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ARTICLE INFO ABSTRACT

The underlying mechanisms that result in neurophysiological changes and cognitive sequelae in the context of
repetitive mild traumatic brain injury (rmTBI) remain poorly understood. Animal models provide a unique op-

ﬁiﬂgﬁ;earch portunity to examine cellular and molecular responses using histological assessment, which can give important
Concussion insights on the neurophysiological changes associated with the evolution of brain injury. To better understand
Mild traumatic brain injury the potential cumulative effects of multiple concussions, the focus of animal models is shifting from single to re-
Repetitive head impacts petitive head impacts. With a growing body of literature on this subject, a review and discussion of current find-
Neuropathology ings is valuable to better understand the neuropathology associated with rmTBI, to evaluate the current state of
the field, and to guide future research efforts. Despite variability in experimental settings, existing animal models
of rmTBI have contributed to our understanding of the underlying mechanisms following repeat concussion.
However, how to reconcile the various impact methods remains one of the major challenges in the field today.
© 2019 Elsevier Inc. All rights reserved.
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1. Introduction (Gardner & Yaffe, 2015). The prevalence of repetitive mTBI (rmTBI) is

unclear, but prior mTBI may increase risk for future mTBI (Dams-
Mild traumatic brain injury (mTBI) is a serious public health issue O'Connor et al.,, 2013). mTBI, also known as concussion, results from a
with roughly 42 million people affected worldwide—every year blow to or jolt of the head and is associated with various clinical
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features, which may or may not include loss of consciousness (usually
seconds to minutes), indicating great heterogeneity of its underlying
pathology (Rosenbaum & Lipton, 2012). Typically, concussion results
in altered brain function without gross neuropathology as can be seen
with standard imaging techniques (Shenton et al., 2012).

While most individuals make a full recovery within the first few days
to weeks after injury (Karr, Areshenkoff, & Garcia-Barrera, 2014), some
individuals (i.e., the “miserable minority”) develop permanent disability
after concussion (Alexander, 1995), including headaches, dizziness, be-
havioral abnormalities, memory dysfunction, and motor control impair-
ment (Lo, Shifteh, Gold, Bello, & Lipton, 2009). The underlying
mechanisms that result in these detrimental effects remain poorly un-
derstood, which makes it difficult to treat and predict disease outcome.

The study of human mTBI is complicated by the heterogeneity of un-
derlying pathology due to inter-individual differences and differences in
the characteristics of each injury (Lipton et al., 2012; Rosenbaum &
Lipton, 2012). Animal models can address some of these limitations
and provide valuable insights in the underlying pathology. One major
advantage of animal research is that it enables reproducible trauma
and the systematic variation of experimental parameters. Animal re-
search also provides a unique opportunity to examine cellular and mo-
lecular responses using histological assessment, which can give
important insights on the neurophysiological changes associated with
the evolution of brain injury.

Since the 1940's, various animal models have been developed to repro-
duce the biomechanical, neurological, and pathological aspects observed
in human head injuries. The methods to produce head injury are generally
based on weight-drop, fluid-percussion, or piston-controlled impact. Sev-
eral excellent reviews discuss these TBI models in more detail, including
their strengths and limitations (Shultz et al., 2017; Xiong, Mahmood, &
Chopp, 2013). In short, in weight-drop models, trauma is achieved by
allowing an object to free fall from a specific height onto the animal’s
head (with or without craniotomy) to produce focal (Feeney, Boyeson,
Linn, Murray, & Dail, 1981) or more diffuse injury (Marmarou et al.,
1994). Manipulating the distance and weight of the falling object affects
force to the head at the time of impact over the interacting surface area,
or the load, and thus the injury severity. In fluid-percussion models,
brain injury is produced by rapidly injecting fluid volumes into the cranial
cavity causing a pressure pulse that produces elastic deformation of the
brain (requires craniotomy), which is thought to resemble brain deforma-
tion after head impact (Dixon et al., 1987; Sullivan et al., 1976). In piston-
controlled impact, initially developed in the ferret (Lighthall, 1988), a
pneumatic or electromagnetic driven rod is fired directly onto the exposed
cortex (requires single or bilateral craniotomy and is also known as con-
trolled cortical impact or CCI) or closed-skull either with or without
scalp retraction, with the head often immobilized in a stereotaxic frame.

Animal models of single mild traumatic brain injury typically show
minimal and transient changes in cognition and behavior in the absence
of abundant histopathological findings compared to sham animals
(Hylin et al., 2013; Meehan IIl, Zhang, Mannix, & Whalen, 2012; B.
Mouzon et al., 2012; B. C. Mouzon et al., 2014; Qin et al., 2018;
Winston et al., 2016). In our own laboratory, a small sample of rats
was examined with diffusion tensor imaging (DTI) and histology after
a single rubber-tipped skull impact (Branch et al., 2012). Acute changes
(n=13) in corpus callosum white matter anisotropy (indicated by low
fractional anisotropy and high radial diffusivity) followed by progres-
sive recovery to pre-injury values after 2 weeks (n=9) was found in
the absence of any abundant histological findings.

To date, most animal studies have modelled single mild TBI. However,
individuals who participate in contact sports are often at risk for multiple
head impacts. For example, 25% of retired National Football League
players reported to have experienced more than one concussion in
their career (Pellman et al., 2004). Moreover, there is great potential
for the study of subconcussive head impacts (e.g., soccer heading) due
to its highly repetitive nature and association with altered brain struc-
ture, cognition, and CNS symptoms as found in human studies (Levitch

etal,, 2018; Lipton et al.,, 2013; Stewart et al., 2017). To better understand
the potential cumulative effects of multiple concussions, the focus of an-
imal models is shifting from single to repetitive head impacts. With a
growing body of literature on this subject, a review and discussion of cur-
rent findings is valuable to better understand the neuropathology associ-
ated with repeat concussion, to evaluate the current state of research,
and to guide future research efforts. The purpose of this review is to sys-
tematically summarize and detail the methods and pathological findings
of the animal literature related to closed-skull, repetitive mild TBI, and to
highlightits strengths and limitations, which can serve as important con-
siderations for future research. We summarize key aspects of the cited
articles, including animals used, model characteristics (i.e., model speci-
fications, adverse effects, inter-injury interval, repeated anesthesia, and
head immobilization techniques), primary outcome measures
(i.e., behavior, histopathology, MRI), and overaraching challenges.
While prior reviews have provided an excellent overview of single im-
pact or more severe TBI modeling (Johnson, Meaney, Cullen, & Smith,
2015; Nizamutdinov & Shapiro, 2017; O'Connor, Smyth, & Gilchrist,
2011; Xiong et al,, 2013; Y. P. Zhang et al., 2014), the focus of our review
is exclusively on animal models of repetitive head impacts that fall
within the mild end of the TBI spectrum.

2. Methods

A structured literature search was performed using PubMed to in-
clude all relevant articles through 2017. A detailed description of the se-
lection process is shown in the PRISMA flow diagram (Fig. 1).

2.1. Definition of mild traumatic brain injury animal models

In this work, we use the terms mild traumatic brain injury or “mTBI”
and “concussion” synonymously to indicate the same condition. While
various definitions for concussion exist, clinical concussion is typically
characterized by direct-impact, non-penetrating head injury—that is,
closed-skull or closed-head impact (Mayer, Quinn, & Master, 2017). For
this reason, clinically relevant models of experimental concussion should
use minimally invasive head impact methods, induce mild injury and ex-
hibit symptoms in the absence of gross neuropathology (Bolouri &
Zetterberg, 2015). Therefore, we limited our literature search to
“closed-skull” models and excluded any impact techniques such as con-
trolled cortical impact (CCI) and fluid percussion injury (FPI), which re-
quires craniotomy—an invasive method—that has shown to generate
profound inflammatory, morphological and behavioral damage inde-
pendent of TBI (Adams, Schwarting, & Huston, 1994; Cole et al., 2011).
Blast studies were also excluded from this review as their biomechanics
and pathological mechanism may be different from direct impact closed-
head injuries (Angoa-Perez et al., 2014; Kimpara & Iwamoto, 2012).

2.2. Literature search criteria and keywords

Title and abstract sections were searched to identify the literature
related to mTBI ( primary key words used: “mild traumatic brain injury,”
“mild TBL,” “mTBI,” and “concussion”), which yielded 29,654 articles.
Sixteen additional records were identified through other sources.
Search results were then narrowed down to 685 articles to include stud-
ies on repetitive head impacts only (primary key words in combination
with “repetitive,” “repeat,” and “multiple”). These search results where
then filtered to exclude “blast” studies, “reviews,” “human studies,” “full
text not available,” and “language other than English.” After this filter, a
total of 64 articles remained that were individually assessed for eligibil-
ity. Given the heterogeneity in human mTBI as well as in the field of an-
imal mTBI models, we utilized very strict inclusion and exclusion
criteria to enable review of studies with relatively similar model charac-
teristics. Thirty-two articles were further excluded for the following rea-
sons: open skull models (n=7), pathology limited to retina/optic nerve
(n=3), research without wildtype animals (n=5), exposure other than
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Fig. 1. PRISMA flow diagram. “Reasons for the exclusion of these studies are listed in Section 2.2 ‘Literature search criteria and keywords'.

repetitive mTBI, e.g., steroids, high-fat diet, or alcohol (n=3),
methodology-based reports (n=3), single mTBI studies and studies
that are more severe than mild TBI (n=7), therapeutic intervention
studies (n=3), in vitro studies (n=1). After we applied all these inclu-
sion/exclusion criteria, filters and assessments, a total of 32 original an-
imal research articles on closed-skull, repetitive mTBI were retained and
systematically analyzed for this review. These articles are listed in
Table 1.

3. Animal models of repetitive mild traumatic brain injury (rmTBI)
3.1. Animals

More than 2000 wild-type animals were used in the 32 studies
reviewed in this work. Most studies used mice (24 studies, 75%; n
mice, median £ IQR [range] = 118 4 112 mice [18—327]) followed
by rats (8 studies, 25%; n rats, median + IQR [range] = 36 4 16 rats
[27—135]). Species subtype most often used for mice were C57BL/6
(22 studies, 92%) followed by Swiss Webster (1 study, 4%) and one un-
specified strain (1 study, 4%). Species subtype most often used for rats
were Sprague-Dawley (5 studies, 62.5%) followed by Wistar (3 studies,
37.5%). All studies exclusively used male animals, except one study that
did not specify gender. At the time of testing and regardless of species,
most animals were adult (21 studies, 65%), followed by young adult (4
studies, 13%), juvenile (3 studies, 9%), and unspecified age (4, 13%). Av-
erage weight of all mice was 26 + 5 gram (range = 20—42 gram) ver-
sus 325 £ 53 gram (range = 230—500 gram) for all rats. Food and
water were provided ad libitum (22 studies, 69%), as standard lab diet
with water ad libitum (4 studies, 13%), or it was unspecified (6 studies,
19%). Animals were typically housed in standard conditions—that is,
12h light/dark cycles at 20-23C and 50% humidity.

Most animal studies reviewed in this work used adult rodents, while
only few studies focused on juvenile animals. Studying animals at devel-
opmental stages that correspond with human developmental stages is
greatly needed, because brain injury is disproportionally high in chil-
dren and adolescents (Thurman, 2016). Although an in-depth discus-
sion of juvenile models of rmTBI is beyond the scope of this review,
we believe that more studies should include juvenile animals to better
understand the mechanisms associated with brain injury and adverse
outcomes following mTBI in pediatric populations.

All studies included in this review used rodents (i.e., mice or rats).
While the use of other animal species such as ferrets (Lighthall, 1988),
swine (Smith et al., 1997), mongrel dogs (Gurdjian, Lissner, Webster,
Latimer, & Haddad, 1954), rhesus monkeys (Grubb Jr., Naumann, &
Ommaya, 1970; Kanda et al., 1981; Ommaya, Grubb, and Naumann,
1971; Yarnell & Ommaya, 1969), cynomologous monkeys (Jane,
Steward, & Gennarelli, 1985), and chimpanzees (Ommaya, Corrao, &
Letcher, 1973; Ommaya & Hirsch, 1971) was more common in past
TBI research, the use of rodents has become standard practice as it has
clear economic advantages (Bryda, 2013) and it presents fewer ethical
concerns (Coors, Glover, Juengst, & Sikela, 2010).

However, some limitations of rodent-only models should be noted.
While rodent brains are structurally and functionally similar to humans,
a number of crucial differences exist. Rodent brains are much smaller
and have lower mass, which may affect the ability to simulate rotational
acceleration of larger brains - a key feature of traumatic brain injury -
and thus may not exactly replicate the tissue-level forces and neuropa-
thology desired (Cullen et al., 2016). Further, rodents not only have a
lissenchephalic brain, they also have disproportionately less white mat-
ter than grey matter (K. Zhang & Sejnowski, 2000), which makes model-
ing diffuse axonal injury (DAI), the hallmark pathology of closed-head
diffuse brain injury, more complicated. Also, the maturational sequence
of large brain species is closer to humans than small brain species, which
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Table 1
Repetitive mild traumatic brain injury animal studies identified through the search pro-
cess. Authors listed in alphabetical order.

Type of assessment
performed

Authors MRI

(Bennett et al., 2012) X
(Bolouri et al., 2012) -
(Bolton & Saatman, 2014) -
(Bolton Hall et al., 2016) -
(Buckley et al., 2015) -
(Chen et al., 2017) -
(Creeley et al., 2004) -
(Fidan et al., 2016) -
(Fujita et al., 2012) -
(Goddeyne et al., 2015) X
(Hylin, Orsi, Rozas, et al., 2013) -
(Kane et al., 2012) -
(Laurer et al., 2001) -
(Luo et al., 2014) -
(Mannix et al., 2013) X
(Mannix et al., 2014) -
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(

Behavior  HIST/IHC

XXX

TX XX X X 1 X

Meehan IIl et al., 2012) -
B. Mouzon et al., 2012) -
B. C. Mouzon et al., 2014) -
Namjoshi et al., 2014) -
Ojo et al.,, 2015) -
Petraglia, Plog, Dayawansa, Chen, et al., 2014) -
Petraglia, Plog, Dayawansa, Dashnaw, et al., 2014) -
Prins et al., 2010) -
Qin et al., 2018) X
Shitaka et al., 2011) -
Tavazzi et al., 2007) -
Vagnozzi et al., 2007) -
Weil et al., 2014) -
Winston et al., 2016) -
Xu et al., 2016) -
(Yang et al., 2015) X X

Abbreviations: MRI,
immunohistochemistry

PXX X T X XX XK X X X X X X X!
PX XXX T XXX XXX XXX XXX XXX X!

XX

'
XXX X!

magnetic resonance imaging; HIST, histology; IHC,

makes comparison of brain injury between rodents and human more
challenging at specific developmental stages (Duhaime, 2006). Even
within rodents (i.e., mice versus rats) substantial differences exist, espe-
cially in terms of social and cognitive behavior (Ellenbroek & Youn,
2016). For these reasons, in an attempt to bridge the gap between ro-
dents and humans, larger-brain animals, such as minipigs or swine are
re-introduced to study human disease and development, including
Huntington’s Disease (Schubert et al., 2016), cerebral white matter in-
jury (McGuire et al., 2017), and traumatic brain injury (Cullen et al.,
2016; Williams et al., 2019). So, while research with rodents has clear
economic, practical and ethical benefits, there are translational chal-
lenges that limit the applicability of rodent models.

Most studies in this review used mice (75%). The use of mouse
models has several advantages, including the availability of techniques
for genetic manipulation (Battey, Jordan, Cox, & Dove, 1999; Y. P.
Zhang et al,, 2014), even though the availability of genetic tools for the
rat has increased in recent years (Ellenbroek & Youn, 2016; Hamilton
et al., 2014). Not surprisingly, the Sprague Dawley rat and the C57BL/6
mouse were the most used animal strains. The use of these strains in
the research community is widespread, possibly due to easier handling
and more favorable breeding characteristics compared to other strains.

Of important note, none of the reviewed studies indicated the use of
female animals in their study of rmTBI. Relying on male only animals
improves reproducibility due to limited hormonal changes, but ignores
the clinically relevant diversity in response to brain injury and outcome
in men and women (Bazarian, Blyth, Mookerjee, He, & McDermott,
2010; Gallagher et al., 2018). In accordance with newly developed NIH
policies (Clayton & Collins, 2014), future research should balance male
and female animals in their study design as much as possible.

Table 2
Model characteristics of the 32 studies included in this review.

Median 4 IQR [min—max]
80 £+ 112 [18—327]

Number of wildtype animals per study

Number of repetitive impacts 44 3[2-42]
Inter-injury interval (days) 1 + 2 [3 min—30 days]
Episodes of anesthesia 44 3[0—-30]

N studies (%)
Species: mice/rats (% mice) 24/8 (75%)

Impact methods

Piston-controlled (% impact methods) 18 (56%)
Weight drop (% impact methods) 13 (41%)
Projectile impact (% impact methods) 1(3%)
Closed-skull impact 32 (100%)
Intact scalp (% shaved) 14 (36%)
Skull bone (scalp retraction) (% closed-skull impact) 8 (25%)
Helmet (% disc placed on intact scalp)® 10 (50%)
General anesthetics for the impact procedure® 30 (94%)
Isoflurane/other® (% isoflurane) 25/5 (83%)
Head not rigidly fixed (% studies) 22 (72%)

2 Two studies (Petraglia, Plog, Dayawansa, Chen, et al., 2014; Petraglia, Plog,
Dayawansa, Dashnaw, et al., 2014) specified a disc-to-head attachment method (elastic
band and tape), whereas 3 studies (Bolouri et al., 2012; Creeley et al., 2004; Qin et al.,
2018) did not. All studies specified the use of a special adhesive to secure the disc to the
skull bone, except one (Weil et al., 2014).

b Two studies (Petraglia, Plog, Dayawansa, Chen, et al., 2014; Petraglia, Plog,
Dayawansa, Dashnaw, et al., 2014) used no anesthesia for the impact procedure. One
study (Hylin, Orsi, Rozas, et al., 2013) reported the use of a partially awake animal, as
assessed by the recovery of the tail-pinch response, i.e., 40 seconds after discontinuation
of anesthesia, an impact was applied to the skull.

€ Other anesthetics used include halothane/propofol, pentobarbital, and diazepam.

3.2. Model characteristics to generate multiple mTBIs

See Table 2 for a detailed summary of model specifications, and
Supplemental Table 1 for a more detailed summary of model specifica-
tions for each study included in this review. In short, all studies included
in this review used a closed-skull impact approach. In other words, cra-
niotomy was not performed for the impact procedure, although 13
studies (41%) used scalp incision and retraction to expose the skull for
direct impact or disc placement. Piston-controlled impact (18 studies,
56%) and weight-drop (13 studies, 41%) were the methods most often
used to generate rmTBI. Both methods are popular for good reasons:
In piston-controlled impact, the impact parameters can be precisely
set and adjusted through the electromagnetic or pneumatic driven im-
pactor device, which enables high impact reproducibility. On the other
hand, weight-drop methods require simple and inexpensive materials
that are easy to setup. One study (Viano, Hamberger, Bolouri, & Saljo,
2009) used projectile or ballistic impact (1 study, 3%).

Among all studies, the number of repetitive impacts was 4 + 3 hits
(median + IQR) and ranged from 2 to 42 impacts. The inter-injury inter-
val was 1 4 2 days (median + IQR) and ranged from a minimum of 3
minutes to a maximum of 30 days between impacts. All studies used
general anesthesia for the impact session in the form of isoflurane
(n=25, 83%) or other anesthetics (i.e., halothane/propofol, n=2, 7%;
pentobarbital, n=2, 7%; or diazepam, n=1, 3%), except for two studies
that reported the use of awake animals (Petraglia et al., 2014;
Petraglia et al., 2014). Animals underwent 4 + 3 episodes of anesthesia
(median + IQR) with a minimum of 0 and a maximum of 30 episodes.
The median impact velocity for piston-controlled, weight-drop, and
projectile impact was 5 m/s, 4.35 m/s, and 10.25 m/s, respectively.

The majority of studies included in this review reported the impact
location to be centrally on the head (n=22 studies), often defined as
“on the midline between bregma and lambda” or similar. All other stud-
ies (n=10 studies) reported left-sided impact, often defined as “left
hemisphere between lambda and bregma up to but not crossing the
midline” or similar. While a central location may be the most intuitive
choice for impact, a good reason to opt for lateral impact is that, in addi-
tion to linear acceleration, it can also induce rotational acceleration of the
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brain, which is a key feature of concussion. Of further note, most animal
models use the same location for multiple impacts (whether central or
lateral), which improves the reproducibility of results, but may limit
the translational potential of the model given that repeated head impacts
in settings such as sports typically vary in impact location on the head.
For this reason, future studies should consider varying impact location.

It should be noted that the level of experimental variability among
these studies is substantial, which introduces a number of issues in re-
spect to reproducibility of results among laboratories and translational
potential of models - an issue especially valid for closed-head injury
models due to the many factors that affect the mechanical response of
the head (e.g., impact method and type of head support) (Namjoshi
et al., 2013). The experimental variability among studies and potential
solutions are discussed in more detail later in this review (see
Section 5. “Overarching challenges of rmTBI animal models”).

3.3. Adverse effects

A number of studies reported increased mortality (reported by 2
studies, and up to 10% of impacted animals (Kane et al., 2012)), skull
fractures (reported by 7 studies, and up to 25% of impacted animals
(Hylin et al., 2013)), and intracranial bleeding (reported by 5 studies,
and up to 10% of impacted animals (Kane et al., 2012)). One study re-
ported the euthanization of 12 out of 50 animals before the end of the
study due to significant motor deficits (Buckley et al., 2015). Animals
that displayed any of these adverse effects were reportedly removed
from the respective study. While the incidence of adverse effects follow-
ing head impacts was low, all of these findings are extremely rare in
human studies of concussion, which suggests a potential mismatch be-
tween injury severity used in the animal models versus the typical in-
jury experienced in the clinic. These findings represent a limitation of
the animal studies in terms of clinical significance and also highlight
the variability between animal models utilized to date.

3.4. Inter-injury interval

Time between impacts, also known as inter-injury interval, is an im-
portant factor in the development of brain injury and cognitive outcome
after repeated head impacts (Meehan III et al., 2012; Vagnozzi et al.,
2007). Of all studies included in this review, the typical inter-injury inter-
val was 1 day (median), but it ranged from 3 minutes to 30 days between
impacts. One study reported that a shorter inter-injury interval resulted
in more evident axonal injury and vascular dysfunction, although this
was also dependent on impact intensity (Fujita, Wei, & Povlishock,
2012). Bolton and colleagues (Bolton & Saatman, 2014) studied the ef-
fects of inter-injury interval and reported increased acute pathology
(neuron death and glial reactivity) following 5 head impacts at 24 hours
interval compared to a single head impact, but when the inter-injury in-
terval was increased from 24 to 48 hours, the resulting pathology was
comparable to that of a single mTBI. However, in their follow up study
to determine long-term outcomes (Bolton Hall, Joseph, Brelsfoard, &
Saatman, 2016), persistent behavioral dysfunction and chronic patholog-
ical changes were observed independent of inter-injury interval.

It has been suggested that the inter-injury interval in animal models
of repetitive mTBI should be scaled to clinically relevant inter-injury in-
tervals (Shultz et al., 2017). For example, contact sport athletes are often
exposed to multiple head impacts per training or competitive event.
Therefore, animal models with short inter-injury intervals and multiple
head impacts per day or session may be relevant to athletes with repet-
itive sports-related concussion or subconcussion. Alternatively, long
inter-injury intervals of weeks or more could be considered to study
the effects of a repeat concussion after a period of rest. Further research
efforts are needed to clarify the role of inter-injury interval after repet-
itive concusion.

3.5. Repeated episodes of general anesthesia

It is known that general anesthesia has both neuro-protective (Deng
et al., 2014; Karmarkar, Bottum, & Tischkau, 2010; Tawfeeq, Halawani,
Al-Faridi, Aal-Shaya, & Taha, 2009) and neuro-destructive properties
(Dong, Wu, Xu, Zhang, & Xie, 2012; Le Freche et al., 2012; B. Mouzon
et al.,, 2012). All studies of repetitive mTBI included in this review, ex-
cept for 2 reports (Petraglia, Plog, Dayawansa, Chen, et al., 2014;
Petraglia, Plog, Dayawansa, Dashnaw, et al., 2014), used between 2
and 30 episodes of general anesthesia. Most studies used sham injured
animals or “anesthesia controls” that underwent the same procedures
and anesthesia duration—but did not receive the head impact—to con-
trol for the effects of repeated anesthesia. While the use of general anes-
thesia may seem necessary for trauma induction, the use of un-
anesthetized animals has been described in this work (Petraglia, Plog,
Dayawansa, Chen, et al.,, 2014; Petraglia, Plog, Dayawansa, Dashnaw,
et al., 2014) and should be considered in future TBI research to avoid
the potential confounding effects of repeated anesthesia on the evolu-
tion of brain injury pathology and outcome measures. A recent review
(Wojnarowicz, Fisher, Minaeva, & Goldstein, 2017) also underscores
this point by listing various anesthesia-related artifacts that complicate
animal modeling and provide justification for anesthesia-free experi-
ments where ethically possible. However, it should be noted that the
elimination of anesthesia introduces a new potential confounder: stress
due to repeated restraint and injury. Repeated stress followed by mTBI
has been associated with altered brain metabolism and more severe be-
havioral deficits in rats compared to those with mTBI alone (Xing et al.,
2013). Nonetheless, it can be argued, at least from a translational per-
spective, that stress is a lesser confound than anesthesia given that ex-
posure to stress is a plausible cofactor to real world concussion,
certainly more so than repeated episodes of anesthesia.

3.6. Head immobilization during impact

Another important point of consideration in the design of animal TBI
models is the choice of head immobilization technique. In 22 of 32 stud-
ies in this review, the animal’s head was allowed to move after impact—
that is, the head was supported by a foam pad or similar material, but
not completely immobilized in a stereotaxic frame with ear bars as
was the case in the other studies (these were all piston-controlled
models, but not all piston-controlled models used full head immobiliza-
tion techniques). While full head immobilization enables precise impact
localization and reproducibility, it does not account for the important
mechanical forces that act on the head and brain after impact—including
linear and rotational acceleration—that contribute to diffuse injury asso-
ciated with mild TBI (McKee & Daneshvar, 2015). The unrestricted
movement of the head is a key characteristic of head impact, and there-
fore, animal models of rmTBI should involve rapid head rotation and ac-
celeration (opposed to the head fixed in place), especially when serving
as models of sports-related head injury (Angoa-Perez et al.,, 2014). Fur-
thermore, some minor variability in impact location, as a result of the
non-immobilized head technique, may actually be relevant to the real
world of multiple head impacts. For these reasons, future studies of re-
petitive mild TBI should consider the use of a compliant head support
rather than full head immobilization.

4. Assessment of pathology

To get an idea of the evolution of pathology associated with repeated
head impacts, findings in this review are grouped by injury phase:
“acute” refers to assessment 1-2 days after final injury, “subacute” re-
fers to assessment 3-7 days after final injury, “short-term” refers to as-
sessment 1-4 weeks after final injury, and “long-term” refers to
assessment more than one month after final injury.
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Most common histological assessments by domain
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Fig. 2. An overview, of the most common histological assessments performed by the rmTBI animal studies in this review, stratified by domain. Of note, not listed are assessments reported
by only a single study (i.e., ILB-4, iba-1/iNOS, iba-1/arginase-1, SMI31, MAP-2, Caspase-3, NeuN, Hoechst, MHC-II, dapi, NF200). Abbreviations: H&E, Hematoxylin and Eosin; CV, Cresyl
Violet; FJ, Fluoro-Jade; LFB, Luxol Fast Blue; GFAP, glial fibrillary acidic protein; iba-1, ionized calcium-binding adapter molecule 1; CD68, Cluster of Differentiation 68; APP, Amyloid Pre-

cursor Protein; A-beta, Amyloid beta.

4.1. Histological assessment and immunohistochemistry

Animal research provides a unique opportunity, not possible in
human subjects, to examine cellular and molecular responses using his-
tological assessment and immunohistochemistry, which can give im-
portant insights on the neurophysiological changes associated with
(repetitive) concussion. Nearly all studies included in this review (29/
32, 91%) used histological assessment or immunohistochemistry to ex-
amine cellular and molecular pathology. The most common assays used
include glial fibrillary acidic protein (GFAP) to assess reactive
astrocytosis (16 studies), ionized calcium-binding adapter molecule 1
(iba-1) to assess microgliosis (15 studies), tau to assess CTE-like pathol-
ogy (11 studies), hematoxylin and eosin staining (H&E) to assess gross
morphological pathology (10 studies), and amyloid precursor protein
(APP) to assess axonal pathology (9 studies) (see Fig. 2 and Table 3).

4.1.1. Examination of gross morphological pathology

About one third of studies reviewed in this work (11 out of 32) re-
ported incidents of truly gross pathology, such as skull fracture or hem-
orrhage, which disqualified the animal from further study as described
earlier in section “Adverse effects.” However, more subtle morphologi-
cal injury was assessed using standard staining methods and included
the use of Hematoxylin and Eosin (H&E), Cresyl Violet (CV), Luxol Fast
Blue (LFB), or Fluoro-Jade (F]). These dyes typically visualize

Table 3
Summary of histological findings by domain and injury phase.

morphological features of the neuron such as the cell body, dendrites,
axons, and axon terminals, as well as finer morphological features
such as large proteins, nuclei, Nissl substance, or myelin.

In the acute to short-term injury phase after final impact, studies typ-
ically show no overt structural abnormalities or neuronal loss (Fidan
et al, 2016; Laurer et al,, 2001; Meehan Ill et al., 2012; B. Mouzon et al.,
2012; Prins, Hales, Reger, Giza, & Hovda, 2010; Shitaka et al., 2011; Xu
etal., 2016), although one study reported hemorrhagic lesions in the en-
torhinal cortex at 24 hours after the fifth concussion (Bolton & Saatman,
2014), and another study (Winston et al., 2016) reported increased FJ-B
staining, suggestive of axonal abnormalities and degenerating cells, 24
hours after the final of 30 impacts (over 6 weeks). These findings confirm
the idea that acute concussive injury is not associated with gross mor-
phological injury, but rather with microstructural damage.

In the long-term, studies confirm the absence of overt neuropathol-
ogy (Bolton Hall et al., 2016; Laurer et al., 2001; Luo et al., 2014;
Meehan Il et al., 2012; Weil, Gaier, & Karelina, 2014 ), but some have ob-
served significantly reduced neuron count in the cortex and dentate
gyrus (Qin et al., 2018), and gradual loss of the body of the corpus
callosum at 6 and 12 months (B. C. Mouzon et al., 2014). Neurodegener-
ation that arises after an extended period may be the result of secondary
injury mechanisms, such as excitotoxicity, oxidative stress, mitochon-
drial dysfunction, chronic neuroinflammation and apoptosis (Gupta &
Sen, 2016).

Injury phase

Acute (1-2 days)

Sub-acute (3-7 days)

Short-term (1-4 weeks) Long-term (>1 month)

Domain Findings®

Morphological injury® 5/8 0/5 - 2/8
Neuroinflammation® 13/14 10/11 11/14 16/20
Axonal da\maged 7/13 6/8 5/6 3/5
CTE-like pathology® 2/3 2/2 2/2 3/11

2 Numerators indicate the number of studies reporting evident histological findings. Denominators represent the total number of studies that performed histological analysis in these

domains, including those that did not find evident changes.
> Morphological injury assessed by H&E, FJ, NISSL, or LFB staining.
¢ Neuroinflammation assessed by GFAP, iba-1 or CD68 staining.
4" Axonal damage assessed by APP or silver staining.
€ CTE-like pathology assessed by tau or amyloid-beta staining.
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4.1.2. Examination of neuroinflammation

Immunolabeling with GFAP and iba-1 are the most common
methods used to examine neuroinflammation after rmTBI. Increased
level of GFAP—the primary intermediate filament protein found in astro-
cytes and believed to play a role in the mechanical strength and shape of
the cell (Liedtke et al., 1996)—is an indication of reactive astrogliosis. The
upregulation of iba-1—a protein believed to play a role in activated mi-
croglia after injury (Ito et al., 1998)—is an indication of microgliosis.

Strong evidence of widespread astrogliosis through increased GFAP
staining has been reported by multiple studies at all injury phases. As
early as 1 to 2 days after injury, reactive astrogliosis has been observed
in the optic tract (Winston et al., 2016), cortex, corpus callosum, hippo-
campus (Chen, Desai, & Kim, 2017; B. Mouzon et al., 2012; Yang et al.,
2015), entorhinal cortex, cerebellum, and brain stem (Bolton &
Saatman, 2014). Using qualitive assessment, Prins and colleagues
(Prins et al.,, 2010) also found clear morphological changes in the astro-
cytes around the site of impact one day after rmTBI. Furthermore, in-
creased and widespread GFAP-positive staining has been reported in
the sub-acute stage (Chen et al., 2017; Kane et al., 2012; Petraglia,
Plog, Dayawansa, Dashnaw, et al., 2014; Xu et al., 2016; Yang et al.,
2015), short-term stage (Chen et al., 2017; Hylin, Orsi, Rozas, et al.,
2013; Weil et al., 2014; Yang et al., 2015), and long term (from months
up to 1 year after final injury) (Chen et al,, 2017; Luo et al., 2014; Mannix
etal., 2014; Mannix et al., 2013; B. C. Mouzon et al., 2014; Petraglia, Plog,
Dayawansa, Dashnaw, et al., 2014; Weil et al,, 2014).

Similarly, widespread and persistent iba-1 positive cells have been
observed for all injury phases (Bennett, Mac Donald, & Brody, 2012;
Chen et al., 2017; Fidan et al., 2016; Mannix et al., 2014; B. Mouzon
et al., 2012; B. C. Mouzon et al., 2014; Namjoshi et al., 2014; Ojo et al.,
2015; Shitaka et al., 2011;Winston et al., 2016 ; Xu et al.,, 2016). For in-
stance, quantification of iba-1 positive cells in the optic tract by Winston
and colleagues (Winston et al., 2016) revealed a 206% increase in mi-
croglia 1 day after 30 repetitive hits (over 6 weeks), which continued
to increase to 249% above sham levels at 60 days, and was still signifi-
cantly increased at 365 days—albeit at lower magnitude and with few
bushy microglia remaining. Further, Fidan and colleagues (Fidan et al.,
2016) assessed microglial subtypes by performing double immunostain-
ing and found pro-inflammatory M1-phenotype microglia in the exter-
nal capsule underlying the impact and immunosuppressive M2-
phenotype microglia in bilateral amygdala 7 days after rmTBI in the de-
veloping rat brain (PND 18), which disappeared when assessed at 21 and
92 days after repetitive injury. In addition to GFAP and iba-1, studies that
immunostained brain sections for CD68 to test for activated microglia re-
ported persistent increases in activated microglia (Winston et al., 2016;
Xu et al,, 2016) detectable at 10 weeks (in visual pathway independent
of inter-injury interval) (Bolton Hall et al., 2016) and up to 6 months
(Petraglia, Plog, Dayawansa, Dashnaw, et al., 2014) after rmTBIL.

Furthermore, from the studies included in this review, there is
strong evidence that the degree of neuroinflammation is correlated
with injury severity and number of head impacts (Bolton & Saatman,
2014; Hylin, Orsi, Rozas, et al., 2013; Luo et al., 2014; B. Mouzon et al.,
2012; B. C. Mouzon et al,, 2014; Petraglia, Plog, Dayawansa, Dashnaw,
et al.,, 2014; Prins et al., 2010; Shitaka et al.,, 2011; Weil et al., 2014;
Winston et al., 2016). For example, one study (Bolton & Saatman,
2014) reported significantly more iba-1 staining after 5 impacts com-
pared with a single impact, particularly with shorter inter-injury inter-
vals. In another study, a dose-dependent increase in astrogliosis was
found with increasing impact velocities (3, 4, and 5 m/s) as well as
with increasing number of head impacts, although mice receiving five
impacts did not show further increase in astrogliosis compared with
those receiving three impacts (Luo et al., 2014).

Increased GFAP and iba-1 staining has been reported in all injury
phases, but positive staining of neuroinflammatory markers may have
different interpretations. Acute post-TBI neuroinflammation has been as-
sociated with several neurodegenerative processes, including blood-
brain barrier damage, brain edema, chemotaxis, phagocytosis, neutrophil

respiratory burst, B-cell activation, necrosis and apoptosis (Schmidt,
Heyde, Ertel, & Stahel, 2005). In line with this idea, suppression of proin-
flammatory cytokines and chemokines following TBI may decrease neu-
ronal dysfunction, as has been demonstrated in a mouse model of
closed head injury (Lloyd, Somera-Molina, Van Eldik, Watterson, & Wain-
wright, 2008). However, the role of neuroinflammation after TBI may be
two-sided (Morganti-Kossmann, Rancan, Stahel, & Kossmann, 2002).
Acute microglial activation has also been found to play a neuroprotective
and regenerative role through the secretion of brain-derived neurotropic
factor (BDNF) and insulin-like growth factor (IGF-1) (J. Neumann et al.,
2006), debris clearance, facilitating the reorganization of neuronal cir-
cuits, and triggering repair (Lalancette-Hebert, Gowing, Simard, Weng,
& Kriz, 2007; H. Neumann, Kotter, & Franklin, 2009). The pathophysiology
and neuroinflammatory cascade after TBI is complex and remains not
fully understood. To aid in the development of efficacious therapeutics,
more research is needed to better understand how neuroinflammation
plays a deleterious or beneficial role after repetitive mild TBI.

4.1.3. Examination of axonal pathology

Labeling of amyloid precursor protein (APP) and silver staining are
the most common methods to assess for the presence of axonal damage.
APP is a trans-membrane protein with truly multifunctional properties
that is highly expressed within the central nervous system (Muller,
Deller, & Korte, 2017). APP is conveyed by fast axonal transport and dra-
matically upregulated after disruption of the cytoskeleton, as shown in
the brains of experimental rats (Bramlett, Kraydieh, Green, & Dietrich,
1997; Otsuka, Tomonaga, & Ikeda, 1991) and humans (McKenzie
et al,, 1996). Earlier work has shown that multifocal intra-axonal accu-
mulation of APP has been detected as early as 1 hour after (single) trau-
matic brain injury in the rat (Pierce, Trojanowski, Graham, Smith, &
McIntosh, 1996) and typically peaks within 2 weeks after which it di-
minishes (Gao et al., 2017; Huh, Widing, & Raghupathi, 2008).

Qualitative and quantitative analysis of APP deposition has provided
evidence for axonal injury in various animal models of rmTBI (Chen
et al,, 2017; B. Mouzon et al., 2012; Prins et al., 2010; Shitaka et al.,
2011), which have found to be more prominent with shorter inter-
injury interval (Bolton & Saatman, 2014; Fujita et al., 2012), but, by con-
trast, a number of studies have not been able to replicate these findings
(Bennett et al., 2012; Meehan III et al., 2012; Winston et al., 2016; Xu
et al.,, 2016). Two rmTBI studies confirmed the presence of APP after
an extended period—that is, in ipsilateral thalamus at 56 days (Laurer
et al.,, 2001) and in the corpus callosum at 6 and 12 months (B. C.
Mouzon et al., 2014), which suggests continued progression of neuropa-
thology long after the initial injury in these models. There are several
reasons that could explain the variability in APP findings among rmTBI
animal models: 1) variability in APP staining protocols among laborato-
ries could result in different findings; 2) despite axonal pathology, APP
is not accumulating; 3) the microtubule network is disrupted in some
models, but not in others; 4) even though the level of injury severity
of animal models included in this review is similar, it is not identical,
which results in different levels of axonal pathology and APP staining;
and 5) axonal assessment may have taken place outside the “window
of opportunity” to detect such changes. The upregulation of APP may
occur as early as 30 minutes after head impact (Van den Heuvel et al.,
1999) and may persist for at least 2 weeks for select brain regions,
such as the thalamus, but not the corpus callosum (Pierce et al., 1996).
Since assessments often take place after the final impact—which could
be weeks or months after the initial injury—this could result in insensi-
tivity to the early pathological changes. Interestingly, APP may have a
neuroprotective, rather than a detrimental role in TBI through the
APP-derivate sAPPa, which has neuroprotective and neurotropic func-
tions following trauma (Plummer, Van den Heuvel, Thornton,
Corrigan, & Cappai, 2016). Thus, while the presence of APP typically in-
dicates axonal injury, it's function may be beneficial following TBI and
further research is needed to examine APP as a potential therapeutic
agent.
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Silver impregnation techniques are used for the detailed visualiza-
tion of the neuron, including the cell body, most of the dendritic arbor,
the dendritic spines, the axon, the axon collaterals, and the synapses
(Baloyannis, 2015). Even though APP immunostaining is considered to
be a more sensitive technique to detect axonal damage than silver stain-
ing (Gentleman et al., 1995), silver staining has yielded more consistent
findings following experimental rmTBI. Acute axonal injury in various
white matter regions indicated by argyrophilic structures and signifi-
cant silver uptake compared to sham has been observed after as many
as 30 mTBIs over 6 weeks (Winston et al., 2016), as well as after only
2-3 mTBIs spaced 1 day apart (Creeley, Wozniak, Bayly, Olney, &
Lewis, 2004; Namjoshi et al., 2014). Prominent changes are also ob-
served after 7 days in various regions, including the corpus callosum,
optic tract, cerebellar lobule 9, external capsule, cortex underlying the
impact site, and thalamus (Fidan et al., 2016; Namjoshi et al., 2014;
Shitaka et al., 2011; Xu et al., 2016). Of all regions, the corpus callosum
may have the most prominent and persistent course of silver staining
abnormalities with evident staining at 7 days, as reported earlier, at 14
days (Hylin, Orsi, Rozas, et al., 2013) and up to 49 days after injury
(Shitaka et al., 2011). By contrast, other brain regions have shown
more transient effects—that is, a lower magnitude of silver staining at
21 days (Fidan et al., 2016) and near complete resolution by 28 to 49
days (Shitaka et al., 2011). Ten weeks post-injury, one study (Bolton
Hall et al., 2016) reported positive silver staining in the visual pathway
and pyramidal tracts of some animals (5 rmTBIs spaced at 24 or 48
hours), however, the density of pyramidal tract silver staining in their
injured animals did not significantly correlate with worsened motor co-
ordination as assessed by the beam walking test. Using transmission
electron microscopy, one study (Ojo et al.,, 2015) also reported notable
populations of axons undergoing neurodegeneration in the corpus
callosum three months after the final of 5 impacts (48 hours apart), il-
lustrated by balloon-shaped axoplasm, accumulation of neurofilaments,
lysosome accumulation, electron-dense structures, demyelination,
empty translucent axoplasm, and disrupted or redundant myelin
sheaths—findings also confirmed in quantitative analyses in the same
study. Of final note, a tract that becomes permeable to silver does not
necesarrily mean that the axon itself has had severe enough injury to
rupture the microtuble network and induce APP accumulation. In
short, successful assessment of axonal injury following repeat concus-
sion depends on both qualitative and quantitative tissue examination
using multiple markers (e.g., APP, silver staining, NF200 labeling),
early follow up assessment, and correlation with behavioral or neuro-
imaging measurements, if available.

4.1.4. Examination of tau pathology

Tau is an intra-cellular, microtubule-stabilizing protein primarily lo-
cated in axons. Hyper-phosphorylation of the protein can result in insol-
uble aggregates and axonal degeneration, which are involved in the
pathogenesis of Alzheimer’s Disease and other tauopathies (Hampel
et al., 2010). Repetitive TBI has been linked to the development of
chronic traumatic encephalopathy (CTE) (Asken, Sullan, DeKosky,
Jaffee, & Bauer, 2017; Kiernan, Montenigro, Solomon, & McKee, 2015;
Solomon & Zuckerman, 2015) as levels of hyper-phosphorylated tau
(p-tau) have been associated with neurofibrillary tangles observed in
post-mortem brains from athletes exposed to repetitive concussive in-
jury (McKee et al., 2009). Therefore, a growing number of animal
models of repeated concussion examine the presence of tau aggregates.

Namjoshi and colleagues (Namjoshi et al., 2014) reported increased
endogenous tau phosporylation in half-brain homogenates at 6 hours,
12 hours and 2 days post-injury (2 impacts spaced 1 day apart) followed
by a return to sham levels after 1 week. In line with these results, Yang
and colleagues (Yang et al,, 2015) followed the temporal progression of
tau in serum and in the brain after 4 consecutive closed-head impacts,
72 hours apart. They found that serum p-tau levels gradually increased
from day 1 to 7 and maintained high levels up to 14 days followed by a
strong decrease. In contrast to p-tau, t-tau (total tau—both modified and

unmodified proteins) levels increased to 30 days. In the cortex of mice
who sustained rmTBI, p-tau immune-positive cells were more pro-
nounced than sham at 24 hours, as well as 7 and 30 days after injury.
P-tau in hippocampal CA3 pyramidal neurons was also evident at 1
and 7 days, but less at 30 days. Furthermore, Petraglia and colleagues
(Petraglia, Plog, Dayawansa, Dashnaw, et al.,, 2014) found significantly
increased p-tau at 7 days, 1 month and 6 months in the cortex, amyg-
dala, and hippocampus following highly repetitive impacts (42 impacts
in 7 days). Some studies that assessed tau at one instance in time found
increased p-tau in the cortex of mice exposed to 5 head impacts 30 days
after injury (Kane et al., 2012), and in the corpus callosum, amygdala,
hippocampus, and septal nuclei of mice exposed to 3 head impacts 6
months after the last injury (Luo et al., 2014). What makes these animal
models unique that could explain these tau positive findings? First,
there may be an association between the number of impacts
(i.e., generally speaking injury severity) and the level of tau over time
—that is, 2 mTBIs (Namjoshi et al., 2014), 4 mTBIs (Yang et al., 2015)
and 42 mTBIs (Petraglia, Plog, Dayawansa, Dashnaw, et al., 2014) are re-
portedly associated with increased tau phosphorylation detectable up
to 2 days, 30 days and 6 months post-injury, respectively. Second, tau
pathology and neuroinflammation may go hand-in-hand, as tau pathol-
ogy is prone to induce microglial/astrocytic activation, which in turn fa-
vors the development of pathological tau (Laurent, Buee, & Blum, 2018).
Therefore, it is not surprising that most animal models of rmTBI with tau
positive findings also report extensive neuroinflammation.

However, not all studies in this review observed increased tau levels
after rmTBL. In fact, several studies found no evidence for increased
levels of hyper-phosphorylated tau either after acute (Bolton &
Saatman, 2014) or long-term assessment (Bolton Hall et al., 2016;
Chen et al., 2017; Laurer et al., 2001; Mannix et al., 2013; B. C. Mouzon
etal, 2014; Xu et al,, 2016). While CTE-linked tauopathy has been dem-
onstrated in a mouse model of blast-related neurotrauma (Goldstein
et al.,, 2012), the relationship between repetitive concussive head im-
pacts and the development of tauopathy remains complex as the animal
literature has yielded contrasting findings. This conclusion is consistent
with findings from a recent review on CTE-modeling in animals (Ojo,
Mouzon, & Crawford, 2016), which notes that despite the presence of
t-tau or p-tau in some studies, there is a lack of convincing evidence
for the presence of other essential components of CTE-like pathology
(e.g., neurofibrillary tangles, astroglial tangles and the presence of tau
in the depths of the sulci that define CTE in humans) among animal
studies that assess tau after TBI. Furthermore, some of the challenges
of tau identification may be related to the characteristics of tau deposi-
tion. For example, in addition to phosphorylation, tau aggregates are
subject to other post-translational modifications, including acetylation,
glycosylation, nitration, glycation, ubiquitination, and truncation,
which affects the ultrastructural conformation of the aggregates and
thus the ability of specific tracers to bind to tau (Villemagne, Fodero-
Tavoletti, Masters, & Rowe, 2015). Finally, despite similarties in brain
features, the human brain may respond differently to TBI than the rat
brain due to differences in brain size, tissue architecture and other ana-
tomical features, and therefore modeling CTE in rodents may be more
challenging.

4.2. Behavioral assessment

Most studies included in this review (24/32, 75%) performed behav-
ioral assessment after repetitive mild TBI. The Morris water maze,
rotarod, and elevated plus maze were most often used (see Fig. 3). Be-
havioral assessment after experimental TBI is essential to evaluate in-
jury severity and to mimic human cognitive, sensorimotor and
emotional function.

4.2.1. Morris water maze (MWM)
The Morris Water Maze is one of the most widely used behavioral
tests to assess learning and memory in rodents after experimental
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Fig. 3. An overview of the most common behavioral assessments performed by the rmTBI animal studies reviewed in this work, stratified by domain. Of note, not listed are assessments
reported by only a single study (i.e., Y-maze, radial arm maze, platform test, walking initiation, ledge test, inclined plane test, tail suspension test, elevated zero test). *Associative learning

through cued and contextual fear conditioning.

traumatic brain injury (Tucker, Velosky, & McCabe, 2018). In the typical
paradigm, the rodent is placed into a pool of water, which contains an
escape platform hidden a few millimeters below the water surface. Vi-
sual cues, such as colored shapes, are placed around the pool in plain
sight of the animal. The rodent uses these distal cues to locate the sub-
merged escape platform. Spatial learning is assessed across repeated tri-
als and reference memory is determined by preference for the platform
area when the platform is absent (Vorhees & Williams, 2006).

Most studies report impaired MWM performance after rmTBI. In the
short-term, some studies report impaired MWM performance on both
the learning and memory parts of the test (Bolouri, Saljo, Viano, &
Hamberger, 2012; Hylin, Orsi, Rozas, et al., 2013; Mannix et al., 2014;
Petraglia, Plog, Dayawansa, Chen, et al., 2014; Shitaka et al., 2011)
while others report impaired spatial learning only (i.e., non-impaired
memory performance) (Buckley et al., 2015; Creeley et al., 2004;
Mannix et al., 2013) or simply no significant changes at all (Fidan
et al., 2016; Laurer et al., 2001; Meehan, et al., 2012; Winston et al.,
2016; Yang et al., 2015). Meehan and colleagues (Meehan III et al.,
2012) also reported that impaired MWM performance was apparent
only after daily or weekly, but not monthly head impacts, which sug-
gests that inter-injury interval—the timeframe between consecutive
head impacts—may play a role in functional outcome (see earlier sec-
tion on “inter-injury interval” for a more detailed discussion). Further,
long-term impaired MWM performance has been reported at 1 month
(Chen et al., 2017), 3 months (Mannix et al., 2014), 6 months (Chen
et al,, 2017; Petraglia, Plog, Dayawansa, Chen, et al., 2014), and up to 1
year (Mannix et al., 2013) following repeat concussion.

4.2.2. Rotarod

The rotarod is a sensitive and efficient test for assessing motor im-
pairment produced by brain injury. The latency to fall from a rotating
rod is dependent on factors such as rod rotating speed and brain injury
severity (Hamm, Pike, O'Dell, Lyeth, & Jenkins, 1994). Most animal
models of rmTBI observe acute and subacute deficits in rotarod perfor-
mance (Bolton Hall et al., 2016; Kane et al., 2012; Laurer et al., 2001;
Mannix et al., 2014; B. Mouzon et al., 2012; Namjoshi et al., 2014;
Yang et al., 2015). However, normal rotarod performance in the acute
phase (Winston et al., 2016) and impaired rotarod performance in the
long term (10 weeks up to 1 year post-injury) are also reported
(Mannix et al., 2014; Namjoshi et al., 2014; Winston et al., 2016).
These findings are mostly consistent with data from athletes who

have experienced multiple concussions and who show acute postural
equilibrium impairment after injury (Guskiewicz, 2011). The ability of
experimental animal models to replicate functional aspects of human
TBI is crucial for its ability to investigate the underlying pathophysiology
associated with repeat concussion.

4.2.3. Elevated Plus Maze (EPM)

The elevated plus maze is the most frequently used anxiety test in
animal research (Haller, Aliczki, & Gyimesine Pelczer, 2013). It is a test
of anxiety in which the animal is placed in the center of an elevated,
4-arm maze where only two of the arms are enclosed. Anxiety-related
behavior can be measured as preference for the closed versus open
arms, displacement activity, freezing, immobility, and defecation
(Pellow, Chopin, File, & Briley, 1985).

Most studies that used the EPM have reported short and long-term
behavioral disturbances. Interestingly, these changes are characterized
by both increased (Mannix et al., 2014; Petraglia, Plog, Dayawansa,
Chen, et al., 2014) and decreased activity in the open arm of the test
(Petraglia, Plog, Dayawansa, Chen, et al., 2014; Winston et al., 2016;
Yang et al., 2015). Increased activity in the open arm may be interpreted
as increased risk-taking, while decreased activity has been linked to
anxiety and depressive-like behavior. Some studies, however, find no
changes in behavior on this test (Fidan et al., 2016; B. C. Mouzon et al.,
2014; Winston et al., 2016).

While the EPM is one of the most widely used tests, some have ar-
gued that it does not provide unequivocal measures of anxiety, which
undermines the validity of the test (Ennaceur & Chazot, 2016). How-
ever, rmTBI animals have also demonstrated deficits on other tests of
anxiety and affective behavior, such as in the Open Field, Porsolt forced
swim, and tail suspension tests, consistent with anxiety and depression-
like behavior at 1 to 3 months (Mannix et al., 2014; Petraglia, Plog,
Dayawansa, Chen, et al., 2014).

4.3. Magnetic Resonance Imaging (MRI)

Although most animal studies of repetitive concussion perform his-
tological and behavioral assessment after injury, only a few studies have
taken advantage of MRI. A total of five studies included in this review
used MRI (4 in-vivo and 1 ex-vivo MRI). Due to the low number of
MRI studies and various MRI outcomes reported, MRI findings are sum-
marized by study, rather than by group (see Table 4).
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Table 4

MRI findings after repetitive mild TBIL
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Authors MRI protocol MRI timing Summary of findings Positive findings Negative findings

(Bennett * Acquisition: DTI (4.7T). 24hand 7 days  No acute, but delayed DTI changes « Acute increase of AD, RD, MD in CT com- » No acute DTI
et al., * Measures: RA, AD, RD, MD. after first injury  in wm. In contrast, acute DTI pared to sham, which resolved by 7 days changes in wm.
2012) * ROIs: Ipsilateral wm (CC + EC) changes in cortex that resolved post-injury. « Cortical RA

and dorsal CT. after 1 week. « Decreased AD and MD in wm 7 days unchanged.
post-injury.

(Goddeyne < Ex-vivo MRIL 2 weeks after Cortical thinning and  Cortical thinning of regions in motor and * Cortical thickness
et al, « Acquisition: T2 (7.0T). final impact ventriculomegaly 2 weeks after somatosensory cortex (up to 46%). of the insular cor-
2015) » Measures: cortical thickness, final injury compared to sham. « Increased surface area of lateral ventricle tex unchanged.

area. (up to 970%). - 3" ventricle area
« ROIs: Motor, somatosensory « All findings most substantial within the unchanged.

and insular CT, and LV and 3™ impact zone.

ventricle.

(Mannix « Acquisition: T2 and DTI (9.4T). 6 months after  No evidence of white matter None  All imaging charac-
et al, « Measures: focal lesions, T2- final injury injury or structural correlates on teristics unchanged
2013) -relaxation, FA, MTR. MRI 6 months after injury. compared to sham

« ROIs: Whole brain, striatum, for any ROL
HC, CT (gm) and all wm, all * No focal lesions.
voxels with a group-averaged
FA>0.25, CC, IC (wm).

(Qinetal, < Acquisition: T2 and DTI (7.0T). 1,3,5,7,10, 14, Cortical and subcortical atrophy ¢ Gradually smaller CT and HP volume, and * Local lesions were

2018) * Measures: wm lesions, cortical 18, 24,and 38  without reversal. enlarged LV, reaching significance after 1 not detected.
and subcortical volume, FA, days after first ~ Subtle changes in DTI occurring week of daily impacts and continues up to  * No DTI changes in
MD, AD, RD. impact® rapidly after repeated impact 38 days after first impact. CP at any time.

« ROIs: CT, HC, LV, CC, CP. followed by recovery soon after « Reduced CC FA at days 7-18 followed by
cessation of injury. gradual increase to normal levels by day 24
and 38.
« Increased FA in HC and CT between days
5-18 followed by gradual decrease to nor-
mal levels by day 18-38.
 Acute decrease of MD, AD and RD in CT and
HC followed by later phase increase in MD,
AD and RD.
 Acute increase in MD and RD, and decrease
in AD, in CC followed by later phase normal
values.

(Yang * Acquisition: T2 and DWI (4.7T). 1,7 and 30 days Acute reduction in ADC, which « Reduced whole brain ADC and T2-relaxation * Whole brain ADC
et al, * Measures: ADC, T2-relaxation.  after final improved after 7 days and at day 1, followed by increased T2- unchanged at day
2015) « ROIs: Whole brain and regional impact disappeared after long-term -relaxation at day 7. 7

(hippocampus, sensorimotor
and frontal CT)

recovery (30 days).

Whole brain ADC
and T2-relaxation
unchanged at day
30.

Regional T2-
-relaxation
unchanged, except
for HC at day 7.

Reduced regional ADC, which recovered by
day 7, and fully recovered by day 30.
Increased T2 relaxation in HC at day 7.

Abbreviations: wm, white matter; gm, gray matter; LV, lateral ventricle; FA, fractional anisotropy; RA, relative anisotropy; AD, axial diffusivity; RD, radial diffusivity; MD, mean diffusivity;
CC, corpus callosum; EC, external capsule; MTR, magnetization transfer ratio; ADC, apparent diffusion coefficient; ROI, region of interest; CP, cerebral peduncle; HC, hippocampus; CT,

cortex.
2 daily impacts up to day 10

In the absence of truly gross pathology, such as skull fractures or
hemorrhaging, two studies reported obvious morphological changes—
that is, one study found cortical thinning and ventriculomegaly 2
weeks after the final of 5 impacts (24 hours apart) (Goddeyne,
Nichols, Wu, & Anderson, 2015), and another study confirmed these
findings through the observation of gradual cortical and subcortical at-
rophy plus lateral ventricle enlargement over a period of 30 days after
the final of 10 impacts (24 hours apart) (Qin et al., 2018). In human
studies, computed tomography (CT) and conventional MRI typically
fail to detect any evidence of macrostructural brain injury after concus-
sion (Shenton et al., 2012). Therefore, animal models with findings of
gross morphological changes may indicate a more severe injury model
than mild TBI. On the other hand, the cumulative effects of multiple con-
cussions may cause more pronounced injury over time.

Three studies used diffusion tensor imaging (DTI), which is an ad-
vanced MRI technique to quantify microstructural alterations in white
matter (Basser, Mattiello, & LeBihan, 1994). Diffusion-weighted imaging
and DTI have the potential to identify grades of tissue damage, to track
the evolution of changes, and to provide prognostic markers for clinical
outcome (Hulkower, Poliak, Rosenbaum, Zimmerman, & Lipton, 2013).

Fractional anisotropy (FA) and mean diffusivity (MD) are the most com-
monly used DTI-derived metrics believed to reflect overall white matter
health, maturation, and organization (Basser et al., 1994; Basser &
Pierpaoli, 1996), while axial diffusivity (AD), which may reflect axon in-
tegrity, and radial diffusivity (RD), which reflects axolemma and myelin
sheath integrity, can be useful in understanding the underlying physiol-
ogy (Budde et al., 2007).

One study reported subtle changes in DTI after 10 repeated impacts
(24h apart), including decreased corpus callosum FA 7 to 18 days after
the first impact, followed by recovery to normal levels by approximately
one month after cessation of injury (Qin et al., 2018). Following 2 im-
pacts (24h apart), another study (Bennett et al., 2012) reported acutely
(24h after first impact) increased MD, AD, and RD in the cortex, and
more delayed (7 days after final impact) decreased white matter MD
and AD. Finally, one study (7 impacts in 9 days) used DTI 6 months
after final impact and found no evidence of white matter injury
(Mannix et al.,, 2013).

These findings of microstructural white matter injuries are in line
with the idea that more advanced neuroimaging techniques are
needed to detect subtle neuropathological changes after concussive
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injury (Bigler, 2018; Shin, Bales, Edward Dixon, & Hwang, 2017;
Strauss et al., 2015). The acute but transient DTI findings are in paral-
lel with the selective axonal injury observed by silver staining, which
is evident in the acute stage and peaks around 1 week, particularly in
the corpus callosum, as reported earlier in this review. This association
was also observed by Bennet and colleagues (Bennett et al., 2012)
who reported a significant correlation between the density of silver
staining in the corpus callosum and external capsule with relative an-
isotropy (RA)—a DTI measure of white matter integrity. Although
more MRI studies are needed to confirm these initial findings, neuro-
imaging techniques, such as functional MRI and diffusion tensor imag-
ing, have great potential to complement the existing methods to study
the neuropathological changes associated with concussive and
subconcussive head impacts, also discussed in another review
(Dashnaw, Petraglia, & Bailes, 2012). Finally, MRI has the potential
as a translational tool to help in the design of clinically relevant animal
models. In this approach, animal models which yield MRI findings that
parallel findings from human MRI studies, the animal model is used to
characterize neuropathology relative to human exposure and
dysfunction.

4.4. Other assessments

Vagnozzi (Vagnozzi et al., 2007) and Tavazzi (Tavazzi et al., 2007)
used high-performance liquid chromatography to measure metabolic
changes in the brain after repeat concussion (2 impacts at various
inter-injury intervals). They reported peak changes in mitochondrial-
related metabolic patterns, and in oxidative and nitrosative stresses
when mTBIs were spaced 3 days apart.

Buckley and colleagues (Buckley et al., 2015) used diffusive correla-
tion spectroscopy to measure cerebral blood flow (CBF) after five con-
cussions (spaced one day apart). Compared to pre-injury levels, they
found reduced CBF at 4 hours after each concussion, which returned
to pre-injury levels by 72 hours after final concussion. CBF values
were also associated with Morris water maze performance, which sug-
gest that CBF measurements early in the evolution of repetitive injury
may be useful as a predictor of cognitive outcome.

Bolouri and colleagues (Bolouri et al., 2012) measured intra-cranial
pressure (ICP) using an optic fiber probe that was inserted into the
brain parenchyma through a 1.3mm drilled hole in the skull bone
after animals received 3 impacts (at 3 minutes interval) from a pneu-
matically fired projectile. ICP was measured at 6 and 10 hours, and 1,
2, 3, 5, and 7 days. It was found to be maximally elevated 10 hours
after impact and returned to control levels after 7 days.

5. Overarching challenges of rmTBI animal models

One of the major challenges in the field of rodent TBI models is the
variability in impact methods (e.g., weight-drop vs piston controlled
impact) and study parameters (e.g., inter-injury interval, number of im-
pacts, and head immmobilization), which is an obstacle in the summary
of data and reproducibility of neurobehavioral and neuropathological
findings among laboratories (Namjoshi et al., 2013). How do we recon-
cile all these methods? While more consensus on the design parameters
of repetitive animal models will reduce some of the variability between
studies, as suggested in a prior review (Weber, 2007), it is unlikely that
a single model can capture it all given the heterogeneity of underlying
pathology associated with concussion. A more viable solution is to use
a metric that can be scaled across studies. An option that offers great po-
tential to unify impact methods is to quantify tissue strain and strain
rate. Neuropathology following concussion is believed to be the result
of rapid deformation of brain tissue (Cullen et al., 2016), and tissue
strain is a measure of deformation that is dimensionless and therefore
scalable across species and brain size (Bayly, Black, Pedersen, Leister,
& Genin, 2006; Margulies, Thibault, & Gennarelli, 1990). Brain deforma-
tion has been previously quantified in both animal and human samples,

which has provided valuable information on the deformation of the
brain that occurs due to linear and angular acceleration of the skull
(Bayly et al., 2005; Bayly et al., 2006; Sabet, Christoforou, Zatlin,
Genin, & Bayly, 2008). Measurements of brain deformation will also
help to advance and validate computer simulations of brain injury me-
chanics (Lamy, Baumgartner, Yoganandan, Stemper, & Willinger,
2013). Computer simulations have the potential to replace human and
animal experiments that are prohibitive or unethical to perform
(e.g., pathology inducing head impacts in human subjects). For these
reasons, we believe that future TBI studies should consider measuring
tissue strain to improve study comparability. However, due to the com-
plexity and costs associated with advanced imaging techniques re-
quired to measure tissue strain, we understand that, currently, most
labs cannot achieve this on a routine basis (none of the animal studies
included in this review measured strain). Nonetheless, recent improve-
ments in the measurement of brain deformation (Alshareef, Giudice,
Forman, Salzar, & Panzer, 2018; Knutsen et al., 2014) may enable future
comprehensive animal studies of whole brain deformation following
head impact.

Alternatively, advanced study comparability may be achieved by es-
timating the load associated with the impact (i.e., the impact force per
unit surface area), since increased load may result in greater injury se-
verity (Fujita et al,, 2012). However, load is affected by many variables
that are often unknown or unreported, such as the impact force, the ef-
fect of head movement, and the surface materials that support the ani-
mal—which makes load estimations unreliable. Moreover, since the
mouse or rat skull is much more pliable than the human skull, force
per unit surface area may not scale perfectly from small to larger brains
and therefore would only compare reasonably within species.

Finally, the lack of a universal definition of clinical concussion (see
review in (Rosenbaum & Lipton, 2012)) creates challenges for animal
modeling of mTBI. Without a clear clinical definition, what is the animal
model modeling and to what extend do experimental results apply to
the human condition? In a prior review on the epidemiology of mTBI
and neurodegenerative disease (Gardner & Yaffe, 2015), it was found
that in the more than 100 studies reviewed, there were more than 50
different mTBI definitions. More consensus on the definition of human
concussion will improve study validity, injury classification, and study
design of animal mTBI models.

6. Summary and conclusions

The high prevalence of concussions worldwide in combination with
the lack of current understanding of the underlying disease mechanisms
and available clinical therapeutics, demands for further research efforts.
The heterogeneity in the human condition and animal models point to
an unavoidable truth that concussion is not a single disease. For this rea-
son, various animal models may be needed to study the concussion
spectrum. Since neuropathology and behavioral outcomes may be de-
pendent on the characteristics of each model, it is crucial that re-
searchers document their injury model as completely as possible.
While no single animal model can capture the full pathology associated
with brain injury, animal models are necessary in translational research
as they contribute valuable preclinical information and improve our un-
derstanding of the underlying mechanisms following head impacts. A
major challenge in the field of animal TBI research is how to reconcile
the various impact methods. Load and strain measurements, computer
simulation, and translational imaging offer great potential for studying
brain biomechanics and means to unify impact methods so that mecha-
nisms of pathology observed in animal models can be more easily
interpreted and linked to clinical outcomes in patients following epi-
sodes of concussion or subconcussion. These approaches will have the
potential to improve our ability to predict the evolution of disease and
to develop more effective therapeutic strategies.
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