI by using adult animals, by partially or
totally restricting head movement at impact, by using small numbers of impacts over short
periods of time, and by imparting injuries that are far more severe than seen in athletes. All
of the above-referenced approaches reported cognitive deficits in their subjects whereas few
if any have documented the development of psychiatric manifestations or CTE-like
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neuropathologies. Results from these studies have also been somewhat inconsistent in
finding that by comparison to single injuries, multiple insults worsen (Kanayama et al. 1996;
Laurer et al. 2001; Uryu et al. 2002; Longhi et al. 2005; Hamberger et al. 2009), make little
difference (DeFord et al. 2002; Creeley et al. 2004) or actually improve outcome (DeRoss et
al. 2002). Very young rats (11 days of age) exposed to three skull impacts show axonal
injury and evidence of degeneration but no cognitive deficiency (Huh et al. 2007). Mice
exposed to two impacts at 35 days of age show mild cognitive deficits and some axonal
injury, gliosis and reduced metabolic rate (Prins et al. 2010, 2013). These studies using
younger animals as subjects also restricted head movement at impact and delivered just two
head impacts over short periods of time. A summary of the above-mentioned models that
deliver more than a single head impact and satisfy few of the desired criteria of a model of
human sports-related head injury is presented in Table 1.

Animal models with the potential to serve as models of sports-related TBI

in humans

A small number of newer animal models using three distinct methodological approaches
have the potential to serve as models of sports-related head injury, based on their ability to
satisfy the minimal criteria described above. These include a momentum exchange method,
two weight drop methods, and a modified CCIl method. The essential characteristics of these
approaches will be described along with brief discussions of their advantages and
limitations.

Momentum exchange

Viano et al. (2009) developed the momentum exchange method to simulate the high velocity
impacts and rapid change in head velocities seen in reconstructed head impacts sustained by
professional football players. The human head impacts being modeled resulted in
concussions. The apparatus consists of a free-moving ballistic impactor directed at the
lateral aspect of a rat's skull. A padded aluminum plate is affixed to the side of the head of
the subject just prior to impact to serve as a protective ‘helmet’. Pneumatic pressure is used
to drive the impactor at the desired velocity (7.4, 9.3, or 11.2 m/s, corresponding to
conditions in professional players deemed as threshold, average or elite in human head
impacts, respectively) and the mass of the impactor was varied (50 or 100 g) to achieve
different impact severities. A key facet of this model is that the subject's head and body are
free to move after impact. The lateral head impact also produced primarily translational
motion as confirmed by high speed video. The authors scaled the model to deliver impacts
that closely matched those known to cause concussion in professional football players in
terms of impact velocity, head AV, translational acceleration, rotational velocity, rotational
acceleration, and impact duration. A series of studies using this model was undertaken to
characterize the biomechanical (Viano et al. 2009), histopathological (Hamberger et al.
2009; Viano et al. 2012), and behavioral outcomes (Bolouri et al. 2012) caused by head
impacts. Having established excellent concurrence of the model with human head impacts,
these investigators delivered single or a series of three impacts (6 h interval between
impacts) and assessed brain injury at various times after the last one. In the initial study
(Viano et al. 2009), brain injury was defined primarily in terms of vascular-related damage
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(e.g., subdural bleeds, focal contusions, and petechial hemorrhages on the cortical surface).
These ballistic impacts did not cause skull fracture or musculoskeletal injury and animals
appeared normal upon waking. Viano et al. (2009) observed a clear relationship between
increases in impact velocity and force, and the frequency of injury. Repeated head impacts
caused greater injuries than single impacts and these effects were magnified when the
impactor mass was increased from 50 to 100 g. A subsequent study showed that single
impacts with the 50 g impactor at impact velocities of 7.4 and 9.3 m/s caused minimal
neuronal injury (as judged by accumulation of NF-200 protein accumulation) or astrocytosis
(Hamberger et al. 2009; Viano et al. 2012). When rats sustained three impacts or when the
100 g impactor was used to deliver a single impact, injuries were more severe and resulted
in widespread neuronal injury and astrocytosis. Evidence of edema was observed in the
cortex, brainstem, and cerebellum (Hamberger et al. 2009). Bolouri et al. (2012) next
determined that the momentum exchange method transiently but significantly increased
intracranial pressure after three head impacts (3 min interval between impacts) using the 50
g impactor at a velocity of 11.2 m/s. Similar impact conditions resulted in impaired
cognitive performance on the Morris water maze and also decreased spontaneous
exploratory activity in the open field test, a potential sign of anxiety (Bolouri et al. 2012).
Using the threshold impact conditions associated with a 50 g impactor propelled at a
velocity of 9.3 m/s to achieve the target head velocity of 7.2 m/s, these investigators did not
observe cognitive impairments or changes in intracranial pressure, indicating that these
mildest conditions which can result in concussion in human football players do not cause
injury in rats (Bolouri et al. 2012).

The advantages of this model that make it relevant for the study of human sports-related
head impact are numerous and are summarized in Table 2. This model was scaled to actual
human head impacts. The impact conditions of the momentum exchange method are very
tightly controlled and are highly reproducible. Use of a protective padded helmet helps
avoid skull fractures and musculoskeletal injuries. Upon impact to the lateral side of the
skull, the head and body of the subject rat are free to move and do so in a translational
manner. The investigators have used this method to deliver one or three head impacts and
the interval between head impact when repeated has varied from 6 h to 3 min between
impacts. This method has also been very extensively characterized in biomechanical terms.
The limitations of this model are few in number. Scaling of head impacts from humans to
rodents is always difficult and is a limitation of all animal models of human TBI, whether or
not they are directed at the study of sports-related head impacts. The apparatus for applying
head impacts to rats is complex and its sophisticated design is not easily replicated (nor is it
commercially available), limiting the extent to which other investigators could construct and
use the momentum exchange method. The number of head impacts delivered to any subject
has been limited to three, so the extent to which greater numbers of impacts can be delivered
is not yet known. Higher forces of impact that are still within the ranges sustained by
concussed football players generally cause more severe injuries in animals (neuronal
damage, astrocytosis) than are seen in athletes. It is also not known if the momentum
exchange method causes CTE-like signs of increases in phosphorylated tau. Finally, this
model was scaled to head impacts that cause concussion (Viano et al. 2009). It is becoming
clear that at least football players sustain far more subconcussive head impacts than
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concussive ones, so it would be interesting to examine higher numbers of lower impact
forces in the momentum exchange method to determine if repetitive head impacts will cause
behavioral and pathological effects in rats like those seen in retired professional athletes.
The compliance of the momentum exchange method with the desired criteria for an animal
model of sports-related rmTBI is summarized in Table 2.

Weight drop methods

Wayne state method—Our lab developed a method whereby a 95 g weight was dropped
down a guide tube from a height of 1 m onto the head of a lightly anesthetized mouse
suspended on a ‘stage’ of aluminum foil (Kane et al. 2012). The foil stage was slit to allow
unrestricted movement of the mouse's head and body at impact. By stopping the descent of
the weight at impact with a string, this method avoids re-hits of the head by the falling
weight. Mice recover consciousness very quickly, show no respiratory distress and do not
experience seizures or paralysis after single impacts. Animals exposed to five head impacts
(1 per day for 5 days) showed delays in recovery of the righting reflex (recovery of
consciousness) by comparison to controls and a transient decrement in balance and
coordination was also seen. Repeated mild impacts also caused outcomes 30 days after the
last impact that are similar to injuries seen in athletes. These include gliosis and a CTE-like
increase in phosphorylated tau levels (Kane et al. 2012). We did not see evidence of
microglial activation or disruption of the blood brain barrier, but a mild astrocytosis was
documented (Kane et al. 2012).

Since publication of our method, we have collected additional data supporting our
contention that it can serve as an animal model of sports-related head impact. Adult
C57BL/six male mice (7-8 weeks of age) were exposed to five head impacts using a 95 g
weight dropped from 1 m and then tested 30 days after the last impact for cognitive
performance using the Barnes maze (Barnes 1979). Results presented in Fig. 1 shows that
mice exposed to rmTBI have a significant deficit in cognitive performance by comparison to
the control group. Adolescent male mice (4 weeks of age) were exposed to 1, 5, or 10 head
impacts (1 per day for 1, 5 or 10 days) using a weight of 30 g dropped from 1 m. All groups
contained 12 mice and the survival rates for each group were 100% for the 1X group and
92% for the 5X and 10X groups (1 mouse per group died after the last impact). In agreement
with our previous results using adult mice, adolescent mice showed significant increases in
the time needed to regain the righting reflex, but this response decreased with successive
impacts such that the impacted groups were not different from controls after the fifth head
impact. These results are presented in Fig. 2a. We can only speculate that this response
represents a form of tolerance to the isoflurane anesthetic and its interaction with repeated
head impacts. Figure 2b shows that 10 head impacts caused a significant reduction in
performance on the rotarod test, indicating problems with balance and coordination, but this
effect recovered by the 30 day test point, as was seen in adult mice (Kane et al. 2012).
Adolescent mice were also tested for psychiatric-like dysfunction 30 days after the last head
impact and the results are presented in Fig. 3. The splash test was used to determine if mice
develop depression-like behaviors after repeated head impacts. This test involves spraying a
mist of 10% sucrose on the coats of mice to provoke self-grooming and the time spent
grooming in a 5 min test session is recorded (Surget et al. 2008). A treatment-induced
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reduction in time spent grooming is indicative of depression-like behavior (i.e., self-neglect).
It can be seen in Fig. 3a that adolescent mice subjected to 5 or 10 head impacts showed
significant decreases in time spent grooming in the splash test by comparison with controls.
Next, we tested mice for anxiety-like behavior using the novelty suppressed feeding test. In
this test, mice are deprived of food for 18 h and then placed into a novel open field
containing a centrally located pellet of food. The time required for the hungry test subject to
take the first bite from the pellet is recorded in a 10 min test session. Treatment-induced
increases in the time to eat the food pellet are indicative of anxiety-like behavior (Elsayed et
al. 2012). Results in Fig. 3b indicate that adolescent mice exposed to either 5 or 10 head
impacts show significant increases in the time required to eat in a novel environment,
consistent with anxiety-like behavior. These results confirm a recent report by Mychasiuk et
al. (2014) showing that a single impact to the head of juvenile rats using the Wayne State
method resulted in the development of affective-like disorders and cognitive dysfunction. It
will be interesting to see if multiple impacts increase the magnitude of these effects in young
rats.

The key characteristics of the Wayne State model that set it apart from other closed-head,
weight drop models, giving it numerous advantages for studies of sports-related rmTBI
include the following: (i) it can be used to deliver repeated, mild injuries to the same subject;
(ii) the body and head of the subject are not constrained (e.g., not resting on a cushion) and
the mouse falls freely at impact; (iii) the dropped weight does not ‘drive’ the head into a
cushion and thereby avoids the additional loading factors and midbrain injuries imparted by
it; (iv) 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.g., after mouse and
weight recoil post-impact); (v) the impact causes a very rapid and translational acceleration
of the head; (vi) only light anesthesia is required and incisions of the scalp or other surgical
preparations (e.g., emplacement of protective skull helmet) are not needed; (vii) post-injury
support and/or resuscitation are not required as the animals recover the righting reflex
spontaneously; (viii) the procedure is simple, inexpensive, and rapid (can be carried out in ~
60 s per mouse); (ix) it is suitable for high-throughput screening of therapeutic compounds,
and (x) it appears to recapitulate the human condition of sports-related rmTBI. This method
can be used with adolescent mice as subjects by using impacting weights with lower masses
(e.g., 30 g vs. 95 g for adults). Adolescent mice readily survive multiple head impacts,
showing slight increases in the time required to recover the righting reflex. Likewise,
adolescent mice exposed to 5-10 head impacts display depression-and anxiety-like
behaviors 30 days after treatment. These results are consistent with findings of psychiatric
conditions, to include affective disorders, in amateur (Kontos et al. 2012) and former
professional athletes (Guskiewicz et al. 2007a; Stern et al. 2013) and make our method
highly relevant as a model of sports-related rmTBI.

Harvard method—A second weight drop approach very similar to our published method
involved dropping a metal bolt (54 g) down a guide tube either 38 or 42 inches in length
onto the head of a lightly anesthetized mouse. In this method, mice were placed on a
laboratory kimwipe which also allows relatively unrestricted movement of the mouse head
and body after impact (Meehan et al. 2012). These investigators subjected mice to 1, 3, 5, or
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10 head impacts, each a day apart and other mice were exposed to 5 repeated head impacts
spaced apart daily, weekly, or monthly. Mice were assessed for behavioral and
neuropathological outcomes 1 day, 1 month, or 1 year after the last impact. Results from this
approach are very similar to those obtained with our method (Kane et al. 2012) and
indicated that mice did not experience skull fractures, intracranial hemorrhage, or edema. A
large percentage of mice (22—-26%) showed tonic-clonic seizures after head impact. Mice
also did not exhibit cell loss, degeneration or death, nor did the investigators observe
evidence of axonal injury or disruption of the blood brain barrier (Meehan et al. 2012).
Interestingly, as the number of head impacts increased, greater decrements of cognition were
seen using the Morris water maze. As the interval between head impacts was increased, the
persistence of cognitive problems was reduced. Mice receiving five head impacts at the rate
of 1 per day for 5 days exhibited poorer cognitive performance for up to 1 year after the last
impact (Meehan et al. 2012). A subsequent study by Mannix et al. (2013) using this same
approach (54 g weight dropped from a height of 28 inches) subjected mice to five daily
impacts, seven impacts over 9 days, one impact per week for 5 weeks, one impact biweekly
for 10 weeks, one impact per month for 5 months, or a single head impact. The use of a
shorter drop-distance in this latest study (28 inches vs. 38 or 42 inches) avoided seizure
development. As before, it was observed that mice impacted daily or weekly showed long-
term cognitive deficits for up to 1 year after the last impact. Longer rest intervals between
head impacts guarded against the development of cognitive deficits (Mannix et al. 2013).
This form of repetitive TBI did not result in changes in white matter volume as assessed by
magnetic resonance imaging, nor did it cause increases in brain levels of phosphorylated tau,
amyloid 8, neuronal death, axonal pathology, or microglial activation. Increases in the
number of glial fibrillary acidic protein-positive astrocytes were seen in cortex, corpus
callosum, and hippocampus (Mannix et al. 2013). This weight drop method has all of the
advantages discussed above for our model and, additionally, the investigators established
that increasing times between head impacts lessens the deficits seen in cognitive
performance (Meehan et al. 2012; Mannix et al. 2013). The results from this model did not
cause an increase in phosphorylated tau, a neuropathological outcome that has been
associated with sports-related rmTBI in some retired athletes (McKee et al. 2009, 2013; Mez
et al. 2013). This would be a limitation if phosphorylated tau is confirmed as a biomarker of
repeated head impacts. It is also not known if adolescent mice can endure repetitive head
impacts with the Harvard model without sustaining severe injuries.

The compliance of these two weight drop methods with the desired criteria for a model of
sports-related rmTBI is summarized in Table 2. Unfortunately, neither weight drop method
has been characterized from a biomechanical perspective as has been completed for the
momentum exchange method. Studies in our lab to carry this out are well underway.

‘Hit and Run’ model of closed-skull TBI—Ren et al. (2013) modified the
commercially available CCI apparatus by rotating the impacting rod to a horizontal position.
The subject mice were suspended head-up by their incisors using a metal ring. The impactor,
with a polished stainless steel tip, was aimed between the eye and the external ear canal.
Impact velocities of 4.8 (termed mild injury) and 5.2 m/s (termed moderate injury) were
used whereras impact depth (10 mm) and contact times (0.1 s) were held constant. Mice
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were exposed to a single impact and were assessed for outcomes 3 h, 24 h, 3, 7, 14, or 28
days after head impact. This method is much like the weight drop methods described above
in that it can be completed very quickly in lightly anesthetized mice and skull fractures were
not observed. These investigators carried out an extensive battery of tests and found, by and
large, that mild injury impact conditions had few effects that were different from controls
[e.g., recovery of consciousness, number of infarcts, edema, blood brain barrier status,
intracranial pressure, open filed activity, novel object test, Barnes maze test of cognition,
and brain volume changes (Ren et al. 2013)]. The mild injury did significantly increase the
neuroscore and impaired rotarod performance, and it significantly elevated glial fibrillary
acidic protein-positive astrocytes and axonal degeneration. Overall, the moderate injury was
significantly elevated above the mild injury for all outcomes mentioned above with the
exception of the rotarod, axonal degeneration, and aquaporin 4 dysregulation, where the
moderate level of injury was the same as the mild level. This new adaptation of the standard
CCI approach has potential as a model of sports-related head impact. However, the
investigators have not established that the head impacts can be repeated, using only single
impacts in their initial report. It remains to be seen if adolescent mice can endure multiple
head impacts using this model without sustaining severe injuries. The difference in injury
magnitude between the mild (4.8 m/s impact velocity) and the moderate injury conditions
(5.2 m/s impact velocity) is quite small with the mild form causing little observable damage.
On the other hand, the moderate level of injury is much more severe in outcome and raises
some doubt about its usefulness as a model of sports-related rmTBI. In many cases, the mild
and moderate injury outcomes were the same. It is not yet known if the “hit and run’ method
causes CTE-like neuropathological changes after single impacts. The apparatus required for
carrying out the “hit and run” method is commercially available but is much more expensive
to employ than the weight drop methods. The compliance of the “hit and run’ method with
the desired criteria for a model of sports-related rmTBI is summarized in Table 2.

Conclusions and perspectives

The majority of animal models used presently for the study of TBI are able to recapitulate
only 1-2 head impacts and satisfy few of the desired criteria of an animal model of sports-
related head injury (see Table 1). Perhaps the most significant limitation of the models in
Table 1 for serving as models of sports-related head injury is the restriction of head
movement upon impact. Denny-Brown and Russell (1941) were perhaps the first
investigators to note the importance of head movement upon impact in their early studies of
concussion when they wrote ‘it was considered essential, in causing concussion, that the
animal's head should be subjected to a sudden change of velocity. For this reason, we
discarded the method, used by many workers, of striking downwards on the head supported
by a table’ (Denny-Brown and Russell 1941, p. 100). More than 70 years after this prescient
observation, the majority of animal models of rmTBI still impact the head which is fixed in
place, unable to move in reaction to impact. Recent studies of head impacts in football
players have documented the importance of high velocity impacts and rapid changes in head
velocity (Pellman et al. 2003a,b; Viano and Pellman 2005; Guskiewicz et al. 2007b; Viano
et al. 2007; Meaney and Smith 2011; Jordan 2013; Urban et al. 2013). The Marmarou
weight drop method, which allows some movement of the struck head, actually increases the
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load forces on the head through the use of a cushion and which can worsen injury (Viano et
al. 2009, 2012). Studies that have used impact forces similar to those imparted by the
Marmarou method but which allowed free movement of the animal's head and body after
impact have observed consistently that injuries are absent or much lower in severity (Nilsson
et al. 1977; Viano et al. 2012).

It remains to be seen if the models of rmTBI in Table 1 can use adolescent animals as
subjects. Adult subjects in these models show rather severe injuries after 1-2 head impacts
making it unlikely that younger animals could be used. Most investigators use adult animals
and future studies should consider the fact that the vast majority of participants in sports that
involve head impact begin participation around the time of early adolescence. Large
population-based epidemiological studies have reported that the incidence of sports-related
head injury is greatest in adolescents (Selassie et al. 2013). Young athletes are not just small
adults in terms of their response to brain injury (Giza et al. 2007). This is a particularly
vulnerable period in the development of the human brain and it may well be the case that the
adolescent brain is much more sensitive to long-term injury than the adult brain (Babikian et
al. 2010; Grady 2010; Prins and Giza 2012). The methods summarized in Table 1 that tested
animals for learning and memory show without exception that rmTBI causes cognitive
dysfunction. Many of these methods may well cause psychiatric manifestations, but few
have tested subjects for these outcomes. Finally, as many of the models in Table 1 are
referred to as ‘mild’ in terms of injuries caused, it is clear that single and especially double
head impacts result in quite severe injuries to include neuronal, axonal, and cytoskeletal
damage. Methods that use scalp incisions and craniotomies are also unrealistic as models of
sports-related head injury for obvious reasons. With all things considered, the models
summarized in Table 1 have far more limitations than advantages for serving as models of
sports-related head injuries.

The three methods summarized in Table 2 suggest that these models hold great promise for
advancing the study of sports-related head injury. All allow free movement of the head,
most can deliver numerous head impacts over varying times with remarkably few
discernible injuries and at least Wayne State weight drop method can use adolescent mice as
subjects (Kane et al. 2012; Mychasiuk et al. 2014). The injuries that are seen, to include
mild gliosis and increases in phosphorylated tau, are also seen in postmortem brains of some
former professional football players. It is clear that pre-clinical studies of sports-related head
injury are in their infancy and lag far behind those directed at acute, severe brain injury. A
cursory search of the PubMed database reveals that ~ 4600 papers have been published on
animal models of TBI. Within this total, ~ 1100 papers have been published using the lateral
fluid percussion method, 780 using the CCI approach, and 300 on various weight drop
methods. Only ~ 21 papers have been published on rmTBI using animals to include 13
papers that used 2 blows to the head and 8 papers that used greater than or equal to 3 head
impacts. Removal of review articles from this database reveals that less than 0.5% of the
total has been directed at the study of rmTBI. The number of individuals exposed to sports-
related rmTBI at any given time is very large by comparison to the number injured
moderately or severely as modeled by existing animal methods. Of all sports-related head
injuries, more than 90% are classified as mild (Selassie et al. 2013). Considering the fact
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that increasing numbers of individuals are being exposed to this insidious form of head
injury [e.g., the number of injuries has doubled over the past 20 years, (Selassie €t al.
2013)], greater emphasis on this problem is warranted.

Hopefully, the methods summarized in Table 2 will be used to expand the study of some of
the most pressing issues relating to sports-related head injuries and these include:

A determination of the relationship between the number and frequency of head
impacts, the duration of time over which impacts are delivered, post-injury survival
time and the chronic development of psychiatric and neuro-pathological outcomes.
This point is particularly challenging. It has been possible to ‘scale’ human head
impacts to animals, in terms of biomechanics, but it will be difficult to determine
how many total head impacts in an animal model best mimics the very large
number of head impacts being sustained by human athletes. As many investigators
refer to head impacts in animals as ‘concussive’, this term could be misleading. The
definition of a concussion in humans is extremely difficult and use of terms like
‘concussive impact’ or ‘concussion’ should be avoided because all animals are
anesthetized when subjected to head impact. Thus, as the ‘correct’ number of head
impacts in an animal model that accurately simulates what is being seen in human
athletes cannot be probably determined, it is clear that 1-2 are far too few in
number. The methods outlined in Table 2 can, at a minimum, determine the
threshold number of head impacts that lead eventually to the development of
psychiatric and neuropathological outcomes. Future pre-clinical studies should
follow the lead of studies of animal (Viano et al. 2009) and human athlete head
collisions (Viano and Pellman 2005; Broglio et al. 2009, 2012; Beckwith et al.
2013a,b) by measuring head impacts in more biomechanical detail in an attempt to
link the summed total linear acceleration (measured as g forces) and rotational/
angular acceleration (measured as rad/s?) for all impacts delivered to the emergence
of behavioral and/or CTE-like neuropathological changes.

A determination of whether males and females differ in terms of injury and long-
term outcomes.

A search for peripheral and central biomarkers of truly repetitive, mild head injury.

An exploration for new neuro-protective materials and conditions that could
prevent or minimize long-term injury.

Identification of factors that put some individuals at heightened risk for the
development of more severe injury.

High throughput tests of potential therapeutic agents that can prevent or minimize
the long-term development of psychiatric and neuropathological outcomes. This
approach has high face validity because, unlike accidental head injuries, sports-
related head impacts are predictable and medications could be given prior to
participation.

No animal model of a human disease is perfect. With regard to the study of acute or repeated
moderate to severe TBI, a vast number of animal models exist and these have been used to
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develop therapies for brain injuries in animal subjects. However, to date, none of the
treatments shown to be neuroprotective in animal models has translated to the successful
treatment of human TBI (Maas et al. 2007; Marklund and Hillered 2011; Xiong et al. 2013).
Why should a model of sports-related head injury be any different? First, most existing
animal models of TBI have studied acute, severe injury to the brain and the chances of
successful treatment of these injuries in humans remain low. Sports-related head injury is
very mild and could be more amenable to treatment and prevention. Second, and as
mentioned above, attempts to link repeated head impacts to the development of cognitive,
psychological, psychiatric, and neuropathological outcomes in human athletes have been
difficult and remain quite contentious. Co-existing factors such as drug and alcohol abuse or
steroid intake could cause health problems of their own. However, if an animal model could
establish that repeated mild head impacts in the absence of drug or steroid intake leads to the
development of the same health issues being seen in retired athletes, these factors could be
viewed in a different light. Perhaps some of these factors may lessen the long-term outcomes
of repeated blows to the head and some will probably worsen them. Without effective
animal models to explore the mechanistic underpinnings of sports-related head impacts, a
better understanding of this significant health problem will progress at a much slower rate.
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Fig. 1.

Regpetitive mild traumatic brain injury reduces cognitive performance in adult mice. Mice
were exposed to five head impacts over 3 days (1 on the first day and 2 on each of the
subsequent days) using a 95 g weight dropped from a height of 1 m. Controls were treated in
the same manner as experimental mice but were not exposed to head impacts. (a)
Acquisition training. Fifteen days after the last head impact, mice were tested for acquisition
over four training days (three trials per day) on the Barnes maze. Controls show a steady
reduction in the amount of time required to find the goal box using external visual cues
whereas mice exposed to five head impacts required significantly longer times. Data are
presented as time required to find the goal box on each training and represent mean = SEM
(N = 6 for each group). Acquisition data were analyzed with a repeated measures one-way
avova (F7 119 = 12.12; p < 0.0001) followed by Tukey's post-hoc test (b) Memory probe test.
On day 5, the goal box was removed and the time spent by mice in the quadrant of the maze
where the goal box was located during acquisition training was measured as a test of
memory. Mice exposed to five head impacts were significantly impaired by comparison to
controls. Data represent mean £ SEM (N = 6 for each group) and were analyzed with a
student's t test [t(10) = 2.432; p = 0.0353]. *p < 0.05, **p < 0.001, ***p< 0.0001.
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Fig. 2.

Rgpetitive mild head impacts alter recovery of consciousness and impair motor coordination
and balance in adolescent mice. Mice (4 weeks of age) were exposed to 1, 5, or 10 head
impacts (1 per day for 1, 5 or 10 days) using a 30 g weight dropped from a height of 1 m.
Controls were treated in the same manner as experimental mice but were not exposed to
head impacts. (a) Time required for mice to recover the righting reflex was recorded on each
day that the respective groups received a head impact. Data are presented as mean £ SEM (N
= 12-14 mice per group). The main effects of 1 (1X), 5 (5X), and 10 (10X) impacts (one-
way anova, F5 103 = 9.902; p < 0.0001) were only significant for 1X versus its corresponding
control (Tukey's test p < 0.0001). The 5X and 10X groups were not significantly different
from their controls. (b) Adolescent mice exposed to 10 head impacts were tested for motor
coordination and balance on the rotarod 1 day or 30 days after the last impact. Mice exposed
to repeated head impacts had a significant reduction in rotarod performance at the 1 day time
point [student's t test t(21) = 2.270; p = 0.0339] and recovered by 30 days. Results are mean
+ SEM (N = 12-14 mice per group). *p < 0.05, ***p < 0.0001.
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Fig. 3.

Ef?‘ects of repeated mild head impacts on affective behavior in adolescent mice. Mice (4
weeks of age) were exposed to 5 or 10 head impacts (1 per day for 5 or 10 days) using a 30
g weight dropped from a height of 1 m. Controls were treated in the same manner as
experimental mice but were not exposed to head impacts. Tests for the expression of
affective-like behaviors were carried out 30 days after the last head impact. (a) Grooming
time in the splash test of depression-like behavior. A 10% solution of sucrose was sprayed
onto the backs of mice and the time spent self-grooming was measured. Mice exposed to 5
(Student's t test t(13) = 6.331; p < 0.0001) or 10 (Student's t test t(20) = 2.738; p = 0.0127)
head impacts showed significantly less time grooming by comparison to controls, indicative
of depression-like behavior. Data is presented as mean £ SEM (N = 6-12 mice for each
group). ***p < 0.001, *p < 0.05. (b) Novelty suppressed feeding test of anxiety-like
behavior. Mice were deprived of food for 18 h and then placed into a novel open-field
environment containing a normal mouse food pellet. The time taken for mice to take the first
bite from the pellet was recorded. Mice exposed to 5 [Student's t test t(16) = 2.442; p =
0.0266] or 10 (Student's t test t(18)= 2.408; p = 0.027) head impacts showed a significant
increase in the amount of time to take the first bite by comparison with controls, indicative
of anxiety-like behavior. Data represents mean + SEM (N = 6-12 mice per group). *p <
0.01.
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