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A B S T R A C T

Closed-head traumatic brain injury (TBI) is a worldwide concern with increasing prevalence and cost to society.
Rotational acceleration is a primary mechanism in TBI that results from tissue strains that give rise to diffuse
axonal injury. The Closed-Head Impact Model of Engineered Rotational Acceleration (CHIMERA) was recently
introduced as a method for the study of impact acceleration effects in pre-clinical TBI research. This review
provides a survey of the published literature implementing the CHIMERA device and describes pathological,
imaging, neurophysiological, and behavioral findings. Findings show CHIMERA inflicts damage in white matter
tracts as a key area of injury. Behaviorally, repeated studies have shown motor deficits and more chronic
cognitive effects after CHIMERA injury. Good progress with model application has been accomplished by in-
vestigators attending to what is required for model validation. However, the majority of CHIMERA studies only
utilize adult male mice. To further establish this model, more work with female animals and various age groups
need to be performed, as well as studies to further establish and standardize methodologies for validation of the
models for clinical relevance. Common data elements to standardize the reporting methodology for the
CHIMERA literature are suggested.

1. Introduction

With long-term economic and medical repercussions, traumatic
brain injury (TBI) is a current and growing global concern (James et al.,

2019; Te Ao et al., 2014). Recent analysis of data from the Global
Burden of Diseases, Injuries, and Risk Factors 2016 Study revealed there
were about 27 million new cases of TBI in 2016 alone and an overall 8.4
percent increase in TBI prevalence over a span of 26 years (James et al.,
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Table 1
Summary of parameters employed in CHIMERA studies.

Reference Treatment variables Morbidity

Species Sex Age Analgesia Anesthesiaa Injury site Injury parameters

Bashir et al. (2020) C57BL6 Mice Females and
males

5–7 months 1 mg/kg
Meloxicam

5%/2–4% Isoflurane Bregma 1 × 2.5 J with polylactic acid (PLA)
interface

80%, shortly after CHIMERA

Chen et al. (2017) C57Bl/6 Male 3 months Not reported 5% Isoflurane Bregma 3 × 0.6 J, 24-h intervals No mortality
Cheng et al. (2018) C57Bl/6 & APP/PS1

Mice
Males ~5.7 months 1 mg/kg

Meloxicam
5%/4–5% Isoflurane Midline parietal 2 × 0.5 J, 24-h interval Not reported

Cheng et al. (2019) C57Bl/6 & APP/PS1
Mice

Males 6 & 13 months 1 mg/kg
Meloxicam

5%/4–5% Isoflurane Midline parietal 2 × 0.5 J, 24-h interval No mortality reported immediately after
injury; 5 CHIMERA + 5 sham died in the 7
months following injury

Desai et al. (2020) C57BL/6NCr Mice Not reported 4–5 months Not reported 5% Isoflurane Bregma Single: 1 × 0.55J Not reported
Repeat: 3 × 0.55J, 24-h interval

Gangolli et al. (2019) C57Bl/6 & hTau Mice Males 1–2 months Not reported 5%/2.5% Isoflurane Midline 20 × 0.13 J or 0.24 J, 24-h intervals No mortality reported immediately after
injury; 1-year survival
~ 10% deaths for hTau sham
0 deaths for 20 × 0.13 J CHIMERA
~ 25% deaths for 20 × 0.24 J CHIMERA

Haber et al. (2017) C57Bl/6 Males 4 months Not reported 4.5%/5% Isoflurane Vertex of head 2 × 0.5 J or 0.65 J, 24-h interval Not reported
Komlosh et al. (2018) C57Bl/6N Males Not reported Not reported Not reported Not reported 3 × 0.5 J, 24-h interval Not reported
Krukowski et al. (2020) C57BL/6J Females &

males
8–10 weeks old Not reported 2–2.5% Isoflurane Bregma 5 × 0.5 J, 24 h intervals Not reported

Li et al. (2020) C57Bl/6 Not reported 16–20 weeks old Not reported 2.5–3% Isoflurane Bregma 1 × 0.5–0.8 J or 2 × 0.5 J, 24 h
intervals

Not reported

McInnes et al. (2020) C57Bl/6 (Cadavers) Male 8 months n/a n/a Bregma 1–10 × 0.7 J (Cadaveric mice)
Namjoshi et al. (2014) C57Bl/6 Males ~4.3 months 1 mg/kg

Meloxicam
5%/2.5–3% Isoflurane Bregma 2 × 0.5 J, 24-h interval ~ 3% euthanized due to righting reflex >

45 min or severe motor dysfunction
Namjoshi et al. (2016) C57Bl/6 Males ~4 months 1 mg/kg

Meloxicam
5%/2.5–3% Isoflurane Bregma 2 × 0.5 J, 24-h interval Not reported

Namjoshi et al. (2017) C57Bl/6 Males 4–5 months 1 mg/kg
Meloxicam

5%/2.5–3% Isoflurane Bregma 1 × 0.1–0.7 J Not reported; skull fractures at energy
levels > 0.7 J

Nolan et al. (2018) C57Bl/6J Males 2 months Not reported 2% isoflurane Bregma 5 × 0.5 J, 24-h interval No mortality
Sauerbeck et al. (2018) C57Bl/6J Females &

males
4 months Not reported 5%/2.5% Isoflurane 4 mm posterior to

the lateral canthus of
eye

modCHIMERA, 1 × 1.7 J or 2.1 J
Skull protected helmet/cradle reduced
spine flexion

Mortality – 8.8% at 1.7 J and 23.4% at 2.1
J

Sauerbeck et al. (2020) C57Bl/6J and
APPswe/PSEN1dE9
mice

Males ~4 month old C57
mice; 18 month old
APP mices

Not reported Isoflurane 4 mm posterior to
the lateral canthus of
eye

modCHIMERA, 1 × 2.1 J Skull
protected helmet/cradle reduced spine
flexion

Mortality – 8%

Vonder Haar et al. (2019) Long Evans Rats Males 3 months 5 mg/kg
Meloxicam

5%/2% Isoflurane Anterior to bregma 1 × 2.9 J, 4 × 2.4 J, 2-week intervals 33% (8/24), 4 deaths on the first day (2.9
J), 4 more on subsequent 4 injuries (2.4 J)

Whyte et al. (2019) Ferrets Males 5–6 months 0.2 mg/kg
Meloxicam

Isoflurane, 6 mg/kg
Ketamine, 1 mg/kg
Midazolam

Dorsal skull surface
with PLA interface

6–10 × 17–56 J 2/3 ferrets used; immediately euthanized
after injuries

a All studies employed isoflurane as anesthesia. Cases where two levels of isoflurane are indicated, separated by a slash, refer to the use of a higher initial level of isoflurane followed by a maintenance level once the
animal was unconscious.
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2019). Although TBI is underreported, global population growth,
longer life expectancy, and the increase in transportation-related in-
juries indicate that the prevalence of TBI will continue to rise (James
et al., 2019). The majority of TBI cases are mild injuries, most fre-
quently associated with falls, motor vehicle accidents, and impact in-
juries, and significant proportions are sustained by very young children,
adolescents, and older adults (Faul et al., 2010; James et al., 2019).
Epidemiological studies and the Centers for Disease Control and Pre-
vention’s Heads Up campaign recognize the recent concerns regarding
younger populations where there is a high incidence of mild TBI (mTBI)
in young children and adolescents often related to sports-induced
trauma (Coronado et al., 2015; Zhang et al., 2016). TBI is also common
in the military, and is considered both the invisible wound and sig-
nature injury of modern warfare (Defense and Veterans Brain Injury
Center, 2019; U.S. Department of Defense, 2019).

2. Clinical relevance of impact-rotational acceleration models

Broadly, TBIs can be caused by a focal, direct load to the head that
induces injury from an impact, or by inertial forces from rapid head
displacement that can lead to more diffuse pathology (Gennarelli, 1994;
LaPlaca et al., 2007). For pre-clinical studies, one can further subdivide
the mechanical input from impact injuries into models that apply a
mechanical force to the skull or scalp—closed head injuries—or pro-
cedures that open the skull and produce direct injury by meningeal or
brain deformation (Lighthall et al., 1989). Pre-clinical open-head injury
models, primarily controlled cortical impact (CCI) (Lighthall, 1988) and
fluid percussion injury (FPI) (Dixon et al., 1987) models, are re-
producible and have provided valuable information regarding the me-
chanisms of TBI-related local cellular and axonal injuries. However,
models that inflict focal damage and employ a fixed head approach
with significant skull and cerebral deformation or penetration do not
mimic the injury processes of the majority of human cases. Further,
skull fractures, focal contusions, and high impacts to the head are as-
sociated with serious morbidity and death, but clinical TBI cases are
more often associated with lesser degrees of focal injury and no con-
spicuous cerebral pathology. In these cases, skull durability protects
brain tissue from focal contusion and fracture, but the impact causes
rapid inertial changes in head velocity.

Neuropathological data, imaging, and simulation studies suggest
high velocity head displacement leads to diffuse axonal injury from the
significant strain the brain sustains from linear and rotational accel-
eration and deceleration during impacts (Cullen et al., 2016; Margulies
and Thibault, 1992; Marmarou et al., 1994). Several models have been
employed for direct, closed-head, load injuries, with wide applications
of weight drop (Kilbourne et al., 2009) and a few controlled cortical
impact models with unrestrained head movement (Bodnar et al., 2019;
Jamnia et al., 2017; Petraglia et al., 2014; Prins et al., 2010), where
inertial forces are thought to be a significant component of the injury
process. Historically, these models also include the Maryland steel ball
model of impact (Kilbourne et al., 2009), reflex hammer designs (Henry
et al., 1997), or blast-induced trauma (Sawyer et al., 2016). Models,
such as the spring-loaded Medical College of Wisconsin Rotational In-
jury device (Fijalkowski et al., 2007), where the impact allows for head
movement, resulting in rapid velocity changes, have also been in-
troduced. Pre-clinical models of impact acceleration have a long history
and have included various animal species (see extensive references in
(Gennarelli, 1994; Goldsmith, 2001; Goldsmith and Monson, 2005)).
These earlier studies laid the groundwork for the later models, and
importantly demonstrated that injury severity is associated with in-
creases in the magnitude and duration of acceleration, with rotational
acceleration thought to be the predominant component (Gennarelli
et al., 1982; Hardy et al., 2001; Holbourn, 1943; LaPlaca et al., 2007;
Mychasiuk et al., 2016; Ommaya et al., 1966; Rowson et al., 2012).

Due to its relevance to the major forms of trauma—falls, vehicular
accidents, sports-related collisions—the present review focuses upon a

relatively recent development in modeling impact acceleration effects:
the Closed-Head Impact Model of Engineered Rotational Acceleration
(CHIMERA) design created by Namjoshi and colleagues at the
University of British Columbia, Canada (Namjoshi et al., 2014). The
importance of this model relates to the commercial availability of the
device, where investigators have the opportunity to standardize injury
parameters; permitting replication across laboratories and further
synthesis of the mechanisms of injury. In addition, devices have been
designed for mouse, rat, and ferret; permitting eventual comparisons
across these commonly used laboratory animal models. The review
provides a status at this opportune time with the “milestone” publica-
tion of just fewer than 20 CHIMERA manuscripts (Table 1) that provide
preliminary findings from this approach. Pathological findings are re-
viewed, obtained by traditional histochemical and neurophysiological
methods, imaging, and functional outcomes evaluated by behavioral
testing. This will be followed by a critical assessment of what needs to
be accomplished for establishing research standards for this new model
in pre-clinical studies of TBI, including suggested parameters to include
when reporting common data elements.

3. CHIMERA operation and biomechanics

As noted, there are three CHIMERA devices that are scaled for use
with mouse, rat, and ferret. The design embodies injuries that arise
from an impact and resultant high velocity movement of the head and
upper torso. For the mouse CHIMERA (Fig. 1), the combined com-
pressive contact and inertial forces and the change in velocity and an-
gular velocity stemming from the CHIMERA, after scaling, were re-
ported as similar to pro-football and pro-boxing values, respectively
(Namjoshi et al., 2014). Further tracking studies are warranted for all
three devices with utilization of marker devices that allow more reliable
and accurate estimation of head kinematics (see, e.g., (McInnes et al.,
2020; Whyte et al., 2019)).

The CHIMERA devices deliver a high pressure-driven impact from a
metal piston (labeled P in Fig. 1B) that strikes the dorsal surface of the
head. Animals are secured in a supine position on the platform (3 in
Fig. 1A) with Velcro straps (4 in Fig. 1A) that hold the animal in place
after impact, and the user employs crosshairs demarcated on the device
to position the head. An air compressor (not shown) is used to pres-
surize a storage tank (5 in Fig. 1A) and the animal’s head is driven
upward by the release of compressed air that mobilizes the piston lo-
cated in a barrel below the platform. The release of the piston and

Fig. 1. Representations of the mouse CHIMERA device. A provides a basic
depiction of the components of the mouse CHIMERA device. A mouse (shown in
B) is secured by Velcro straps to the head plate (1 in A) so that while secured in
the supine position a steel rod located in a piston barrel (9 in A and also shown
in B) strikes the top surface of the scalp at high velocity. Crosshair marking (not
seen) allows the investigator to align the head. The piston is driven toward the
scalp by the release of a highly compressed air release from a storage tank (5 in
A) that is electronically released by a solenoid valve (8 in A). An air pressure
regulator (6 in A) allows for regulation of the air pressure that drives the piston.
Figure from Namjoshi et al., 2014, used with permission.
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velocity of the piston is regulated by an air pressure regulator valve (6
in Fig. 1A) located at the distal end of the air storage tank. A pressure
gauge (7 in Fig. 1A) allows the investigator to regulate the amount of
air released to control the level of impact. Two infrared photo-coupled
devices measure the velocity of the piston just before impact, where
velocity can be related to impact energy, measured in Joules (J). A user
interface tablet with software triggers the device and records the
measured velocity and pressure setting.

Table 1 provides an overview of the parameters employed in pub-
lications that have utilized a CHIMERA device. Seventeen of the 19
published reports employed the laboratory mouse and with the excep-
tion of the two studies by Cheng and colleagues, younger mice were the
test subjects. For the studies that reported the sex of the mice, all stu-
dies, with the exception of Sauerbeck, et al., Bashir and coworkers, and
Krukowski and colleagues, tested male mice exclusively (Sauerbeck
et al., 2018; Bashir et al., 2020; Krukowski et al., 2020). The single
recent study by Vonder Haar that used rats likewise employed males
only (Vonder Haar et al., 2019). The typical energy used in the mouse
studies was 0.5 J, but one group (Chen et al., 2017; Desai et al., 2020)
increased the energy to 0.55–0.6 J, and a recent publication employed a
range up to 0.8 J (Li et al., 2020). Others have employed higher energy
settings (1.7–2.5 J) in mice with the addition of an interface to reduce
focal contusions (Bashir et al., 2020; Sauerbeck et al., 2018; Sauerbeck
et al., 2020). The modCHIMERA used by Sauerbeck and colleagues
includes both a helmet and body cradle, constructed with flexible
Tygon tubing, which altered the injury trajectory of the animal since
the cradle restricted torso and head movement (Sauerbeck et al., 2018).
Bashir and coworkers utilized a polylactic acid (PLA) interface lined
with cured putty that matched the contour of the mouse’s head, cov-
ering the lower part of the skull (Bashir et al., 2020). Namjoshi, et al.
examined pathological effects over a range of energy levels (0.1–0.7 J),
and designated 0.5 J as the “threshold” for concussive injury, leading to
a significant change from one or more phenotype (Namjoshi et al.,
2017). The majority of studies in mice are designed with a 0.5 J energy
level with multiple impacts distributed once a day. Vonder Haar and
colleagues utilized higher energy levels (2.4–2.9 J) in their rat studies
(Vonder Haar et al., 2019). In the one study to date employing ferrets,
energy levels of 17–56 J were employed with the addition of a PLA
interface on the head of the animal (Whyte et al., 2019).

4. Pathological changes

Sports- and motor vehicle-related TBI frequently involve high-rate
head acceleration (Rowson et al., 2012; Stemper et al., 2015), which
causes pathological changes in the brain that are distinct from those of a
direct localized impact to the head. This type of injury affects major
white matter tracts, which are thought to be damaged when they un-
dergo shearing forces characteristic of rotational acceleration. In-
flammation results from this type of damage and can persist for a long
time after the initial insult (Johnson et al., 2013). Current studies using
CHIMERA outline these major changes after injury, as well as addi-
tional subtle changes in the accumulation of misfolded proteins, re-
ceptor expression, and neuronal death.

4.1. Axonal injury

As noted, a main pathological feature of rotational closed-head in-
jury is damage to major axonal pathways (Table 2). Axonal damage in
the acute phase can be visualized using immunohistochemistry for
neurofilament (NF), a cytoskeletal protein, or amyloid precursor pro-
tein (APP). Damage causes these proteins to accumulate in neuronal
processes as a result of disruption to axonal transport, giving axons the
appearance of swellings or bulbs. The staining is transient as the dis-
ruption of cell trafficking resolves or damaged elements are removed
from the tissue. As summarized below, more long-term damage to axons
was identified by silver staining techniques.

Antibody staining for components of NF can also reveal the integrity
of axons after injury. Seven days after injury (2 × 0.5 J or 0.65 J, 24-h
interval), Haber and colleagues, using a pan-NF antibody, observed
many retraction bulbs and axonal varicosities in the optic tracts of in-
jured mice (Haber et al., 2017). Likewise, Komlosh and others, using an
antibody for NF light-chain, found that 7 days after injury (3 × 0.5 J,
24-h intervals) the optic tracts showed increased axonal varicosities
compared to the uninjured animal (Komlosh et al., 2018). Another
group found that axonal swellings were increased in the optic tracts of
injured APP/PS1 and wild-type mice at 2 days (2 × 0.5 J, 24-h in-
terval), but the swellings had disappeared by 7 days after the last injury
(Cheng et al., 2018). An increase in NF light-chain was also observed in
the plasma of injured APP/PS1 mice by ELISA at 2 days following in-
juries, but was not present in any other group (sham APP/PS1 or wild-
type mice) and was no longer evident in the injured APP/PS1 mice by 7
days after injuries (Cheng et al., 2018). One day after modified CHI-
MERA (modCHIMERA; 1 × 1.7 J or 2.1 J with helmet), an increased
density of puncta was qualitatively observed, compared to sham ani-
mals, in the corpus callosum, anterior commissure, hippocampal com-
missure, and fimbria using an antibody for phosphorylated NF heavy-
chain (Sauerbeck et al., 2018). Other studies report that at later time
points axonal varicosities and retraction bulbs are no longer evident, as
no differences between injured and sham animals were reported in NF
light-chain staining 3 weeks after injury (1 × 2.9 J followed by 4 × 2.4
J, 14 day intervals; rats) or in NF medium- and heavy-chain staining 8
months after injury (2 × 0.5 J, 24-h interval; mice) in the corpus cal-
losum and optic tracts of mice and rats (Cheng et al., 2019; Vonder
Haar et al., 2019). Staining with NF is greater in injured animals within
the first week, but is no longer evident past 7 days, possibly due to cell
repair mechanisms or death of affected neurons.

In two separate studies, at 7 days after injury (2 × 0.5 J, 24-h in-
terval and 2 × 0.5 J or 0.65 J, 24-h interval), immunocytochemistry of
major white matter tracts showed no APP staining (Haber et al., 2017;
Namjoshi et al., 2016). In another study, increased staining was seen
one and 7 days after injury (3 × 0.6 J, 24-h intervals) in the corpus
callosum but returned to sham levels by 1 month (Chen et al., 2017). A
study that measured puncta of β-APP in major white matter tracts 1 day
after two injury levels (modCHIMERA; 1 × 1.7 J or 2.1 J with helmet)
found an increase in density of APP in the corpus callosum at both
injury levels, in the anterior commissure at the higher injury level, and
a dose-dependent increase, compared to sham, in the hippocampal
commissure and fimbria (Sauerbeck et al., 2018). The most recent study
to look at APP staining in white matter tracts found no changes after
injury (1 × 2.5 J with PLA interface) at any of the acute or chronic time
points tested (6 h, 2 days, 2 weeks, 1 and 2 months) in either the optic
tract or corpus callosum (Bashir et al., 2020). To date, no study has
employed the CLARITY procedure to identify axonal injury after CHI-
MERA TBI. A recent study that employed the CCI model in mice re-
ported that CLARITY staining detected axonal bulb profiles 1 month
after CCI, and that there was evidence the bulbs retained distal pro-
cesses (Weber et al., 2019). Application of this method may reveal in-
formation about the pattern of axonal injury following CHIMERA that is
not found by traditional immunohistochemistry.

While NF and APP accumulation may be cleared by 7 days post-
injury, silver staining reportedly shows changes in white matter tracts
for a longer time after the initial injury. Namjoshi and others found
greater silver uptake in the corpus callosum and optic tracts two, seven,
and 14 days after injury (2 × 0.5 J, 24-h interval), with a progressive
increase in silver uptake in the optic tracts (Namjoshi et al., 2014). In a
later study, the same group found increased silver uptake at 7 days post
injury (2 × 0.5 J, 24-h interval) in the corpus callosum, external cap-
sule, and optic tracts (Namjoshi et al., 2016). When comparing different
levels of injury categorized as sub-threshold (1 × 0.1, 0.3, or 0.4 J),
threshold (1 × 0.5 J), and mild TBI (1 × 0.6 or 0.7 J), increased silver
stain was detected in the corpus callosum only in the mTBI group by
day two and remained elevated on day 14. The optic tracts showed
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Table 2
Axonal neuropathology after CHIMERA injuries.

Time following injury Method Findings Injury parameters Reference

2, 7, 14 days Silver stain Increased silver uptake in OLF at 2 days, back to baseline by 7 days; increased in CC at 2–14 days; increased in
OPT at 2 days and continued to increase by 14 days

2 × 0.5 J, 24-h interval Namjoshi et al. (2014)

7 days Silver stain & APP Increased silver uptake in CC, OPT, and external capsule; no APP detected in white matter tracts 2 × 0.5 J, 24-h interval Namjoshi et al. (2016)
1, 7 days; 1 month APP Increased in CC at 1 and 7 days, back to baseline by 1 month 3 × 0.6 J, 24-h intervals Chen et al. (2017)
7 days APP, MBP, NF No change in APP; slight increase in MBP but not significant; NF retraction bulbs present in TBI but not sham 2 × 0.5 J or 0.65 J, 24-h interval Haber et al. (2017)
6 h; 1, 2, 7, 14 days Silver stain Increased in OLF after 1 and 2 days, returns to baseline by 7 days; increased in CC after 2 days and remains

elevated; increased in OPT after 2 days in threshold and mTBI groups, returns to baseline in threshold but
remains elevated by 14 days in mTBI group

1 × 0.1–0.7 J Namjoshi et al. (2017)

2, 7, 14 days NeuroSilver stain, NF-M and NF-H Increased silver uptake at 14 days in both WT and APP/PS1 injured; increased axonal swelling after 2 days in
OPT, returns to baseline by 7 days; higher plasma concentration of NF-M/-H in 6.1-month-old APP/PS1
injured mice at 2 days

2 × 0.5 J, 24-h interval Cheng et al. (2018)

7 days NF-L Axonal varicosities present in injured but not sham 3 × 0.5 J, 24-h interval Komlosh et al. (2018)
1 day APP, phosphorylated NF-H APP positive puncta increased in CC at both levels of injury, in anterior commissure only at 2.1 J, and in HP

commissure and fimbria at both injury levels in dose-dependent manner; NF-H positive puncta observed but
not quantified in CC, anterior commissure, HP commissure, and fimbria

modCHIMERA, 1 × 1.7 J or 2.1 J Sauerbeck et al. (2018)

8 months NeuroSilver, NF-M and NF-H, APP Increased NeuroSilver stain in OPT; no changes observed in NF or APP in OPT or CC 2 × 0.5 J, 24-h interval Cheng et al. (2019)
1 year Myelin Black Gold II Decreased power coherence in CC, HP commissure, and fimbria after injury; power coherence was more

reduced in 0.24 J group vs 0.13 J
20 × 0.13 J or 0.24 J, 24-h
intervals

Gangolli et al. (2019)

3 weeks Silver stain, NF-L Increased silver uptake in OPT; no change in NF-L count in CC or OPT, but CC was thinner after injury 1 × 2.9 J, 4 × 2.4 J, 2-week
intervals

Vonder Haar et al. (2019)

5 weeks Silver stain Significantly increased silver uptake in optic tract of repeated injury mice Single: 1 × 0.55J Desai et al. (2020)
Repeat: 3 × 0.55J, 24-h interval

6 h, 2, 14, 30, 60 days Silver stain & APP No change in % area APP in OPT or CC; elevated silver uptake in OPT at 14, 30, and 60 days post injury; no
change in silver uptake in CC

1 × 2.5J, with PLA interface Bashir et al. (2020)

Abbreviations. APP: amyloid precursor protein; CC: corpus callosum; CTX: cortex; HP: hippocampus; MBP: myelin basic protein; NF: neurofilament (-L: light; -M: medium; -H: heavy); OLF: olfactory nerve layer of
olfactory bulb; OPT: optic tracts; PFC: prefrontal cortex; PLA: polylactic acid WT: wild-type
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increased staining in both the threshold and mTBI groups by 2 and 7
days but remained elevated only in the mTBI group 2 weeks after in-
jury. Axonal damage measured by silver uptake in the olfactory nerve
layer of the olfactory bulb was only seen in the mTBI group one and 2
days after injury, but by 7 days had disappeared (Namjoshi et al.,
2017). A qualitative study showed greater silver uptake in the optic
tract of mice 5 weeks after repeat CHIMERA (3 × 0.55 J, 24-h interval)
compared to single (1 × 0.55 J) or sham injured mice (Desai et al.,
2020). Bashir and colleagues measured the percent area stained by
silver uptake at both acute and chronic time points in the optic tract and
corpus callosum after a greater level of injury (1 × 2.5 J with PLA
interface). Similar to some previous studies, they found no changes in
the corpus callosum. The optic tract showed no changes in silver uptake
acutely at 6 h or 2 days, but did show elevated uptake from 2 weeks
that remained up to 2 months after injury (Bashir et al., 2020).

A study comparing wild-type mice to APP/PS1 mice found an in-
crease in silver uptake 14 days after injury (2 × 0.5 J, 24-h interval) in
the optic tracts of both wild-type and transgenic mice (Cheng et al.,
2018). The same group found that silver uptake was increased in the
optic tracts up to 8 months after injury (2 × 0.5 J, 24-h interval), but
found no difference in the corpus callosum between the TBI and sham
groups (Cheng et al., 2019). Another group found increased silver up-
take in the optic tracts of rats 3 weeks after injury (1 × 2.9 J followed
by 4 × 2.4 J, 14 day intervals), but no change in the corpus callosum
(Vonder Haar et al., 2019). Overall, silver staining shows damage to
axons at more chronic time points and appears consistently in the optic
tracts at later time points following injury by CHIMERA. Other white
matter tracts, such as the corpus callosum, may also show damage by
silver staining, but this result is not consistent across the studies re-
viewed here.

Insults to white matter tracts can result in demyelination, which
leaves exposed axons vulnerable to further damage (Armstrong et al.,
2016). Myelination can be measured by quantifying changes in myelin
basic protein (MBP), a major component of the myelin sheath. One
study measured MBP 7 days after injury (2 × 0.5 J or 0.65 J, 24-h
interval) and observed a slight, but non-significant increase in MBP in
the injured group compared to sham, indicating changes in myelin that
were also seen as diffusion tensor imaging (DTI) abnormality (Haber
et al., 2017). Another group measured white matter integrity by em-
ploying power coherence analysis of Myelin Black Gold II stained
images 1 year after injury (20 × 0.13 J or 0.24 J, 24-h intervals) and
found that integrity of the white matter was reduced in the corpus
callosum, hippocampal commissure, and fimbria compared to sham.
The reduction was greater for the concussive (0.24 J) than the sub-
concussive (0.13 J) injury (Gangolli et al., 2019). Myelin plays a
complicated role in axon pathology and repair. While it is thought that
myelin may protect axons from damage, the presence of myelin debris
can also inhibit axon regeneration (Armstrong et al., 2016). Further
work remains to be done to characterize possible changes in myelina-
tion acutely and chronically in the CHIMERA model, and the implica-
tions this may have for chronic white matter pathology and axon re-
generation.

Initial axonal injury from TBI may result from primary or secondary
injury pathways and may either resolve spontaneously or may proceed
to Wallerian degeneration, in which the axon degrades entirely. Thus,
some axons that initially display impaired axonal transport (APP
puncta) may repair the damage, while others appear as degenerating
axons at later time points. The existence of a period of time after injury
during which axonal damage can be prevented or reversed creates a
therapeutic window in which treatments for mild TBI can be tested
(Armstrong et al., 2016). Injury by CHIMERA consistently shows both
acute and chronic damage to white matter tracts (summarized in
Table 2), a pattern of diffuse axonal injury that resembles that seen in
human TBI (Johnson et al., 2012), making CHIMERA a promising
preclinical model for this therapeutic window during which additional
degeneration can be halted or repair mechanisms initiated.

4.2. Amyloid beta and tau

A history of traumatic brain injury has been linked to later devel-
opment of Alzheimer’s disease (AD) (Fleminger et al., 2003), which is
characterized by pathologic accumulation of amyloid beta (Aβ) plaques
and tau protein neurofibrillary tangles. In a model of AD using APP/PS1
mice expressing the human APP transgene, Cheng and others found that
Aβ deposits were increased in younger (6.1 months) mice 2 days after
injury (2 × 0.5 J, 24-h interval), and had resolved by 7 days; they
observed no change in Aβ deposits in the older mice (13.5 months) at
any time point (Cheng et al., 2018). In contrast, Thio-S staining for
amyloid plaques revealed an increase in staining density in the older
mice at 6 h followed by a decrease, compared to sham animals, by 2 and
7 days, and a return to sham levels by 14 days (Cheng et al., 2018).
When the authors compared Aβ in whole brain homogenates via ELISA
and Western blot, they found no difference in protein levels between
sham and injured mice at any age or genotype (Cheng et al., 2018). In a
second study, the same group found no change in carbonate-soluble/
insoluble Aβ40 and Aβ42, and no change in diffuse/neuritic plaques by
8 months (Bashir et al., 2020). However, an aducanumab binding assay
indicated that brain tissue from the injured APP/PS1 mice exhibited
greater levels of higher molecular weight oligo/soluble Aβ fibrils
(Cheng et al., 2019).

Tau is a microtubule-associated protein that has been linked with
chronic traumatic encephalopathy (CTE), thought to result from re-
peated concussive or sub-concussive head injuries (Johnson et al.,
2012; McKee et al., 2009). When three phosphorylation sites for tau
were probed acutely after two injuries (2 × 0.5 J, 24-h interval),
phosphorylation at all sites was increased at 6 h, 12 h, and 2 days, and
the authors found an increased ratio of phosphorylated-to-total tau in
the injured mice (Namjoshi et al., 2014). When animals sustained a
single injury (1 × 0.1–0.7 J) and levels of total and phosphorylated tau
were probed from 6 h to 14 days, no changes were observed (Namjoshi
et al., 2017). However, a later study measuring tau phosphorylation in
brain lysates with the same antibodies found no difference in phos-
phorylation 7 days after two injuries (2 × 0.5 J, 24-h interval)
(Namjoshi et al., 2016). Western blot of brain homogenates performed
6.5 months after a repetitive injury (3 × 0.6 J, 24-h intervals) revealed
no change in tau expression in the cortex or hippocampus (Chen et al.,
2017). Following a single, moderate injury using a PLA interface
(1 × 2.5 J), Bashir and colleagues observed an increase in total tau,
phosphorylated tau, and in the ratio of phosphorylated tau to total tau
at 6 h and an increase in total tau at 14 days following injury in brain
homogenates. All measures of tau returned to sham levels by 30 and 60
days (Bashir et al., 2020). Immunohistochemistry for phosphorylated
tau showed a group effect of injury compared to sham in the entorhinal
cortex, but no differences in the CA1 region of the hippocampus, nor in
the optic tract or corpus callosum (Bashir et al., 2020).

In APP/PS1 transgenic mice, Cheng and colleagues found that re-
peated injury (2 × 0.5 J, 24-h interval) did not change tau expression
in young (6.1 months) or old (13.5 months) mice at either 6 h or 2 days
after injury (Cheng et al., 2018), in contrast with previous findings of
increased tau phosphorylation at acute time points (Namjoshi et al.,
2014). Similarly, a transgenic mouse model expressing human tau
(hTau) did not show any tau pathology in the hippocampus at a chronic
time point of 1 year following a repetitive sub-concussive or concussive
injury (20 × 0.13 J or 0.24 J, 24-h intervals) (Gangolli et al., 2019).
However, a model using male Long-Evans rats found that 3 weeks after
injury (1 × 2.9 J followed by 4 × 2.4 J, 14 day intervals), phos-
phorylated tau was increased in the optic tract and qualitatively in-
creased in the nucleus accumbens and orbitofrontal cortex, but total tau
was not changed by injury (Vonder Haar et al., 2019). While increas-
ingly being studied in the context of brain injury, it is still unclear how
the timing, intensity, and preclinical model of injury play a role in tau
pathology, and the implications this has for the long-term consequences
of TBI.
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Table 3
Neuroinflammation after CHIMERA injuries.

Time following injury Microglia pathology Astrocyte pathology Injury parameters Reference

2, 7, 14 days Greater number and more activated cells in CC, brachium of superior colliculus, OLF,
OPT

n/a 2 × 0.5 J, 24-h interval Namjoshi et al. (2014)

7 days Greater number and more activated cells in CC, brachium of superior colliculus, OLF,
OPT

n/a 2 × 0.5 J, 24-h interval Namjoshi et al. (2016)

1, 7 days; 3.5, 6.5
months

Increased number of activated cells after 1 day in OPT, CC, CTX, and HP; in OPT remain
activated at 3.5 months and return to 1 day level by 6.5 months

Increased at 1 day, 3.5, & 6.5 months in OPT; increased only at
1 day in CC, HP, CTX

3 × 0.6 J, 24-h intervals Chen et al. (2017)

7 days Increased % area stained in brachium of superior colliculus Increased % area stained in brachium of superior colliculus and
OPT

2 × 0.5 J or 0.65 J, 24-h
interval

Haber et al. (2017)

6 h; 1, 2, 7, 14 days Increased cell number in CC, brachium of superior colliculus, OPT from 2 to 14 days in
sub-threshold, threshold, and mTBI groups; increased in OLF at 1 day in mTBI, 2–14
days in all injury levels

Increased in threshold and mTBI after 2 days; increased in
mTBI after 7 days and back to baseline by 14 days

1 × 0.1–0.7 J Namjoshi et al. (2017)

2, 7 days Increased cell density in OPT at 7 days in 13.5-month-old WT and 6.1-month-old APP/
PS1;
Mean cell size greater in APP/PS1 6.1-month-old mTBI mice

n/a 2 × 0.5 J, 24-h interval Cheng et al. (2018)

36–40 days Increased cell density in layers II-VI of medial PFC and in CA1 of HP No change in CA1 of HP in injured mice 5 × 0.5 J, 24-h interval Nolan et al. (2018)
1 month Dose-dependent increased cell density in lateral septal nucleus, CTX, HP n/a modCHIMERA, 1 × 1.7 J or 2.1

J
Sauerbeck et al.
(2018)

8 months Increased cell density & size in OPT; increased total cells and activated microglia in PFC
of APP/PS1 injured; more activated microglia in amygdala of APP/PS1 sham but
reduced after injury; increase in non-activated microglia in HP of APP/PS1 sham but
decreased after injury

Increased in OPT after TBI; increased in APP/PS1 compared to
WT in PFC, amygdala, and HP but no effect of injury

2 × 0.5 J, 24-h interval Cheng et al. (2019)

1 year Increased % positive staining in CC after 0.24 J, but not after 0.13 J No change in % area stained in CTX, HP, anterior commissure,
fimbria, lateral septal nucleus, CC, or HP commissure

20 × 0.13 J or 0.24 J, 24-h
intervals

Gangolli et al. (2019)

3 weeks Increased cell count in CC, OPT, and olfactory tubercle Increased cell count in CC 1 × 2.9 J, 4 × 2.4 J, 2-week
intervals

Vonder Haar et al.
(2019)

5 weeks Increased mean fluorescence intensity in OPT after repeated injury Progressively increased mean fluorescence intensity in OPT
between single and repeat injury

Single: 1 × 0.55J Desai et al. (2020)
Repeat: 3 × 0.55J, 24-h
interval

6 h, 2, 14, 30, 60 days Increased % area stained in entorhinal cortex at 6 h and 2 days, returns to sham level by
14 days; elevated in CA1 of HP at 2 days; elevated in OPT at 14 and 60 days; no change
in CC

Group effect of injury in entorhinal cortex; increased % area
stained in OPT at 60 days; no change in CC or CA1 of HP

1 × 2.5J, with PLA interface Bashir et al. (2020)

3 days Increased number in OPT Increased in CA1 and CC 1 × 0.8 J Li et al. (2020)

Abbreviations. CA1: cornu Ammonis field 1 of the hippocampus; CC: corpus callosum; CTX: cortex; HP: hippocampus; OLF: olfactory nerve layer of olfactory bulb; OPT: optic tracts; PFC: prefrontal cortex; PLA: polylactic
acid; WT: wild-type
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4.3. Inflammation

Inflammation after traumatic brain injury has been characterized in
animal models as well as in clinical populations (Corps et al., 2015;
Frugier et al., 2010). The main effectors of the inflammatory response
after injury are microglia and astrocytes. Microglia are the resident
immune cells of the brain and can be found throughout the par-
enchyma. In normal conditions, microglia exist in a ramified state, with
multiple branched projections that constantly surveil the extracellular
environment. When they are activated by injury or disease, they adopt a
hyper-ramified “bushy” or amoeboid morphology and release cytokines
and chemokines. In the amoeboid morphology they can travel to the
site of injury and phagocytose dying cells and cellular debris. Astrocytes
function normally to support neuronal function and become reactive
and proliferative in response to injury or disease.

Initial characterization of the CHIMERA model (Table 3) evaluated
microglial number and morphology in the major white matter tracts at
two, seven, and 14 days post injury (2 × 0.5 J, 24-h interval) and found
that the number of microglia was significantly increased in the corpus
callosum, brachium of the superior colliculus, olfactory nerve layer, and
optic tracts in the injured group compared to sham animals (Namjoshi
et al., 2014). Additionally, microglia in these regions were activated,
displaying a bushy, hypertrophic morphology compared to sham ani-
mals. In the optic tracts, microglia adopted an amoeboid, highly acti-
vated morphology, and the number of cells increased from 2 days to 14
days post-injury (Namjoshi et al., 2014). In a study with identical injury
parameters where microglia were evaluated in major white matter
tracts 7 days after the last injury, fractal analysis of cell morphology
showed again that microglia in all tracts were less ramified and more
amoeboid, compared to microglia in the sham-treated mice (Namjoshi
et al., 2016).

A later study with similar injury (2 × 0.5 J or 0.65 J, 24-h interval)
found increased microglia only in the brachium of the superior colli-
culus after 7 days, and increased glial fibrillary acidic protein (GFAP)
expression in the brachium of the superior colliculus and the optic
tracts (Haber et al., 2017), indicating that the inflammatory response
after CHIMERA injury is supported by astrocytes as well as microglia.
By 5 weeks, Desai and others found greater mean fluorescence of both
astrocytes and microglia in the optic tracts after both single and re-
peated injury (1 × 0.55 J and 3 × 0.55 J, 24-h intervals). Chen and
colleagues explored long-term inflammatory responses and found that
the number of microglia was increased in the optic tracts, corpus cal-
losum, hippocampus, and cortex 1 day after injury (3 × 0.6 J, 24-h
intervals) and remained elevated at 6.5 months (Chen et al., 2017). In
the optic tracts, microglial numbers peaked at 3.5 months, and in the
hippocampus 7 days after injury (Chen et al., 2017), indicating that
persistent microgliosis may follow a different profile depending on the
region evaluated and the timespan after injury. In addition to microglial
activation, reactive astrocytes were identified in the brains of injured
animals. A two-fold increase in GFAP expression was seen in the optic
tract, corpus callosum, hippocampus, and cortex 1 day after injury, and
remained elevated in all regions at 6.5 months. In the optic tracts, GFAP
expression increased three-fold compared to sham animals by 3.5
months and remained at that level at 6.5 months (Chen et al., 2017),
indicating long-lasting activation of astrocytes after CHIMERA that does
not resolve by 6 months.

Namjoshi and colleagues evaluated the effects of a range of different
impact energies (1 × 0.1 to 0.7 J), which the authors binned into ca-
tegories based on behavioral and pathological outcomes (Namjoshi
et al., 2017). Impacts between 0.1 J and 0.4 J were considered sub-
threshold, 0.5 J was considered threshold, and 0.6 or 0.7 J were clas-
sified as a mild TBI. Increased impact energy resulted in a greater
number of microglia in four regions of interest: the olfactory nerve
layer, corpus callosum, brachium of the superior colliculus, and the
optic tracts. By 2 days after a single injury, the mTBI group showed
greater numbers of microglia in all regions, which was sustained 14

days after injury. By contrast, a threshold injury only produced mi-
crogliosis in the olfactory nerve layer and corpus callosum 14 days post-
injury, and in the brachium of the superior colliculus and optic tract at
2 days post-injury. Microglial numbers in the sub-threshold injury
group were elevated only at 14 days after injury in the brachium of the
superior colliculus and the optic tracts (Namjoshi et al., 2017). Like-
wise, the density of GFAP stained cells was increased in the threshold
and mTBI groups at 2 days post-injury, remained elevated in the mTBI
group at 7 days, and returned to sham levels in all groups by 14 days
(Namjoshi et al., 2017). Mice subjected to a greater level of injury
(1 × 2.5 J with PLA interface) showed greater staining of microglia in
the optic tracts at 14 and 60 days, but not at two or 30 days, as well as
greater astrocyte activation by 60 days (Bashir et al., 2020). The au-
thors found no changes in inflammation in the corpus callosum at any
time point.

A study investigating the effects of repetitive CHIMERA (20 × 0.13
J or 0.24 J, 24-h intervals) on 4-month-old hTau transgenic mice found
no changes in astrocyte activation 1 year after the last injury, but did
find increased numbers of microglia in the corpus callosum at 1 year
(Gangolli et al., 2019). Another study using Long-Evans rats found
microglia were increased in the corpus callosum, optic tracts, and the
olfactory tubercle 3 weeks after injury (1 × 2.9 J followed by 4 × 2.4
J, 14 day intervals) as well as increased numbers of astrocytes in the
corpus callosum, but not in the optic tracts (Vonder Haar et al., 2019).
These results indicate that changes in inflammation are dependent on
the extent of injury and that they may not appear immediately after
impact.

The majority of studies have investigated the effects of CHIMERA in
young mice (~4 months old). Cheng and others used older animals (6.1
and 13.5 months old) and compared C57BL/6-C3H wild-type male mice
with APP/PS1 transgenic mice. After injury (2 × 0.5 J, 24-h interval),
greater numbers of microglia were observed in the optic tracts of 13.5-
month-old wild-type mice and of 6.1-month-old APP/PS1 mice on day
seven after injury (Cheng et al., 2018). A later study from the same
group found a greater number of microglia in the optic tracts 8 months
after CHIMERA (2 × 0.5 J, 24-h interval) in both wild-type and APP/
PS1 5.7-month-old mice (Cheng et al., 2019). Increased fluorescence
intensity of GFAP was found 8 months after injury in the optic tracts of
both cohorts of mice, suggesting that the optic tracts may be particu-
larly vulnerable to long-lasting inflammation after TBI (Cheng et al.,
2019).

While injury to white matter tracts is known to occur after a mTBI,
inflammation can also be observed in gray matter regions. Namjoshi
and colleagues observed an increase in Iba-1-positive microglia, 2 days
after injury, in the lateral geniculate nucleus (Namjoshi et al., 2017).
Nolan and colleagues found an increased cell density of microglia in the
medial prefrontal cortex and the CA1 region of the hippocampus 36–40
days after injury (5 × 0.5 J, 24-h intervals), but no change in astrocyte
activation in the hippocampus (Nolan et al., 2018). Sauerbeck and
others used a modified injury protocol (modCHIMERA; 1 × 1.7 J or 2.1
J) and found an increase in cell density of microglia 1 month after in-
jury in the lateral septal nucleus in a dose-dependent manner and in the
entorhinal area/lateral cortex and hippocampus only after the higher
injury level (Sauerbeck et al., 2018). Meanwhile, another group using a
greater injury level (1 × 2.5 J with PLA interface) found greater mi-
croglia activation in the entorhinal cortex only at 6 h and 2 days, which
returned to normal by 2 weeks. They found a main group effect of as-
trocyte activation in the same region, but individual time points were
not significantly changed. The hippocampus in these mice showed
greater microglial activation but no change in astrocyte staining in the
injured group (Bashir et al., 2020). These findings, when paired with
behavioral outcomes, indicate a mechanism by which changes in the
brain may be leading to pathological changes in behavior (reviewed in
Section 6 below).

Levels of cytokines and chemokines are expected to be upregulated
after TBI (Corps et al., 2015; Frugier et al., 2010). Tumor necrosis factor
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alpha (TNFα) and interleukin-1 beta (IL-1β) are expressed 2 days after
injury (2 × 0.5 J, 24-h interval) as measured in brain lysates (Namjoshi
et al., 2014). TNFα gene expression was also found to be increased in
the cortex and hippocampus of injured (3 × 0.6 J, 24-h intervals) mice
at 1 day post-injury and returned to sham levels by 3 days (Chen et al.,
2017). Multiplex ELISA showed an increase 6 h after injury (1 × 0.1 -
0.7 J) of IL-6, IL-1β, and TNFα in brain lysates only in the mTBI group
(0.6–0.7 J) compared to the sham, sub-threshold (0.1–0.4 J), and
threshold (0.5 J) groups (Namjoshi et al., 2017). Use of a greater injury
level (1 × 2.5 J with PLA interface) produced a similar cytokine profile
compared to sham. IL-6, IL-1β, and TNFα were all elevated by 6 h
following injury and while IL-6 and IL-1β returned to sham levels by 2
days, levels of TNFα took 2 weeks to return to sham levels (Bashir et al.,
2020).

A study comparing APP/PS1 transgenic mice to wild type-mice
found that IL-1β was upregulated only in the young (6.1-month-old)
cohort of APP/PS1 mice 6 h after injury (2 × 0.5 J, 24-h interval), but
not in the older (13.5-month-old) or wild-type cohorts (Cheng et al.,
2018). In male Long-Evans rats, levels of IL-6, IL-1β, and TNFα were
unchanged 3 weeks after injury (1 × 2.9 J followed by 4 × 2.4 J, 14
day intervals) as measured in the midbrain and forebrain (Vonder Haar
et al., 2019). Based on these studies, changes in cytokine expression
after CHIMERA appear acute and transient.

In summary, inflammation is a critical aftereffect of injury, and low-
grade inflammation is thought to be a chronic long-term consequence of
this type of injury (Johnson et al., 2013). Current studies using CHI-
MERA have found consistent changes in microglial density and acti-
vation, which appear to be most pronounced in major white matter
tracts, although they can also be observed in gray matter such as cortex
and hippocampus. These changes occur acutely by 1–2 days and can
persist in some models up to 1 year following the last injury. Astrocyte
activation, while less studied than microglia in the articles reviewed,
was also observed to occur after some injuries produced by CHIMERA,
mainly in the white matter tracts. Concurrent with other inflammatory
changes, an acute but transient increase in cytokine expression has been
shown to occur after CHIMERA.

4.4. Other pathology

Additional pathological markers of degeneration show that injury using
CHIMERA can cause neurodegeneration while not resulting in obvious
tissue deformation. Fluoro-Jade staining, a marker of neuronal death, after
modCHIMERA (1 × 1.7 J or 2.1 J) showed positively stained cells in the
hippocampus of the higher energy (2.1 J) group 1 day after the injuries, but
no difference by 3 days, and no difference in staining in the cortex at either
time point. These changes were not accompanied by any change in total
cerebral volume (Sauerbeck et al., 2018). A study in rats found no change in
Fluoro-Jade staining after injury (1 × 2.9 J followed by 4 × 2.4 J, 14 day
intervals) in the ventral tegmental area (VTA) and olfactory tubercle at 3
weeks (Vonder Haar et al., 2019). Cresyl violet staining showed qualitative
superficial injury after modCHIMERA (1 × 1.7 J or 2.1 J) at 1 month, along
with immunoglobulin G (IgG) extravasation indicating permeability of the
blood-brain barrier (BBB), and Perl’s staining for iron deposits showing
meningeal iron accumulation from microbleeds in the higher (2.1 J) energy
level group (Sauerbeck et al., 2018). Likewise, another group using a
greater injury level with a PLA interface (1 × 2.5 J) found greater IgG
staining in the entorhinal cortex at 6 h (Bashir et al., 2020). The same group
found elevated levels of tau and NF-L in the plasma 6 h following injury, as
well as structural damage to the vasculature of the entorhinal cortex ob-
served via electron microscopy, which are additional indications that the
blood-brain barrier is compromised (Bashir et al., 2020). These findings
prompt further investigation into subtle effects as well as potential changes
in BBB permeability and vascular integrity after CHIMERA.

Mild TBI may cause changes in neuronal synaptic transmission
(Bales et al., 2009). However, serotonin receptor expression measured
by immunohistochemistry was not affected by injury (2 × 0.5 J, 24-h

interval) at 7 days (Namjoshi et al., 2016). An overall group effect of
injury (1 × 2.5 J with PLA interface) was observed in staining for
glutamatergic synapses in the CA1 region of the hippocampus (Bashir
et al., 2020). Dopaminergic function measured by puncta of tyrosine
hydroxylase showed no change after injury (1 × 2.9 J followed by
4 × 2.4 J, 14 day intervals) in rats, but a reduction of the dopamine
transporter-to-tyrosine hydroxylase ratio was observed in the olfactory
tubercle at 3 weeks (Vonder Haar et al., 2019). To date, only one study
has compared overall changes in pre- and post-synaptic density in the
CHIMERA model. The authors found that synaptic loci are reduced in
the cortex by 7 days following injury (1 × 2.1 J) and remain lower up
to 30 days after modCHIMERA (Sauerbeck, 2020). Electron microscopy
in the L1 cortex of these mice confirms that the synapses exhibited
structural damage at 7 days following injury (Sauerbeck, 2020). These
results indicate that further study on the effects of CHIMERA on sy-
naptic structure is warranted, particularly given the results from studies
of changes in electrophysiological properties of neuronal networks
(discussed in Neurophysiology section).

Unlike in open-skull models of TBI such as CCI or FPI, the patho-
logical changes observed after injury by CHIMERA are more subtle. CCI
and FPI result in loss of tissue with a clear cortical lesion and the for-
mation of glial scars, particularly at chronic time points (Osier et al.,
2015), whereas CHIMERA has not been shown to produce loss of tissue
in the same way. Silver staining after CCI has shown degenerating
neurons in the cortex and hippocampus and IgG extravasation indicated
widespread breakdown of the BBB (Smith et al., 1995). CHIMERA re-
sults in silver uptake in various brain regions, and two studies looking
at IgG extravasation have found BBB permeability, but only at higher
energy levels using either a helmet or interface (Bashir et al., 2020;
Sauerbeck et al., 2018). Astrocyte activation has primarily been ob-
served only in major white matter tracts (CC and OPT) after CHIMERA,
but in CCI and FPI astrocytes can be seen forming a glial scar around the
area of the lesion (Osier et al., 2015). Histopathology after CHIMERA
more closely resembles other closed-skull TBI models such as the
weight drop model in producing diffuse axonal damage without the
type of cell death produced in CCI or FPI (Osier et al., 2015). Bodnar
et al. (2019) provide a thorough summary comparing results from
different methods of closed-skull TBI, including CHIMERA.

In summary, injury produced by CHIMERA results in reliable pa-
thological changes observed particularly in white matter and specifi-
cally in white matter integrity and inflammation, but the time course of
these changes is variable. As the majority of studies reviewed used
young, male C57BL/6 mice, additional research is recommended on
how these pathological changes may differ in younger and older ani-
mals, females, and in other species. Finally, most studies used similar
parameters, but because changing the direction of acceleration and
rotation can also alter behavioral and molecular outcomes (Mychasiuk
et al., 2016), further study of these alterations in the CHIMERA and
how they affect pathology is suggested.

4.5. Imaging

Noninvasive, in vivo imaging is an important tool for clinical diag-
nosis of TBI. Magnetic resonance imaging (MRI) in the clinical setting,
however, is primarily reserved for cases of moderate or severe TBI
(Hernandez et al., 2016; Pautler, 2004). The majority of cases are mTBI;
clinically defined as not having detectable computerized tomography
(CT) imaging changes. The lack of sensitivity of traditional methods of
CT and MRI may contribute to the underdiagnosis of mTBI (Hernandez
et al., 2016; Kikinis et al., 2017). Pre-clinical experiments that in-
corporate imaging often display a correlation between imaging and
pathological data. Many advances have been made to improve neu-
roimaging techniques for TBI, but imaging data alone cannot provide
information about the mechanism of injury (Haber et al., 2017;
Hutchinson et al., 2018; Komlosh et al., 2018).

Diffusion magnetic resonance imaging (dMRI) is favorable for mTBI
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because of its sensitivity to detecting microstructural changes in water
diffusion within tissue (Hutchinson et al., 2018; Kikinis et al., 2017). A
common approach for dMRI is utilizing ex vivo brain tissue for imaging,
which is unrestrained by time limitations and can allow for higher re-
solution images compared to in vivo scanning (Kikinis et al., 2017).
dMRI has utility for detecting changes in axonal geometry, which can
manifest as axonal varicosities and retraction bulbs causing a decrease
in diffusivity (Budde et al., 2009; Hutchinson et al., 2018; Mac Donald
et al., 2007). Previous studies with rotational acceleration TBI models
have used ex vivo dMRI to show both variability in fractional anisotropy
(FA) values for white matter regions and tracts (Stemper et al., 2015;
Kikinis et al., 2017). FA values are typically reduced in damaged white
matter tracts, but differences in biological mechanisms of injury and
variations in scanning parameters could contribute to the mixture of
dMRI outcomes (Hutchinson et al., 2018). In other commonly used
models of TBI, such as CCI, FPI and weight drop, contusions and edemas
are typically observed in T2-weighted MRI (Gold et al., 2013;
Hutchinson et al., 2018). More diffuse trauma, such as blast TBI, de-
monstrated decreased FA values in white matter tracts and the cere-
bellum using DTI (Skotak et al., 2019). Additional imaging pathologies
characteristic of TBI that have been reported include focal lesions and
diffuse axonal injury (Gold et al., 2013). Neuroimaging after TBI,
however, often displays mixed etiology with increased or decreased
diffusivity or anisotropy depending on the injury severity and under-
lying cellular mechanisms (Hutchinson et al., 2018).

Since CHIMERA mainly induces white matter injury, dMRI was
preferred because it detects CHIMERA’s subtle white matter damage
(Haber et al., 2017; Komlosh et al., 2018). Three out of the four CHI-
MERA neuroimaging papers utilized dMRI (Table 4), while the fourth,
Nolan and colleagues, implemented T2-weighted MRI alone (Haber
et al., 2017; Komlosh et al., 2018; Nolan et al., 2018; Sauerbeck et al.,
2018). Both the Haber and Komlosh groups performed ex vivo dMRI in
male C57BL/6 mice at about 7 days after the final CHIMERA injury.
Sauerbeck and others also implemented ex vivo dMRI, but 2 days after
modCHIMERA and with both male and female C57BL/6 mice. Despite
different injury models, both Haber (2 × 0.5 J or 0.65 J, 24-h interval)
and Sauerbeck (modCHIMERA: 1 × 1.7 J or 2.1 J) groups used more
traditional DTI parameters. Komlosh and colleagues (3 × 0.5J, 24-h
interval) implemented an advanced double pulse-field gradient (dPFG)
sequence for increased sensitivity and specificity to cellular changes
(Haber et al., 2017; Hutchinson et al., 2018; Komlosh et al., 2018;
Sauerbeck et al., 2018). Nolan and colleagues (5 × 0.5 J, 24-h interval)
conducted in vivo T2-weighted MRI in male C57BL/6 mice, but scan-
ning took place about 40 days after impact (Nolan et al., 2018).

Subtle changes were observed in the DTI data, but not in the T2-
weighted images alone (Haber et al., 2017; Komlosh et al., 2018; Nolan
et al., 2018; Sauerbeck et al., 2018). Primary regions of interest in all
four papers included white matter tracts, such as the corpus callosum
(Haber et al., 2017; Nolan et al., 2018; Sauerbeck et al., 2018), optic
tracts (Haber et al., 2017; Komlosh et al., 2018), and anterior com-
missure (Sauerbeck et al., 2018). After multiple comparison correc-
tions, DTI showed significant changes in the brachium of the superior
colliculus, optic tract, and hippocampus for various FA, diffusivity, and
anisotropy metrics. Reduced FA values were revealed in the same re-
gions, as well as in the corpus callosum and anterior commissure (Haber
et al., 2017; Sauerbeck et al., 2018). The optic tract displayed reduced
values in most of the DTI metrics for FA, radial and axial diffusivity, and
planar and linear anisotropy, but still did not show changes for the T2-
weighted images (Haber et al., 2017). The optic tract was also a key
focus for Komlosh and colleagues. Although there was a small sample
size, differences in the optic tracts between CHIMERA and sham ani-
mals were observed. Optic tract FA values for the CHIMERA mouse
showed a reduction in the right optic tract compared to the sham. The
dPFG sequence also showed lower values for the optic tracts suggesting
axonal damage. Komlosh and colleagues also discovered asymmetrical
values in the left and right optic tracts, which can be common in diffuse

axonal injury (Komlosh et al., 2018). White matter tracts, particularly
the optic tract, appears to be a key area of investigation for CHIMERA
and is ideal to study with dMRI because of its high coherence and
simple geometry (Haber et al., 2017; Komlosh et al., 2018).

5. Neurophysiology

Little is known about other physiological aspects with CHIMERA,
such as electrophysiological responses (Table 5). Differences in elec-
troencephalography (EEG) power frequency bands have been reported
following FPI, weight drop, and blast TBI models (Hajiaghamemar
et al., 2019). In traditional TBI models, EEG recordings have also de-
monstrated overall hyperexcitability after TBI, particularly in the hip-
pocampus, and reduced seizure threshold with severely injured FPI
rodents developing seizures (Schmitt and Dichter, 2015). To date, no
EEG studies have been performed following CHIMERA injuries, but
network properties have begun to be explored with neurophysiological
experiment. Nolan and colleagues performed whole cell voltage clamp
studies 30–60 days post-injury in mice, in which they measured in-
trinsic excitability of layer V pyramidal neurons of the medial pre-
frontal cortex after injury and reported minimal changes, suggesting
that overall neuronal excitability was not altered following CHIMERA
(Nolan et al., 2018). In a follow-up study, Krukowski and colleagues
performed a closer evaluation of excitatory synaptic input in the same
region with a focus on neuronal subtypes; type A neurons projecting
subcortically and type B neurons projecting via the corpus callosum to
other cortical areas. It was found that type A neurons showed an in-
crease in the frequency of spontaneous excitatory postsynaptic currents
(sEPSC) after repetitive CHIMERA, but no change in amplitude, while
type B neurons did not undergo any changes. The increase in sEPSC
frequency suggests that type A neurons involved in risk-taking behavior
are more active post-injury, but the lack of amplitude change could
indicate an absence of change in synaptic inputs (Krukowski et al.,
2020; Nolan et al., 2018).

Following a single CHIMERA impact at a higher impact level (2.5 J)
with the PLA interface in mice, Bashir and colleagues performed ex vivo
CA1 (stratum radiatum) hippocampal field recordings both 6 h and 14
days post-injury to determine possible mechanisms of impaired learning
and memory following CHIMERA (Bashir et al., 2020). Decreased event
amplitudes in injured mice were measured at both time points; the
change at the acute time point reduction was associated with a reduc-
tion in vesicular glutamatergic transporter 1, a marker of presynaptic
hippocampal glutamatergic vesicles. Although this may be one me-
chanism for the decreased event amplitudes, more investigation is
needed to determine other possible mechanisms (Bashir et al., 2020).

Desai and colleagues sought to assess visual deficits following single
and multiple CHIMERA injuries in mice (Desai et al., 2020). Visual
evoked potentials were measured 35 days after CHIMERA in vivo with
bright flashes of light and a recording electrode placed on the surface of
the skull above the visual cortex. Mice that received multiple CHIMERA
hits (3 × 0.55 J, 24-h interval) displayed significantly lower N1 am-
plitude values compared to single injury and sham animals. Reduced N1
amplitudes were observed after a single CHIMERA compared to shams,
but a larger decrease occurred following multiple CHIMERA. The sig-
nificant decrease in N1 amplitude demonstrates impairment in visual
signaling for the multiple CHIMERA group. Electroretinography was
also tested, but no impairment was found demonstrating that changes
in visual evoked potentials were caused by trauma to the optic nerve or
tract and not due to retinal impairment (Desai et al., 2020).

6. Behavioral effects

6.1. Righting reflex

The loss of righting reflex (LRR), or the amount of time it takes for
an animal placed in a supine position to return to a prone position
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Table 4
Neuroimaging changes after CHIMERA injuries.

Time following injury Sample size Parameters Analysis (Regions of Interest,
ROI)

Results Injury parameters Reference

40 days n = 5–7 sham
n = 5–7 CHIMERA

In vivo T2 MRI

T2 parameters TE/TR = 11.6/2006 msec, echo train = 8,
slice thickness = 0.5 mm, slice number = 20, number of
averages = 2, matrix 256 × 256, field of view = 30 × 30
mm2, scanning time= 2 min 12 sec

ROIs: CC, external capsule, CTX,
HP, ventricles, total brain

No structural damage

In vivo T2 MRI did not find any anatomical
volumes or signals in CTX, HP, or white
matter structures but found behavioral
deficits

5 × 0.5 J, 24-h interval Nolan et al.
(2018)

Perfused 7 days after
injury

9 days after
perfusion ex vivo
brain scanned

n = 5 sham
n = 5 CHIMERA

Ex vivo DTI

parameters 8 segments, TE and TR = 38/617 ms, 1 nex, 152
volumes, 100 μm resolution

DWI parameter b = 250 and 500s/mm2, 6 directions, 2 high
b-value shells b= 1500–1700 and 3000–3800 s/mm2, 32
directions

T2 MSME same spatial dimensions as DWI, TE/TR = 30/
3000 ms, nex = 1

ROIs based on silver stain:
brachium of superior colliculus,
cingulum bundle, CC, OPT

Reference ROIs: external capsule,
internal capsule, CTX, HP,
thalamus

2 random forests analysis
classifier algorithm: DTI metric
and ROI combination as a feature

T2 images showed no changes

Decreased FA in OPT, brachium of superior
colliculus, anterior CC, cingulum bundle, a
bit in HP

Top 3 ROIs for DTI random forests analysis
were left and right OPTs and right HP

Top 3 ROI for histology random forests
analysis were left and right brachium of the
superior colliculus and left OPT

Location of changes in DTI and histology
matched

2 × 0.5 J or 0.65 J, 24-
h interval

Haber et al.
(2017)

Perfused 7 days after last
injury

n = 1 sham
n = 1 CHIMERA

Ex vivo DTI

MRI parameters: TE/TR = 23/700 ms, 8 segments, voxel
resolution 100 × 100 × 100 μm3

DTI parameters: δ = 3ms, Δ= 20ms, b-value 400 and 2000s
mm-1

dPFG parameters same as DTI, but τm = 0, δ = 3 ms, Δ=
20 ms

T2 weighted images parameters TE/TR= 40/2000 ms,
voxel resolution 100 × 100 × 100 μm3

Left and right OPT ROIs were
manually drawn

OPT FA values for CHIMERA was 0.66 and
0.75, FA for Sham was 0.79 and 0.78

Axon mean diameter values from dPFG
showed OPT sham 4.8 μm and 5.2 μm, and
8.6 μm and 5.4 μ for CHIMERA

Axonal varicosities were observed in NF light
chain staining in CHIMERA OPT

3 × 0.5 J, 24-h interval Komlosh et al.
(2018)

Perfused 2 days after last
injury

n = 4 sham
n = 6
modCHIMERA

Ex vivo DTI

DTI parameter:TE/TR = 36 ms/1.5 sec, b=0 and 2000s/
mm2, 15 directions, matrix 128 × 128, field of
view=15 × 15 mm2, in-plane resolution 117 × 117 μm,
slice number=12, slice thickness=0.5 mm

ROIs: CC, anterior commissure,
HP commissure, fimbria

modCHIMERA at 1.7 J showed reduced FA in
anterior commissure and CC

modCHIMERA, 1 × 1.7
or 2.1 J

Sauerbeck et al.
(2018)

Abbreviations. CC: corpus callosum; CTX: cortex; dPFG: double pulsed-field gradient; DTI: diffusion tensor imaging; FA: fractional anisotropy; HP: hippocampus; OPT: optic tract; NF: neurofilament; TE/TR: echo time/
repetition time; MSME: multiscale multiecho; DWI: diffusion weighted imaging; δ: gradient pulse duration; Δ: diffusion time; τm: water time constant
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Table 5
Neurophysiology changes after CHIMERA injuries.

Time following
injury

Animal details Sample size Reference (stimulation)
electrode

Recording electrode Results Injury parameters Reference

36–51 days Male C57BL/6, 8
weeks old at time of
injury

n = 4 mice per injury condition

3–4 cells per animal

n/a Ex vivo whole cell recording, Layer V
pyramidal neurons in medial
prefrontal cortex

No changes in intrinsic excitability following
injury

5 × 0.5 J, 24 h
interval

Nolan et al. (2018)

35–60 days Male and female
C57BL/6J
8–10 weeks old

Type A (n = 11 sham, 7
CHIMERA rTBI, 9 CHIMERA rTBI
+ injection)
Type B (n = 7 sham, 5 CHIMERA
rTBI, 8 CHIMERA rTBI +
injection)

1–4 neurons recorded per animal

n/a Ex vivo whole cell recording
Layer V pyramidal neurons in medial
prefrontal cortex

No changes in intrinsic excitability or
amplitude

After CHIMERA rTBI, Type A (subcortical)
neurons increased sEPSC frequency

No change in Type B (callosal) neurons

5 × 0.5 J, 24 h
interval

Krukowski et al.
(2020)

35 days C57BL/6NCr
4-5 months old

n = 10 mice Lower lip In vivo skull over the visual cortex Significantly reduced N1 amplitudes following
repeated, but not single CHIMERA N1
amplitude recording:
sham was 59.3 +/- 4.03
single TBI 41.6 +/- 5.3
multiple TBI 16 +/- 3.6

1 × or 3 × 0.55 J,
24 h interval

Desai et al. (2020)

6 h and 14 days Male and female
C57BL6
5–7 months old

n = 3–4 mice per injury
condition

Brain slices: n = 24 sham, 16
6 h TBI, 12
14 day TBI

Schaffer collaterals
(stimulating)

Ex vivo CA1 stratum radiatum Decreased hippocampal event amplitudes after
both 6 h and 14 days

1 × 2.5 J with PLA
interface

Bashir et al. (2020)

Abbreviations. sEPSC: spontaneous excitatory postsynaptic currents; PLA: polylactic acid; rTBI: repetitive TBI
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Table 6
Behavioral changes after CHIMERA injuries.

General behavior
domain

Specific test Animal details Injury parameters Testing time following injury Results Reference(s)

Motor Rotarod Male C57BL/6, ~4 months old
at time of injury

2 × 0.5 J, 24-h interval Up to 14 days CHIMERA induces motor deficits for approximately 1 week Namjoshi et al.
(2014, 2016)

C57BL/6-C3H, ~5.7 - 13.5
months old at time of injury

2 × 0.5 J, 24-h interval From Day 1, up to 8 months No effect of injury Cheng et al. (2018,
2019)

Male C57BL/6, 4 months old
at time of injury

1 × 0.1–0.7 J Up to 14 days Motor deficits up to 14 days after 0.6–0.7 J Namjoshi et al.
(2017)

Male and female C57BL/6J
mice, 16 weeks old at time of
injury

modCHIMERA, 1 × 1.7 J
or 2.1 J

Days 1, 3, 7 No effect of injury Sauerbeck et al.
(2018)

Beam-walk Male C57BL/6 mice (Charles
River), 12 weeks old

3 × 0.6 J, 24-h intervals Days 1, 3, 5 Motor deficits 1 and 3 days post-injury Chen et al. (2017)

Open field Male C57BL/6, 4 months old
at time of injury

2 × 0.5 J, 24-h interval Days 1, 7, 14 No effect of injury on distance traveled or immobility Namjoshi et al.
(2014)

C57BL/6-C3H, 6.1 or 13.5
months old at time of injury

2 × 0.5 J, 24-h interval Days 1 and 6 No effect of injury on distance traveled or immobility Cheng et al. (2018)

Male C57BL/6 mice 4–5
months old at time of injury

1 × 0.55 J or 5 × 0.55 J Day 32 Increased distance traveled after repeated, but not single injury Desai et al. (2020)

Cognition Barnes maze (spatial
learning and memory)

Male C57BL/6, 4 months old
at time of injury

2 × 0.5 J, 24-h interval Days 9–13 Main effect of injury on latency to locate escape tunnel
(impaired memory)

Namjoshi et al.
(2014)

Male C57BL/6 mice, 5–7
months old at time of injury

PLA interface, 1 × 2.5 J 2 weeks to a month, or 2 months No effect of injury on latency to locate escape tunnel during
standard or reversal trials. Injured mice were impaired on
probe trials at 2 weeks/month time point

Bashir et al. (2020)

C57BL/6-C3H, 6.1 or 13.5
months old at time of injury

2 × 0.5 J, 24-h interval Days 8–12 No deficits in the injured younger mice; older injured mice had
impaired memory on one testing day (Day 9)

Cheng et al. (2018)

C57BL/6-C3H, 5.7 months old
at time of injury

2 × 0.5 J, 24-h interval Days 14–18, probe trials Days 19, 2
months, 6 months, 8 months. Reversal
trials on the day following each probe
trial.

Injured mice impaired on days 14, 15, 17 with the use of less
efficient search strategies. No effects of injury on probe or
reversal trials.

Cheng et al. (2019)

Modified Barnes
maze (working
memory)

Male C57BL/6J mice, 8 weeks
old at time of injury

0.5 J × 5, 24-h intervals Days 32–35 Injured mice impaired on days 33–35; did not show significant
within-day learning until day 35 (compared to shams on day
33)

Nolan et al. (2018)

Morris water maze Male C57BL/6 mice (Charles
River), 12 weeks old

3 × 0.6 J, 24-h intervals 1 and 6 months Latencies (but not distances) to platform were longer in injured
mice on 2 days at 1 month, and 1 day at 6 months. Injured mice
impaired on probe trial at both time points. No effect on swim
speed.

Chen et al. (2017)

Male hTau mice, 4 months old
at time of injury

20 × 0.13 J or 0.24 J, 24-
h intervals

1, 3 and 12 months Decreased swim speeds in injured mice. Distances to platform
longer during visible and hidden training trials at all time
points. Injured mice impaired on probe trial at all time points.

Gangolli et al.
(2019)

Male and female C57BL/6J
mice, 16 weeks old at time of
injury

modCHIMERA, 1 × 1.7 J
or 2.1 J

3 weeks Both injury levels resulted in greater distances to the platform
and impairments on the probe trial. No effect on swim speed.

Sauerbeck et al.
(2018)

Passive avoidance
(working memory)

Male C57BL/6, 4 months old
at time of injury

2 × 0.5 J, 24-h interval Days 7–10 Effect of injury on latency to enter darkened compartment on
all days (impaired memory)

Namjoshi et al.
(2014)

C57BL/6-C3H, ~5.7 - 13.5
months old at time of injury

2 × 0.5 J, 24-h interval From Day 1, multiple testing time points
up to 8 months

No effect of injury Cheng et al. (2018,
2019)

APP/PS1 mice 2 × 0.5 J, 24-h interval Day 6 and 6 months Enhanced fear response after injury Cheng et al. (2019)
Impulsivity Delay discounting task Male Long-Evans rats, 4.5

months at time of injury
1 × 2.9 J, 4 × 2.4 J, 2-
week intervals

Testing performed in intervals between
injuries and following final injury

Injured rats showed greater impulsivity Vonder Haar et al.
(2019)

Aggression Resident intruder test Male C57BL/6, 15 weeks old
at time of injury

2 × 0.5 J, 24-h interval Day 5 No effect of injury Namjoshi et al.
(2016)

(continued on next page)
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Table 6 (continued)

General behavior
domain

Specific test Animal details Injury parameters Testing time following injury Results Reference(s)

Anxiety Open field Male C57BL/6, 4 months old
at time of injury

2 × 0.5 J, 24-h interval Days 1, 7, 14 Increased thigmotaxis for two weeks following injuries Namjoshi et al.
(2014)

Male C57BL/6, 4 months old
at time of injury

1 × 0.1–0.7 J Days 1 and 7 Increased thigmotaxis at Days 1 and 7 after 0.6–0.7 J Namjoshi et al.
(2017)

Male and female C57BL/6J
mice, 16 weeks old at time of
injury

modCHIMERA, 1 × 1.7 J
or 2.1 J

Days 1 and 7 Increased thigmotaxis after 1.7 and 2.1 J on Day 1 Sauerbeck et al.
(2018)

Male C57BL/6 mice 4–5
months old at time of injury

1 × 0.55 J or 5 × 0.55 J Day 32 Increased thigmotaxia after repeated, but not single injury Desai et al. (2020)

Elevated plus maze Male C57BL/6 mice, 4–5
months old at time of injury

1 × 0.1–0.7 J Day 2 No effect of injury Namjoshi et al.
(2017)

C57BL/6-C3H, 6.1 or 13.5
months old at time of injury

2 × 0.5 J, 24-h interval Days 7 and 11 No effect of injury Cheng et al. (2018)

C57BL/6-C3H, 5.7 months old
at time of injury

Days 7 and 10; 1, 2, 3, 6, 7 and 8 months Main effect of injury; CHIMERA increased time spent in open
arms

Cheng et al. (2019)

Male C57BL/6J mice, 8 weeks
old at time of injury

5 × 0.5 J, 24-h intervals Day 26 CHIMERA increased time spent in open arms Nolan et al. (2018)

Male and female C57Bl/6J
mice, 8–10 weeks old at time
of injury

5 × 0.5 J, 24 h intervals 1 month CHIMERA increased time spent in open arms in male mice only Krukowski et al.
(2020)

Male and female C57BL/6J
mice, 16 weeks old at time of
injury

modCHIMERA, 1 × 1.7 J
or 2.1 J

Day 26 No significant effects, strong trend toward increased open arm
time in injured male mice

Sauerbeck et al.
(2018)

Male hTau mice, 4 months old
at time of injury

20 × 0.13 J or 0.24 J, 24-
h intervals

Day 26, 3 months and 1 year No effect of injury Gangolli et al.
(2019)

Depression Tail suspension test Male and female C57BL/6J
mice, 16 weeks old at time of
injury

modCHIMERA, 1 × 1.7 J
or 2.1 J

1 month No effect of injury Sauerbeck et al.
(2018)

Male hTau mice, 4 months old
at time of injury

20 × 0.13 J or 0.24 J, 24-
h intervals

Day 40, 3 months and 1 year Decreased immobility after 0.24 J × 20 Gangolli et al.
(2019)

Forced swim test Male C57BL/6 mice, 5–7
months old at time of injury

PLA interface, 1 × 2.5 J Day 45 No effect of injury Bashir et al. (2020)

Social interaction Sociability test Male and female C57BL/6J
mice, 16 weeks old at time of
injury

modCHIMERA, 1 × 1.7 J
or 2.1 J

Day 27 Deficits in social interaction, but not social novelty after 2.1 J Sauerbeck et al.
(2018)

Male C57BL/6J mice, 8 weeks
old at time of injury

5 × 0.5 J, 24-h intervals Days 27–28 Deficits in social novelty, but not social interaction following
CHIMERA

Nolan et al. (2018)

Male hTau mice, 4 months old
at time of injury

20 × 0.13 J or 0.24 J, 24-
h intervals

3 weeks, 3 months and 1 year No effect of injury Gangolli et al.
(2019)
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following injury, is often employed in pre-clinical TBI studies as a
measure of loss of consciousness (e.g., (Velosky et al., 2017; Yu et al.,
2017)). Namjoshi and colleagues found that LRR was one of the most
sensitive measures for discriminating C57BL/6 mice that had sustained
sub-threshold (0.1, 0.2, 0.3, or 0.4 J), threshold (0.5 J) or mild TBI
(0.6–0.7 J) levels of impact by CHIMERA (Namjoshi et al., 2017).
Specifically, sub-threshold CHIMERA resulted in LRR durations
equivalent to those of sham controls (approximately 1 min), whereas
threshold and mild TBI had longer LRR durations of approximately 3
and 6 min, respectively. Using a finer range of impact pressures be-
tween zero and 2.4 psi (0.4 J), Gangolli and colleagues reported that a
minimum energy level of approximately 0.13 J is necessary to increase
the LRR above the duration of sham controls (approximately 1 min) and
determined this energy level to be sub-threshold. This sub-threshold
level is substantially lower than the sub-threshold level of 0.4 J and
below defined by previous work (Namjoshi et al., 2017), and the au-
thors noted that the findings are inconsistent (Gangolli et al., 2019).
Furthermore, when mice sustained 20 sub-threshold injuries (daily), the
average righting reflex time was not significantly different from that of
sham-treated animals.

Application of the modCHIMERA version, which used higher energy
levels (1.7 J and 2.1 J) in helmeted mice, increased the duration of the
LRR in a dose-dependent level (Sauerbeck et al., 2018) and the LRR was
noticeably longer than for traditional CHIMERA: approximately 9 min
at 1.7 J and approximately 18 min at 2.1 J. Bashir and colleagues also
used a higher impact energy (2.5 J) in mice with a PLA interface to
distribute energy, and found that the LRR was greater than 30 min
following a single impact (Bashir et al., 2020). The LRR has also been
reported in rats that have sustained 5 × CHIMERA (first impact 2.9 J,
subsequent impacts 2.4 J, with 14 days between injuries) (Vonder Haar
et al., 2019). Although brain injury increased the LRR compared to
sham controls (approximately 4 min), the effect did not reach statistical
significance.

6.2. Sensory systems

To date, Desai and colleagues are the only investigators to explore
potential sensory deficits; they employed multiple measures to assess
potential visual dysfunction following single and repeated CHIMERA
(Desai et al., 2020). Visible platform trials are often conducted in the
Morris water maze (MWM) either prior to or subsequent to hidden
platform trials to ensure the animals have proper visual function and
can employ the visual cues to properly perform the task (Tucker et al.,
2018). Desai and colleagues performed 3 days of visible platform ac-
quisition trials 19 days following injuries, and demonstrated that mice
that sustained multiple (3 × 0.55 J, 24-h intervals), but not single (0.55
J), CHIMERA impacts were significantly impaired during these trials;
they had significantly longer latencies and distances swam to reach the
visible platform (Desai et al., 2020). These deficits were accompanied
by optic tract astrogliosis, impairments on the visual cliff behavioral
test of visual acuity, as well as significantly deviated visual evoked
potentials 5 weeks after injuries (see Neurophysiology section for de-
tails) (Desai et al., 2020). Taken together, these results suggest that
multiple injuries with CHIMERA may lead to visual deficits. Further,
they emphasize the need to consider potential sensory and/or motor
deficits when selecting behavioral tests to avoid confounds.

6.3. Motor behaviors

Motor skills have been reliably impaired in mice following
CHIMERA brain injury, assessed primarily by the rotarod test and beam
walking (Table 6). Namjoshi and colleagues initially demonstrated that
CHIMERA (2 × 0.5 J, 24-h interval) induces motor deficits, as assessed
by latency to fall from an accelerating rotarod, for approximately 1
week following injuries in male C57BL/6 mice (Namjoshi et al., 2016;
Namjoshi et al., 2014). Subsequent studies did not find rotarod deficits

following CHIMERA with equal injury parameters (Cheng et al., 2019;
Cheng et al., 2018), but the mice employed in those experiments were
older (~5.7–13.5 months old), hybrid C57BL/6-C3H mice and the au-
thors suggested the genetic background may have provided resilience to
the behavioral effects of mild TBI.

In a later study intended to define the threshold for biological and
functional effects of the injury, it was reported that an energy level of
0.6 J – 0.7 J was classified as “mild TBI,” and this was the minimum
injury level required with a single impact to result in rotarod deficits
(Namjoshi et al., 2017). Different parameters of CHIMERA have been
explored by other laboratories; Chen and colleagues repeated the
CHIMERA impact (3 × 0.6 J, 24-h intervals) and reported impairments
on a beam-walk task at one and three, but not 5, days following injuries
(Chen et al., 2017). No motor impairment on the rotarod was found
following modCHIMERA (1.7 J or 2.1 J) (Sauerbeck et al., 2018).

General ambulation and exploration can be measured in an open
field (OF) environment. Desai and colleagues reported hyperactivity
(increased total distance traveled) in the OF following repeated
(3 × 0.55 J, 24-h interval), but not single (0.55 J) CHIMERA hits (Desai
et al., 2020). Hyperactivity is consistent with findings from other rodent
TBI models such as CCI (e.g., (Tucker et al., 2017; Wakade et al., 2010;
Yu et al., 2012) or repeated concussive brain injury (rCBI) (Kane et al.,
2012; Mannix et al., 2014; Tucker et al., 2019). Over a period of 14
days post-injury, no changes in distance traveled or time spent im-
mobile were observed following 2 × 0.5 J CHIMERA (Namjoshi et al.,
2014). Cheng and colleagues also found in the hybrid C57BL/6-C3H
mouse that there were no effects of CHIMERA (2 × 0.5 J) on im-
mobility or distance traveled on days one or six following injury (Cheng
et al., 2018). These results suggest repeated and/or higher energy
CHIMERA impacts may induce hyperactivity; also, that motor impair-
ments following CHIMERA injury are limited to more sensitive and
challenging tasks, such as the rotarod and beam walk, and more general
ambulatory locomotion is unimpaired (Table 6). However, there is a
large range of available tasks spanning vestibulomotor, sensorimotor,
strength and reflexes, gait tests, and other fine motor skills (e.g., grid
walk and adhesive removal test) (Fujimoto et al., 2004), on which
function following CHIMERA injury remains unexplored.

6.4. Cognition

Cognition (e.g., learning and memory) is likely the most widely-
tested behavioral domain following experimental TBI, and the MWM is
the most popular test due to its robustness in detecting the effects of
mild to severe TBI and flexibility in testing paradigms (Tucker et al.,
2018). The MWM has been well-employed following CHIMERA injury
(Chen et al., 2017; Gangolli et al., 2019; Sauerbeck et al., 2018), as has
the similar, dry-land version, the Barnes maze (Bashir et al., 2020;
Cheng et al., 2019; Cheng et al., 2018; Namjoshi et al., 2014; Nolan
et al., 2018), both of which test spatial learning and memory (Table 6).
These hippocampal-dependent tests require the animal to use distant,
spatial cues to navigate an aversive environment to learn the location of
an escape platform (MWM) or darkened tunnel beneath the arena
(Barnes maze). Employing the Barnes maze in the first CHIMERA re-
port, Namjoshi and colleagues demonstrated significant main effects of
injury in the primary latency to locate the escape tunnel during learning
trials nine to 13 days following injuries (2 × 0.5 J, 24-h interval) in
C57BL/6 mice (Namjoshi et al., 2014). In hybrid C57BL/6-C3H mice
tested with the same injury parameters at the same time following
CHIMERA, no deficits were reported in the younger (~6.1 months old)
mice, but latencies to find the tunnel were longer in the older (~13.5
months old) injured mice on one of the testing days (day 9) (Cheng
et al., 2018). In slightly younger (~5.7 months old) hybrid C57BL/6-
C3H mice, the same injury parameters (2 × 0.5 J, 24-h interval) re-
sulted in impaired performance in injured mice on three training days
(days 14, 15 and 17 following injuries). Further analysis of “search
strategies” of the animals, in which an animal’s movement path is
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tracked and categorized according to path efficiency (Illouz et al.,
2016), showed that CHIMERA-treated mice were more likely to use
less-efficient search strategies in the maze (e.g., random paths) rather
than taking more direct paths to the escape tunnel (Cheng et al., 2019).
The mice were further tested up to 8 months post-injury on probe trials,
in which the escape tunnel is removed from the maze and memory is
assessed by measuring the amount of time spent near the previous
target location. Reversal trials, in which the escape tunnel is placed in a
new location to re-test learning and cognitive flexibility, were per-
formed after probe trials. There were no effects of injury on the probe or
reversal trials performed 2, 6 and 8 months after CHIMERA (Cheng
et al., 2019).

The same group of investigators tested the effects of a single impact
at a higher energy level (2.5 J) with the PLA interface on Barnes maze
performance (Bashir et al., 2020). No effects of injury were reported on
spatial learning (or reversal learning) in mice tested 2 weeks to a month
following injury, or in a separate group of mice tested 2 months fol-
lowing injury. However, there was a significant effect of injury on probe
trials performed on animals tested at the earlier time point, with injured
mice spending less time near the target location, suggesting impaired
memory (Bashir et al., 2020).

Nolan and colleagues employed a modified version of the Barnes
maze in a delayed matching-to-sample task, intended to test working
memory, in which the escape tunnel was relocated each day and the
animals had to re-learn the new location (Nolan et al., 2018). Injured
C57BL/6J mice (5 × 0.5 J, 24-h intervals) were significantly impaired
in their ability to locate the escape tunnel on days 33–35 following
injuries, compared to sham controls. As the mice are required to learn a
new escape location each day, the authors also analyzed the learning
that occurred within each day by comparing the first and last trials, and
found that sham-treated mice showed significant learning on day 33,
but injured mice did not have significant learning until day 35 (Nolan
et al., 2018).

Spatial learning and memory deficits have also been reported fol-
lowing repeated CHIMERA impacts in mice assessed in the MWM (Chen
et al., 2017; Gangolli et al., 2019; Sauerbeck et al., 2018). C57BL/6
mice had a longer latency to locate the hidden platform in the MWM
approximately 1 month following repetitive (3 × 0.6 J, 24-h intervals)
CHIMERA, on the third and fourth days of training (Chen et al., 2017).
In a subsequent probe trial, the injured mice also spent significantly less
time in the quadrant that formerly housed the escape platform. Slight
differences between groups during training trials remained at the 6-
month period following injuries, and injured mice were still sig-
nificantly impaired on the probe trial at this time point (Chen et al.,
2017).

Chen and colleagues reported no changes as a function of injury on
swim speed in the MWM in wild-type mice, an important control
measure particularly in TBI experiments in which motor deficits may be
present, as differences between groups in swim speeds may confound
latency measures (Tucker et al., 2018). However, hTau mice had sig-
nificantly slower swim speeds in the MWM following repeated CHI-
MERA at either sub-concussive (20 × 0.13 J, 24-h intervals) or con-
cussive (20 × 0.24 J, 24-h intervals) levels (Gangolli et al., 2019), and
wild-type mice were shown to have slower swim speeds during visible
platform trials following repeated (5 × .55 J, 24-h intervals) CHIMERA
(Desai et al., 2020). Reporting path length or distance swam to the
platform as the primary measure of learning during acquisition trials
may partially control for differences in swim speed, and concussive
levels of repeated CHIMERA resulted in significantly longer path
lengths to the platform during visible and/or hidden training trials in
the hTau (Gangolli et al., 2019) and wild-type (Desai et al., 2020) mice.
The injured hTau mice also showed impaired memory during the probe
trials at the acute and chronic time points, as evidenced by decreased
time spent in the target quadrant and a greater mean distance from the
former platform location. Deficits on the test were correlated with
white matter integrity, specifically microgliosis (Gangolli et al., 2019).

Reduced swim speeds during the visible and hidden platform trials were
associated with increased Iba1 staining in the corpus callosum and
hippocampal commissure, whereas cognitive deficits during training
and probe trials were positively correlated with microgliosis in the
corpus callosum and fimbria (Gangolli et al., 2019). modCHIMERA,
either 1.7 or 2.1 J, also resulted in learning and memory deficits in the
MWM. Approximately 3 weeks following injury, there were no sig-
nificant differences in swim speed between groups, but both injury le-
vels resulted in greater distances swam to the platform during training
trials, and greater mean distances from the previous location of the
platform during the probe trial (Sauerbeck et al., 2018).

Another test employed to demonstrate cognitive deficits following
CHIMERA-induced TBI is the passive avoidance (PA) task. Mice are
trained on an initial day by placing them in a brightly-lit half of a two-
chamber shuttlebox, and when they enter the darkened half a footshock
is delivered. On subsequent days, animals are placed into the light
portion of the box and the latency to enter the dark half is measured.
Eight to 10 days following repeated CHIMERA (2 × 0.5 J, 24-h in-
terval), injured C57BL/6 mice had shorter latencies to enter the dar-
kened portion of the apparatus, indicating impaired working memory
(Namjoshi et al., 2014). Repeated CHIMERA (2 × 0.5 J, 24-h interval)
had no effect on working memory in the PA task in hybrid C57BL/6-
C3H mice when tested at acute (1 week) or more chronic (1–3 months)
time points (Cheng et al., 2019; Cheng et al., 2018). Interestingly, APP/
PS1 mice that sustained TBI exhibited an enhanced fear responses on
PA testing at early (6 days) and later (6 months) times after injury
(Cheng et al., 2019).

6.5. Impulsivity

Vonder Haar and colleagues employed the delay discounting task
(DDT) to assess changes in impulsive behaviors in rats as multiple
CHIMERA impacts are delivered (Vonder Haar et al., 2019). The DDT
assesses impulsivity by allowing a subject to choose an immediate,
smaller reward, or a delayed, larger reward. As the delay to the larger
reward increases, subjects will begin to choose the smaller reward.
More “impulsive” subjects are intolerant of the increasing delay and
will begin to choose the smaller reward sooner. Rats that had been
previously trained and had reached a stable baseline on the DDT were
given five impacts (first impact 2.9 J, subsequent impacts 2.4 J) at 2-
week intervals, and during the intervals between impacts they were
assessed on the DDT for changes in impulsive behaviors. Compared to
sham-treated rats, injured animals were more impulsive on the DDT,
particularly after the fourth and fifth impacts. Further analysis showed
that, when compared to baseline testing, the performance of the injured
mice began declining after the first CHIMERA impact and continued to
deteriorate after each subsequent injury except the last (Table 6). Final
performance on the DDT was significantly correlated with corpus cal-
losum thickness and phosphorylated tau deposition in the optic tracts,
with poorer performance associated with corpus callosum thinning and
greater amounts of phosphorylated tau. However, behavioral deficits
were not correlated with pathological changes in neural circuitry un-
derlying DDT performance, the mesolimbic reward circuit (Vonder
Haar et al., 2019).

6.6. Aggression

Despite aggression being a symptom associated with clinical pre-
sentation of repeated head injuries, particularly CTE (Mahar et al.,
2017), there is a paucity of studies looking for signs of aggression in
rodents following rCBIs. Namjoshi and colleagues employed the re-
sident intruder test (Namjoshi et al., 2016), in which an “intruder”
mouse is placed into the home cage of a singly-housed “resident”
mouse, and the latency to the beginning of an aggressive interaction is
recorded. Other threat behaviors such as mounting or tail rattling may
also be quantified. Five days following repeated CHIMERA (2 × 0.5 J,
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24-h interval), injured mice did not display increased aggressive in-
teractions compared to sham controls (Table 6) (Namjoshi et al., 2016).
Despite this negative finding, future translational studies on rCBIs and
CHIMERA specifically should continue to explore aggression given its
clinical relevance.

6.7. Anxiety

The OF arena allows a preliminary measure of anxiety by mea-
surement of thigmotaxis, the amount of time the animal spends around
the edges of the apparatus versus the center. Increased thigmotaxis,
indicative of greater anxiety, has been reported about 1 month fol-
lowing repeated (2 × 0.55 J, 24-h intervals), but not single (0.55 J),
CHIMERA (Desai et al., 2020), and for 2 weeks following repeated in-
juries (2 × 0.5 J, 24-h intervals) (Namjoshi et al., 2014). In a follow-up
study of single-impact CHIMERA, it was found that a single impact at a
“mild TBI” level (0.6–0.7 J), but not sub-threshold (0.1–0.4 J) or
threshold (0.5 J) level, resulted in increased thigmotaxis in the OF for 1
week following injuries (Namjoshi et al., 2017). After modCHIMERA
(both 1.7 J and 2.1 J), thigmotaxis was increased the day following
injury, but returned to levels of sham controls within 1 week
(Sauerbeck et al., 2018).

A more formal test for anxiety-like behaviors in rodents is the ele-
vated-plus maze (EPM), in which an animal chooses to explore dark,
enclosed arms or open, exposed arms arranged in a plus-shape and
raised above the floor (Lister, 1987). Several CHIMERA studies have
employed the EPM to assess anxiety. Namjoshi and colleagues found no
changes in EPM behavior at an acute time point (2 days) following a
single CHIMERA impact ranging from 0.1 to 0.7 J (Namjoshi et al.,
2017). In hybrid C57BL/6-C3H mice, Cheng and colleagues also found
no differences in EPM behavior following 2 × 0.5 J (24-h interval)
CHIMERA when measured at relatively acute time points (days seven
and 11 following injury) (Cheng et al., 2018), but when tested eight
times over a period of 8 months following injuries, there was a main
statistical effect of injury, where injured mice spent greater amounts of
time in the open, exposed arms, suggesting reduced anxiety (Cheng
et al., 2019). Increased open-arm time was also reported in wild-type
male C57BL/6 mice about 1 month following 0.5 J × 5 (24-h interval)
CHIMERA (Krukowski et al., 2020; Nolan et al., 2018), and although
modCHIMERA did not result in a statistically-significant change in
anxiety-like behaviors at the same time point, there was a strong trend
toward increased open-arm time (Sauerbeck et al., 2018). In hTau mice
with multiple sub-concussive (20 × 0.13 J, 24-h intervals) or con-
cussive (20 × 0.24 J, 24-h intervals) impacts, there were no changes in
EPM behavior 26 days, or three or 12 months following injuries
(Gangolli et al., 2019).

In summary, the OF test has shown increased thigmotaxis, in-
dicative of greater anxiety, in injured mice at more acute time periods
(1–2 weeks) following multiple impacts or single injuries at higher
energy levels. In contrast, results from the EPM indicate no changes in
anxiety-like behaviors shortly following CHIMERA. At longer time
points (several weeks after injury), however, some studies suggest de-
creased anxiety (greater time spent in open, exposed arms) which many
investigators interpret as risk-taking behavior, or behavioral disinhibi-
tion, reported often in other mouse models of rCBI (Gold et al., 2018;
Mannix et al., 2014; Mouzon et al., 2014; Petraglia et al., 2014; Tucker
et al., 2019). Taken together these results may indicate a period of
acute anxiety followed by long-term behavioral disinhibition (Table 6).
Or, the differences may reflect the testing paradigm as conclusions re-
garding anxiety following experimental TBI have been shown to be test-
specific (Popovitz et al., 2019; Tucker et al., 2017).

6.8. Depression

The tail suspension test (TST) is a common test for despair-like
behavior, a symptom of depression, in which a mouse is suspended by

the tail and the amount of time the animal is in an immobile state is
measured. Greater amounts of immobility indicate greater despair, and
thus an increased state of depression (Malkesman et al., 2013; Steru
et al., 1985). One month following modCHIMERA (1 × 1.7 or 2.1 J),
there were no changes in duration of immobility in the TST (Sauerbeck
et al., 2018). A lack of differences was also reported 45 days following a
single CHIMERA with the PLA interface (1 × 2.5 J) in the forced swim
test (FST), a similar test to the TST in which a mouse is placed in a
cylinder of water and immobility is measured (Bashir et al., 2020). In
the hTau mouse model that received 20 concussive impacts (0.24 J at
24-h intervals), however, immobility time in the TST was decreased
compared to sham controls; this difference was most pronounced at the
most acute time point tested (40 days following injury; Table 6)
(Gangolli et al., 2019). This result suggests a decreased level of de-
pressive-like symptomology, which is the opposite result expected
based on clinical presentation of increased depressive symptoms fol-
lowing repetitive TBI. However, there have been other recent reports of
decreased levels of immobility in the TST or the FST, following rCBIs in
mice (Gold et al., 2018; Tucker et al., 2019). These results have been
associated with a hyperactive phenotype (Tucker et al., 2019) and with
increased time spent in bright and open regions in the EPM (Gold et al.,
2018) or the related test, the EZM (Tucker et al., 2019). This group of
symptoms could be related to TBI-related clinical presentations related
to behavioral disinhibition, including impulsivity and risk-taking.

6.9. Social interaction

Symptoms related to social interaction are associated with depres-
sion as impairments in social function are prominent features of clinical
depression (Kupferberg et al., 2016). A popular test for the study of
social interaction in mice is the three-chambered sociability test, which
allows the study of simple social interaction, social memory, and pre-
ference for social novelty (Moy et al., 2004). Deficits in social interac-
tion, but not social novelty, were found 27 days following mod-
CHIMERA at 1 × 2.1 J (but not 1 × 1.7 J) (Sauerbeck et al., 2018).
After traditional repetitive CHIMERA (5 × 0.5 J, 24-h intervals, testing
at 27–28 days) there were no differences between injured and sham-
control mice in social interaction time (Nolan et al., 2018). The same
negative results were reported in hTau mice when assessed 3 weeks, 3
months, and 1 year following sub-concussive (20 × 0.13 J, 24-h in-
tervals) or concussive (20 × 0.24 J, 24-h intervals) CHIMERA (Gangolli
et al., 2019). However, during the social novelty trial, injured wild-type
mice spent significantly less time interacting with the “novel mouse,”
suggesting partial impairment in social memory (Nolan et al., 2018),
perhaps related to working memory (Table 6). Social interaction has
been shown to be impaired in a mouse model following repetitive mTBI
(Yu et al., 2017), but some prior studies assessing sociability in mouse
TBI models have found that TBI alone does not result in changes in
social behaviors, but when TBI and stress are combined, social beha-
viors decrease (Klemenhagen et al., 2013; Mouzon et al., 2014). Future
work will be needed to determine if sociability is affected by mild TBI
alone.

6.10. Sex differences in behavior following CHIMERA

There has been very little study on sex differences in behavioral
deficits following CHIMERA-induced injury. Krukowski and colleagues
reported that the behavioral disinhibition observed in the EPM (in-
creased time spent in the open arms) following repeated CHIMERA
(5 × 0.5 J, 24-h intervals) was only seen in male, not female, mice
(Krukowski et al., 2020). Sauerbeck and colleagues compared male and
female mice on many behavioral tests following modCHIMERA at in-
jury levels of 1.7 J and 2.1 J (Sauerbeck et al., 2018). They found si-
milar nesting impairments in injured female and male mice, although
uninjured female mice displayed poorer nesting behaviors compared to
male mice. In the OF, injured female mice (2.1 J) were more active than
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male mice (2.1 J) the day following injuries. Injured female mice (1.7 J)
showed a slight advantage to injured male mice in the MWM, but in-
jured females (2.1 J) had a reduction in social interaction behaviors
compared to male mice (2.1 J). No sex differences were observed in the
social novelty/memory test, rotarod, EPM, or TST (Sauerbeck et al.,
2018).

6.11. Comparison to other TBI models

Despite being a relatively new TBI model, functional deficits fol-
lowing CHIMERA injury have been assessed on an impressively wide
range of behavioral domains, particularly those most commonly studied
following TBI: motor, cognitive, and neuropsychiatric symptoms. Motor
and cognitive deficits like those shown following CHIMERA have been
demonstrated for a couple of decades using classical TBI models such as
CCI (e.g., (Fox et al., 1998; Leary et al., 2017; Tucker et al., 2016;
Wagner et al., 2007)) and FPI (e.g., (Harrison et al., 2015; Huang et al.,
2014; McIntosh et al., 1996; Saatman et al., 1996)), as well as with
more recently-developed models including rCBI (e.g., (Jamnia et al.,
2017; Tucker et al., 2019)) and blast injury (e.g., (Cernak et al., 2011;
Yin et al., 2016)). However, results from neuropsychiatric symptom
(i.e., anxiety, depression) testing have historically been less consistent
(Malkesman et al., 2013; Tucker et al., 2017). For example, within the
CCI model some investigators employing the EPM or EZM have re-
ported increased anxiety (e.g., (Chauhan et al., 2010; Tchantchou et al.,
2014)) while others have found reduced anxiety (e.g., (Tucker et al.,
2017; Washington et al., 2012)) or no changes (e.g., (Amorós-Aguilar
et al., 2015; Watanabe et al., 2013)), and the disparate results seem to
not be explained by differences in injury location, severity, or time of
testing after injury. Likewise, measured depressive symptoms in other
TBI models have been variable; as described previously, reduced de-
pressive symptoms have been reported following rCBI (Gold et al.,
2018; Tucker et al., 2019), although others have found evidence of
increased depression (e.g., (Klemenhagen et al., 2013; Petraglia et al.,
2014)) or no changes (e.g., (Liu et al., 2017; Yang et al., 2015)).
Comparatively, results to date from CHIMERA experiments have been
quite consistent, with open field testing showing thigmotaxis (increased
anxiety) at more acute (< 2 weeks post-injury) and EPM testing
showing greater anxiety at later time points. In addition, results fol-
lowing tests of depressive-like symptoms are also relatively consistent,
primarily with no changes found, or, decreased depressive symptoma-
tology. This consistency compared to other experimental TBI models
may be due to the standardized design and use of the device, and will
expectantly continue to be borne out in future studies.

7. Summary and conclusions

7.1. Cumulative findings

The findings from the current CHIMERA literature can be sum-
marized as follows. 1) The majority of CHIMERA studies thus far in-
clude a similar paradigm of 2 × 0.5 J injury separated by 24 h. 2)
Pathological findings suggest that CHIMERA produces a diffuse injury
with both acute and chronic damage in white matter tracts in parti-
cular. 3) Changes in microglial density and activation were observed
after CHIMERA in white and grey matter. 4) Astrocyte activation was
also found after injury. 5) Pathology, however, depends on the injury
design and the time of analysis after impact. As found with other pre-
clinical TBI models, for example, cytokine expression was acute and
transient while the inflammatory response may not appear immediately
following injury, but is potentially longer lasting. 6) Robust injury in
white matter tracts, especially the optic tracts, following CHIMERA was
demonstrated by histology and through DTI techniques. 7) The righting
times and suggested loss of consciousness immediately subsequent to
CHIMERA was found to display an increase in duration, as impact en-
ergy level was increased, but at least one group suggested this measure

is inconsistent. 8) Behavioral testing revealed consistent deficits in
motor skills, such as beam walk and rotarod after CHIMERA injury, but
no alteration in general ambulation. 9) The MWM and Barnes maze
have been utilized in spatial learning and memory assessment with
reported impairments post CHIMERA that are long lasting. 10)
Compared to sham counterparts, injured rats displayed more im-
pulsivity. 11) Results describing deficits in social interaction and social
novelty are inconclusive and more data are needed. 12) Variability in
anxiety-like behavior after CHIMERA may indicate an acute period of
anxiety followed by long-term disinhibition. 13) Studies suggest
CHIMERA injury does not induce depression symptoms. 14) A single
study investigated potential sex differences in nesting behavior, moti-
lity, and social interaction and reported poorer nesting in uninjured
females, more activity in injured females compared to injured males,
and female social interaction impairment following CHIMERA.

7.2. CHIMERA challenges in application

CHIMERA, as a non-surgical procedure, allows study of the effects of
“milder” repetitive injuries; the most frequently reported TBI malady.
The development of a model that is available for commercial distribu-
tion allows for laboratories to employ the same devices, which lends to
better opportunities for comparability. Likewise, CHIMERA devices for
the mouse, rat, and ferret are similar in design, which offers the op-
portunity for simultaneous testing and comparison across commonly
used species. However, dose-response studies for species, such as the
experiment conducted by Namjoshi and colleagues in mice (Namjoshi
et al., 2017), should be defined so that the CHIMERA can be scaled
properly for differing animal models. The supplemental table provided
by Namjoshi and colleagues, for example, provides a comparison for
scaling of a few rotational models by reporting change in velocity,
angular velocity, linear and angular acceleration, and Head Injury
Criterion (Namjoshi et al., 2014). In addition to addressing potential
scaling concerns between pre-clinical animal models, scaling to humans
presents a challenge. As with other impact models, there is the need to
balance the intensity of the injury within a range that results in tissue
damage from acceleration, but minimizes compression injuries. Nam-
joshi and colleagues described a scaling process by using the equal
stress/equal velocity as the basis for translatability to humans
(Namjoshi et al., 2014; Viano et al., 2009). However, differences in
anatomy may confound expectations, since sudden changes in velocity
or rotation without linear motion lead to brain acceleration and de-
celeration with possible skull deformation. Rodents have more flexible
bone structure than humans, which allows for reduced rates of velocity
change and milder injury than can be sustained by the more rigid
human skull (Cullen et al., 2016; Holbourn, 1943; Namjoshi et al.,
2017; National Research Council Committee on Sports-Related
Concussions in Youth, 2014; Ommaya et al., 1966). Given the limitation
of many models to reduce compression injuries, such as skull fractures,
the application must be performed with caution. One solution for
CHIMERA and other closed-head injury studies requiring higher impact
levels for higher acceleration has been the employment of a plate or
helmet to dissipate the focal nature of impact force from the piston.
However, a challenging limitation is careful standardization for the use
of plate or helmet designs, which can vary between laboratories that
employ them (cf., (McInnes et al., 2020)).

7.3. Maintenance for CHIMERA

Related to application, suggested maintenance is provided in the
CHIMERA manual (University of British Columbia Wellington
Laboratory and the Orthopedics and Injury Biomechanics Group, 2017).
The piston barrel should be inspected regularly for abrasion or ex-
cessive wear, and cleaned of any debris that could alter piston function.
The air compressor can be vulnerable to water and debris accumula-
tion, which can be prevented by routine filter replacement. The
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photogates are fragile and can affect the photocoupler velocity mea-
surement if disturbed. Annual photogate validation with a high-speed
video system is recommended to ensure accurate velocity reporting. If
the velocity variation is greater than 4% at a set pressure, then recali-
bration and piston barrel cleaning are needed. Natural processes can
affect machinery operation, such as rust formation, and regular in-
spection and care can determine the presence of loose components or
screws. Complications can arise from misalignment of the piston barrel
and photogate or body plate, piston rubber cap dislodgement, and
software connection problems; thus requiring standard inspection.

7.4. Future prospects

The employment of CHIMERA as a model of impact-acceleration has
the promise to broaden our understanding of the biological foundations
of TBI. As with other pre-clinical models, there is a potential for con-
founding due to the use of anesthesia, and studies are needed that ad-
dress the impact of anesthesia upon changes (Bodnar et al., 2019;
Wojnarowicz et al., 2017). Since TBI often occurs in younger and older
human populations, more research needs to be performed with male
and female animals of various ages to enable further translatability
(Faul et al., 2010). The majority of CHIMERA studies were performed in
mice, with one study each in rats (Vonder Haar et al., 2019) and ferret
(Whyte et al., 2019).

All CHIMERA reports (to date) have used the devices with animals
in a supine position. This results in motion in the sagittal plane. In
neonatal pigs, studies have indicated the sagittal plane results in greater
injury, compared to horizontal or coronal rotation, for measures such as
duration of consciousness and apnea, intracranial pressure, and degree
of edema and intracranial bleeding (Cullen et al., 2016; Eucker et al.,
2011), with horizontal rotation causing an intermediate level of pa-
thology (Eucker et al., 2011; Sullivan et al., 2015). Earlier studies in
primates observed that coronal rotation resulted in greater injuries than
horizontal rotation (Gennarelli et al., 1982), and Maxwell and collea-
gues provided evidence that axons in the plane of a force (corpus cal-
losum with coronal rotation in non-human primates) exhibit damage
(Maxwell et al., 1993). Authors have speculated the disparities may
result from species differences in the center of mass and center of ro-
tation, and species differences in tract orientation related to how they
are affected by the strain field (Cullen et al., 2016). Consistently,
greater damage is sustained in tracts lying in the plane of rotation, and
coronal rotation in the primate may essentially match horizontal plane
effects in the pig as a result of cephalic flexure in primates (Cullen et al.,
2016; Eucker et al., 2011). Reconfiguration of the CHIMERA devices
allow a comparison of sagittal and horizontal impacts, and this will be
of interest related to studies suggesting different planes of injury may
result in varying functional and morphological outcomes (Browne et al.,
2011; Mychasiuk et al., 2016).

Imaging studies with CHIMERA are to a certain extent limited to
DTI, since CHIMERA shows subtle and diffuse injuries, which are dif-
ficult to detect. Only four articles with CHIMERA and neuroimaging
have been published to our knowledge; thus, additional CHIMERA
imaging is needed. The CHIMERA injury presents possible external
damage from impact, but most of the pathology shows diffuse damage.
The pathology included in the CHIMERA literature primarily focuses on
microglial and astrocytic responses, but the staining pattern depends on
the area of focus and time point after injury. Additional histological
markers, such as further myelination change characterization, and time
analyses with CHIMERA should be explored. As reviewed earlier, little
is known about other physiological aspects with CHIMERA, such as
electrophysiological and blood-brain barrier responses and a variety of
behavioral tasks have yet to be tested after CHIMERA. Motor function
has been evaluated with traditional methods, such as the rotarod and
beam walk, but additional assessments for fine motor abilities have not
been implemented. Only one study evaluated aggression, so another
area for investigation includes aggression after repetitive CHIMERA

injuries. The potential effect of mTBI on sociability also has yet to be
determined. The 19 CHIMERA publications have laid some groundwork
for the emerging CHIMERA field, but the limited number of articles
enables further investigation to confirm and extend upon the current
findings.

7.5. Common data elements for CHIMERA

Detailed description of instrument application is a critical compo-
nent of experiment reporting. It allows investigators to replicate con-
ditions, make critical choices in their research planning, and evaluate
the veracity of reported findings. Investigators of all publications re-
viewed here provided essential information regarding the unit of energy
(Joule) that was applied (Table 1). However, the CHIMERA literature
has not previously provided guidelines for what additional parameters
should be reported. The need for model standardization has been re-
cognized for decades (Margulies et al., 1990; Meaney et al., 1995), and
common data elements were recognized in clinical research as an es-
sential requirement for standardization (Hicks et al., 2013; Thurmond
et al., 2010). Smith and colleagues recently outlined a comprehensive
roster of common data elements (CDEs) for pre-clinical TBI studies that
includes core CDEs that should be described in publications for all pre-
clinical TBI models (Table 1 in (Smith et al., 2015)), as well as detailed
identification of parameters specific to the most common pre-clinical
TBI models (Tables 2–5 in (Smith et al., 2015)). These recommenda-
tions relate to comprehensive guidelines for experimental design con-
siderations formulated by the National Institutes of Health (NIH)
(https://www.nih.gov/research-training/rigor-reproducibility/
principles-guidelines-reporting-preclinical-research), as well as an ex-
tensive list of CDEs (provided in ZIP files) on the Federal Interagency
Traumatic Brain Injury Research website, https://fitbir.nih.gov/
content/preclinical-common-data-elements#section-page-title. Akin to
the report by Smith and colleagues, Table 7 provides suggested CDEs
for investigators who employ the CHIMERA device. In addition to the
core element reporting for animal phenotype, basic treatment variables
and outcome measures (Table 1 in (Smith et al., 2015)), primary factors
to consider are details regarding the model, data collection, and ana-
lysis description (Namjoshi et al., 2014; Smith et al., 2015).

Although there is some variablility in CHIMERA study designs, re-
search standardization and proper machine maintenance will allow for
valuable comparison and knowledge integration. The CHIMERA device
enables reliable impact-rotational acceleration of animal models and
consistent changes for behavior, imaging, and pathology have been
reported. Findings thus far indicate motor and cognitive deficits and
diffuse axonal injury following CHIMERA. The CHIMERA provides
translatability opportunities for the clinically important mechanism of
rotational acceleration.

Table 7
Closed-Head Impact Model of Engineered Rotational Acceleration (CHIMERA)
relevant data elements.

Injury model characteristics Air pressure (psi)-energy (Joules)
calibration

Manufacturer Change in velocity (m/s)
Impactor design (mass, material, shape, rigidity) Linear velocity
Impactor retraction Angular velocity (rad/s)
Storage tank pressure Rotational velocity
Injury site (impact location) Linear acceleration (g)
Angle of the animal on the platform Angular acceleration (krad/s2)
Modifications (helmet, body protection, animal

stabilization method)
Rotational acceleration

Information regarding device calibration Velocity of impactor (m/s)
Rotation range and plane High speed camera analysis for

head displacement
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