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Abstract

Exposure to explosive shockwave often leads to blast-induced traumatic brain injury in military and civilian populations. Unprotected ears
are most often damaged following exposure to blasts. Although there is an association between tympanic membrane perforation and TBI

in blast exposure victims, little is known about how and to what extent blast energy is transmitted to the central nervous system via the
external ear canal. The present study investigated whether exposure to blasts directed through the ear canal causes brain injury in Long-
Evans rats. Animals were exposed to a single blast (0—30 pounds per square inch (psi)) through the ear canal, and brain injury was evaluated
by histological and behavioral outcomes at multiple time-points. Blast exposure not only caused tympanic membrane perforation but also
produced substantial neuropathological changes in the brain, including increased expression of c-Fos, induction of a profound chronic
neuroinflammatory response, and apoptosis of neurons. The blast-induced injury was not limited only to the brainstem most proximal to the
source of the blast, but also affected the forebrain including the hippocampus, amygdala and the habenula, which are all involved in cognitive
functions. Indeed, the animals exhibited long-term neurological deficits, including signs of anxiety in open field tests 2 months following
blast exposure, and impaired learning and memory in an 8-arm maze 12 months following blast exposure. These results suggest that the
unprotected ear canal provides a locus for blast waves to cause TBI. This study was approved by the Institutional Animal Care and Use
Committee at the University of Mississippi Medical Center (Animal protocol# 0932E, approval date: September 30, 2016 and 0932F, approval
date: September 27, 2019).
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Introduction The mechanisms that mediate blast wave-induced brain
injury remain controversial (Hicks et al., 2010). Proposed
mechanisms include direct passage of the blast wave through
the skull, in which compression of the torso results in transfer
of the blast wave’s kinetic energy to the brain via hydraulic
oscillations within the vasculature, often associated with
intracranial bleeds and subarachnoid hemorrhage (Courtney
and Courtney, 2009; Moss et al., 2009; Simard et al., 2014).
- o Another proposed mechanism is that the foramina of the skull
el et al, 2018) Primry blst iuies cavsed by e icha the scoustc meaus, opic conal, of framen magnum
of uncertainty in that they are not always clinically apparent "2 prowd_e d conduit for the blast wave to enter the cranial
. Y v way 1y app vault (Mediavilla Varas et al., 2011).

in contrast to a secondary penetrative or tertiary trauma,

such as the blunt force trauma after being blown into a wall.  As air-filled structures that are directly exposed to the

Blast-induced traumatic brain injury (bTBI) has been a major
cause of morbidity and mortality in the Irag and Afghanistan
conflicts. In addition to initial injuries, individuals with bTBI
are more likely to report long-term consequences, including
dizziness and imbalance, anxiety, cognitive deficits, and
behavioral deficits (Fausti et al., 2009; Akin and Murnane,
2011; Bogdanova and Verfaellie, 2012; Walker et al., 2015;
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surrounding air, unprotected ears are among the most
frequently damaged sites during blast exposure (Dougherty
et al., 2013; Ballivet de Régloix et al., 2017). Structures of the
external ears serve to collect and direct sound waves into the
ear canal, and the middle and inner ears consist largely of
air, liquid, and soft tissue with minimal, thin bone separating
the cranial vault near the brainstem and the cerebellum.
However, the potential contribution of the ear as a conduit
of the shock-wave damage to the brain and produce bTBI
has not achieved much attention and is controversial. For
example, clinical studies of blast victims revealed a significant
association between tympanic membrane perforation and
loss of consciousness in blast exposure (Xydakis et al., 2007).
However, a computational modeling study suggested that
changes in intracranial pressure were not associated with
changes in pressure in the ear canal (Akula et al., 2015).
Therefore, the present study examined whether shock waves
directed at the ear is associated with bTBI.

The bTBI animal models in the literature typically use shock
tubes that deliver blast waves to the whole head or whole
body, in which the orientation of the acoustic meatus with
respect to the blast waves is not controlled. Thus, the whole
body blast causes damage to not only the brain but also
peripheral gas-filled organs such as lungs and intestine. To
test the hypothesis that the ears could serve as a route to
induce bTBI, we developed a new blast generator that delivers
precisely controlled pressure waves directly into the external
ear canal (Sandlin et al.,, 2018; Yu et al,, 2020). In the present
study, we investigated whether the ear serves as an important
conduit for blast exposure-induced brain injury at both
structural and functional levels.

Materials and Methods

Animals

Experiments were performed in a total of 79 adult female
Long Evans rats weighing 200-250 g (~9-10 weeks old)
(Harlan, Indianapolis, IN, USA). This study was conducted in
strict accordance with the National Institutes of Health Guide
for the Care and Use of Laboratory Animals. The Institutional
Animal Care and Use Committee at the University of Mississippi
Medical Center approved all the procedures employed in this
study (Animal protocol# 0932E, approval date: September 30,
2016 and 0932F, approval date: September 27, 2019). Rats
were group housed 2—3 per cage on a 12-hour light/dark cycle
in a temperature and humidity-controlled environment, with
water and food provided ad libitum.

Blast exposure

To study the role of ear-conducted blast overpressure in the
development of TBI while avoiding confounding complications
from injuries to additional organ systems, we designed a novel
blast generator that delivers focused pressure waves into
the external ear canal (Sandlin et al., 2018; Yu et al., 2020).
Briefly, a modified high-power air gun outfitted with a high-
frequency and high-sensitivity integrated-circuit-piezoelectric
(ICP) pressure sensor (PCB Piezotronics, Depew, NY, USA) was
attached to a stainless-steel funnel 40 mm in length with a 3.0
mm outlet to direct the pressure pulse to the ear and installed
on a stereotaxic frame (David Kopf Instruments, Tujunga, CA,
USA). This novel blast generator design produces Friendlander
shock waves with a rise time of ~2.2 ms and a duration of
~7.3 ms which resemble the blasts directed at the whole
head in previously studies (Cernak et al., 2011; Ewert et al,,
2012; Abdul-Muneer et al., 2013; Newman et al., 2015). Blast
exposure through the ear canal was performed in isoflurane
anesthetized animals (inhalation, 2%, Covetrus, Dublin, OH,
USA). Each rat was laid on the right lateral decubitus position.
Body temperature was maintained at 37.0°C with a feedback
heating pad. Under the guidance of a digital otoscope, the
animal’s head position was adjusted until the nozzle of the

blast generator was centered over the tympanic membrane.
The left ear was exposed to a single blast of varying intensities
from 0—-30 pounds per square inch (psi). Integrity of the
tympanic membrane was examined before and after blast
exposure. Control animals underwent the same anesthesia,
preparation, and monitoring, except the pressure wave
was not employed. Following blast exposure, the rats were
maintained on a heating pad until fully recovered from
anesthesia and continued to be monitored until fully mobile
and showing rearing and normal movement.

Immunohistochemistry

Rats were transcardially perfused with saline followed by 4%
paraformaldehyde (PFA). Brains were post-fixed in 4% PFA for
24 hours and then cytoprotected sequentially in 10%, 20%, and
30% of sucrose solutions. Serial free-floating coronal sections
(40 um) were prepared using a freezing stage microtome
(SM 2000R, Leica, Wetzlar, Germany). To detect and identify
cell types that express c-Fos and cleaved caspase-3, double-
immunofluorescence staining of c-Fos (1:400, Cat#5348, Cell
Signaling Technology, Danvers, MA, USA) or cleaved caspase-3
(Cat# 9664, 1:400; Cell Signaling Technology) with antibodies
specific for neurons (NeuN; Cat# MAB377, 1:800; EMD
Millipore, Burlington, MA, USA), microglia (Ibal; 1:1000, Cat#
019-19741, FUJIFILM Wako Chemicals USA), and astrocyte
(GFAP; Cat#MAB360, 1:1500; EMD Millipore) was performed.
To determine if macrophages extravasated into the brain,
double-immunofluorescence were performed using antibodies
against macrophage marker ED1 (Cat#MAB1435, 1:400;
EMD Millipore) and endothelial cell marker CD31 (Cat# PAS-
16301, 1:200; Thermo Fisher Scientific, Waltham, MA, USA).
Briefly, brain sections were rinsed in PBS twice and blocked
with 10% normal goat serum (EMD Millipore) in PBS for 1
hour at room temperature. Following washing in PBS, sections
were incubated in primary antibodies overnight at 4°C with
gentle shaking. The sections were then washed three times
in PBS and incubated with goat anti-mouse-lgG Alex fluo488
(Cat#A28175, 1:400; Thermo Fisher Scientific) or donkey anti-
rabbit-1gG (Cat# A32794, 1:1600; Thermo Fisher Scientific)
for 2 hours at room temperature. Following washing three
times in PBS, the sections were mounted on slides and air-
dried. Nuclei were counterstained with DAPI in the mounting
medium (Vector Laboratory, Inc. Burlingame, CA, USA). Slides
were examined by a confocal laser scanning microscope (Nikon
Instruments, Melville, NY, USA) and images were acquired by a
digital monochrome camera.

Immunopositive cells were quantified by two approaches.
Because Iba” microglia were brightly immunostained with
high density and relative homogenous distribution, they
were counted using ImageJ software (version 1.51s, NIH,
Bethesda, MD, USA). Briefly, whole brainstem sections (bregma
—13 mm) were first scanned using a 10x objective lens to
visualize microglia distribution, and then image stacks were
acquired using a 20x objective lens in the area indicated
by an arrow in Figure 1B, where a significant increase of
microglia around facial nerve track is observed. The Z-stacks
were compressed into a single image, which was converted
into 8-bit format. After adjusting the threshold to make
individual Ibal” cells clearly distinguishable from background,
the cells were then automatically counted by the software.
Cell density was expressed as number of counts per mm’.
Because c-Fos and caspase-3" cells were much less abundant
with highly heterogeneous distribution, they were counted
manually under 20x objective lens. c-Fos” cells were counted
exhaustively throughout the entire cross section of brainstem
(bregma —13 mm) and the regions in hippocampus, habenula
and amygdala (bregma —3.9 mm) as illustrated in Figure 2C.
Caspase-3" cells were identified only in the brainstem but not
any forebrain regions, therefore they were counted only in the
brainstem sections. The expression of c-Fos and caspase-3*
cells was presented as total number of positive neurons in
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brainstem, hippocampus, amygdala and habenula. A total of
3 sections per rat and 3-9 rats per experimental group were
used for histological analysis.

Behavioral tests

Locomotor activity and anxiety behavior were assessed using
an open field test (Seibenhener and Wooten, 2015) at 2
and 4 months post blast exposure (sham or 30 psi). The rats
were allowed to acclimate in the behavioral test room for 2
hours before the test. Each animal was placed in a 40 x 40 cm
activity chamber and allowed 20 minutes to explore. An Opto-
Varimex ATM3 Auto-Track System (Columbus Instruments,
Columbus, OH, USA) was used to record frequency of entries
in each of the monitor’s 16 squares defined by infrared
beams. The squares were pre-determined to be centrally or
peripherally located. The automated software integrated into
the ATM3 Auto-Track System counted the beam breaks and
duration of time spent in each square. Entries to the central
squares and to the total field were analyzed.

An 8-arm water radial maze test (Penley et al., 2013) was
performed 12 months after blast exposure to assess the
effects on spatial learning and memory. The 8-arm maze was
placed in a plastic tub with ~165 cm in diameter and 30 cm
in depth. The tub was filled with room temperature water.
A labeled escape platform was placed 1 cm below the water
surface, at the end of one of the 8 arms. Blast-treated rats
and age-matched sham control rats were trained to identify
the location of an escape platform marked with a visual cue
in one of the 8 arms. Three memory tests were performed
2, 24, and 48 hours after the training. Each test consisted
of 5 consecutive trials. Latency to reach the platform was
recorded. Data were collected by individuals blinded to the
conditions.

Statistical analysis

Statistical analyses were performed using SigmaPlot (Systat
Software, Inc., San Jose, CA, USA). Differences among
experimental groups were analyzed by two-way analysis of
variance (ANOVA) or non-parametric Kruskal-Wallis ANOVA
on ranks and post hoc Dunn’s test. Differences between
two experimental groups were analyzed by Student’s t-test.
P values of less than 0.05 were considered statistically
significant. Mean values + SEM or the median, quartile (25%
and 75%), maximum and minimum are presented.

Results

Post-blast observations revealed a complete recovery of the
animals. The animals did not show any signs of severe TBI, i.e.,
loss of consciousness, loss of balance, loss of coordination,
or significant decrease of body weight. The threshold for
rupturing the rat tympanic membrane was 15 psi, which is
comparable to other animal models of TBI using shock tubes
(Ewert et al., 2012; Cho et al., 2013).

Ear blast exposure increases c-Fos expression

Since induction of c-Fos expression is one of the most
sensitive indications of neuronal activation upon various
insults to the CNS, c-Fos immunofluorescence staining was
conducted to determine regional distribution of activated
neurons in response to blast exposure. A number of studies
have shown that c-Fos induction occurs early in TBI models,
typically within 1-6 hours upon insults (Czigner et al., 2004;
Wang et al., 2014), therefore we collected brain tissue 1 hour
after blast exposure. Exposure to the pressure shockwaves
induced an intensity-dependent increase in c-Fos expression
in the brainstem around the 4™ ventricle and facial nerves
(Figure 2). Co-staining of the sections with various markers
demonstrated that c-Fos were exclusively expressed by
NeuN"* neurons (Figure 2B) but not GFAP+ astrocytes or Iba"
microglia (data not shown). Although the majority of c-Fos’

neurons were observed in the brainstem (Kruskal-Wallis one
way ANOVA on ranks with post hoc Dunn’s test, H = 10.803
with 3 degrees of freedom, P =0.013), a lesser but significant
increase was also detected in certain forebrain regions,
including the hippocampus (H = 13.008 with 3 degrees of
freedom, P = 0.005), amygdala (H = 18.238 with 3 degrees of
freedom, P < 0.001), and habenula (H = 8.519 with 3 degrees
of freedom, P = 0.036; Figure 2D). There was no significant
difference in c-Fos expression between the contralateral and
ipsilateral sides of the brain.

Ear blast exposure activates microglia

Reactivity of microglia was examined at 6 hours, 7, 14, 29,
and 56 days following 30 psi of ear blast exposure. Ear blast
exposure resulted in a marked increase of Ibal” microglial
density in the brainstem (Figure 1A-H). Although microglia
was activated globally, the blast side especially the region
surrounding the facial nerve showed the highest microglial
density. Blast-induced microglia activation was also evident
by their noticeable morphological transformation. Microglia
of control rats exhibited typical ramified morphology
characterized with smaller soma and multiple thin and long
processes (Figure 1C). In contrast, microglia in the blast
rats exhibited larger soma but fewer, shorter, and thicker
processes (Figure 1D-H). The increases in microglial density
and morphological transformation were apparent as early
as 6 hours post-blast exposure, peaked around 7-14 days,
and gradually declined but persisted chronically for up to 56
days. Two-way ANOVA analysis of microglial density in areas
surrounding the facial nerve revealed significant effects of
blast exposure (P < 0.001), side of blast (P < 0.001), and their
interactions (P < 0.001; Figure 1Q). Blast exposure induced
a significant increase in Ibal” microglial density on the
ipsilateral side of the blast source at all time-points examined,
i.e., 6 hours, 7, 14, 29, and 56 days following the exposure.
At the peak, i.e., 14 days post blast, blast exposure caused
an approximately two-fold increase in microglial density
(163.37 + 8.11 vs. 308.69 + 10.24 counts/mm?, P < 0.001). On
the contralateral side, however, increase in Ibal" microglial
density was only detected at 6 hours and 29 days following
the exposure. The density of Ibal” microglia on the ipsilateral
side was significantly higher than those on the contralateral
side at 6 hours (P < 0.001), 7 days (P < 0.001), 14 days (P <
0.001), 29 days (P < 0.001), and 56 days (P < 0.001) following
blast exposure. There was no significant difference in microglia
density between the two sides in sham control rats (P = 0.075).

In addition to the brainstem that showed robust microglial
activation, the forebrain regions were also affected. For
example, Ibal® cells in the periventricular region and the
hippocampus also exhibited morphologic evidence of
activation (Figure 11-P). However, no significant changes
in Ibal® microglial density were observed in either the
hippocampus or periventricular areas following blast exposure.

Ear blast exposure leads to macrophage infiltration into the
brainstem

To investigate the blood-brain barrier (BBB) integrity following
blast exposure, we examined whether blast exposure causes
macrophage infiltration by ED1 immunostaining. As expected,
ED1" cells were observed exclusively in the meninges but none
in the brain parenchyma of the sham rats. Following 30 psi
of ear blast exposure, however, a large amount of ED1" cells
were found in the brainstem parenchyma in a spatiotemporal
pattern. For example, a small number of ED1" cells was noted in
the parenchyma at 7 days but not at 6 hours. By day 14, a large
amount of ED1" cells emerged in the parenchyma, primarily
located on the medial and ventral domains of the brainstem
(Figure 3). From day 14 onwards, the number of ED1" cells
tended to decline and were significantly decreased by day 56.
To find out if these parenchymal ED1" cells were infiltrated
macrophages from systemic circulation, we performed double-
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immunostaining of ED1 with CD31, a marker for endothelial
cells. As shown in Figure 31-L, some of the ED1" cells were
apparently in close proximate with blood vessels (arrows
in Figure 3L), suggesting that they were likely extravasated
macrophages due to increased permeability of BBB following
blast injury. We did not observe any ED1" cells in the forebrain
areas.

Ear blast exposure induces neuronal injury

Following 30 psi blast exposure there was a significant
increase of caspase-3" cells in the brainstem (Figure 4A).
Double-immunostaining revealed that caspase-3 expressing
cells were exclusively NeuN" neurons (Figure 4B). Interestingly,
activation of caspase-3 seemed to be a delayed event as it
was not observed at earlier time-points (6 or 24 hours post-
blast). Quantitative analysis revealed a significant increase in
caspase-3" neurons at 3, 29 and 56 days post blast (Kruskal-
Wallis one-way ANOVA on ranks and post hoc Dunn’s test, P
< 0.001; Figure 4C). We did not observe caspase-3* cells in
the forebrain at any of the time-points examined in the rats
exposed to the blast.
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Figure 2 | Blast through the ear induces neuronal c-Fos expression.
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Behavioral changes

We examined anxiety behavior of sham (n = 10) and blast-
exposed rats (30 psi) (n = 14) using the open field test. Animals
exposed to the blast had fewer entries in the center of the
open field than the sham animals at 2 months (n = 4, Kruskal-
Wallis one way ANOVA on Ranks, P = 0.005) following the
exposure (Figure 5), indicating higher levels of anxiety. There
was no difference, however, in number of entries to the total
open field (one-way ANOVA on Ranks, P = 0.12) suggesting
that the effects of blast exposure on the center entry was
not due to a general loss in locomotion. At 4 months (n = 10)
post blast exposure, there was no difference in the number of
center entries and total entries.

Eight-arm water maze tests were performed 12 months after
the blast exposure. The animals exposed to blast (n = 11) took
longer time to find the escape platform than the age-matched
sham rats (n = 10) 2 hours after the training (Student’s t-test,
P = 0.034), indicating impaired learning and memory (Figure
6). There was no significant difference in the escape latency
between the two groups 24 and 48 hours after the training.

Figure 1 | Ear blast exposure leads to microglial
activation.

Representative low power micrographs show a
marked increase of Ibal” microglia across the
whole brainstem section in a rat exposed to 30 psi
blast (B) as compared to a sham-blast rat (A). The
region with highest density of Iba1l” microglia was
noted around the facial nerve in the ipsilateral
blast side (arrow in B). Microglial transformation
from ramified (C: sham) to activated morphology
(D-H: 6 hours, 7, 14, 29 and 56 days after blast,
respectively) is indicated by their larger cell bodies
and thicker/shorter processes. Seven days after
blast, activated microglia were also found in the
forebrain. The severely affected regions include
the lateral ventricle wall adjacent to the caudate
putamen, where clusters of activated microglia
(denoted by arrows heads and arrow in J & L)
were easily found when compared to the sham (|
& K). Increased microglial density (O: illustrated
by a low power micrograph) and activated
characteristics (arrow in P) were also noted in
the hippocampus of blasted rats, as compared to
the sham rats (M & N). Images N&P were taken
from the boxed areas in M and O, respectively.
Scale bars: 250 umin A, B, |, J, M, O and 50 um

in C-H, K, L, N, P. Time-dependent changes of
Ibal” microglia density in the brainstem following
blast exposure (30 psi) are shown in Q. Two-way
analysis of variance. *P < 0.05, **P < 0.01, ***P
<0.001, vs. sham group. N = 3-6 each group. LV:
Lateral ventricle; psi: pounds per square inch.
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Widespread and unevenly distributed c-Fos' cells (arrows) were detected in the brainstem 1 hour following 30 psi blast (A). Double immunofluorescence
showed that c-Fos’ cells were exclusively co-localization with NeuN" neurons (B). Scale bars: 100 um in A, 50 um in B. The distribution of c-Fos’ cells in the
brainstem (top and middle panels) and forebrain (bottom panel) is illustrated in C. (D) Quantitative analysis of cell counting showed a significant increase of
c-Fos” cells across different brain regions. Data were analyzed by Kruskal-Wallis one-way analysis of variance on ranks and post hoc Dunn’s test, each symbol
represents the median and quartile (25 and 75%). N = 7-9 rats per condition.*P < 0.05, vs. Sham. psi: Pounds per square inch.
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Figure 4 | Activation of caspase-3 by blast exposure (30 psi).

Caspase-3" cells were detected in the brainstem at 3, 7, 14, 29 and 56 days
after blast. Representative low power micrographs indicate clusters of
caspase-3" cells (arrows in A) from a rat 29 days following blast exposure.
Double immunostaining revealed that cleaved caspase-3" cells are exclusively
NeuN" neurons (arrow heads in B). Scale bars: 500 um in A and 20 um in B.
(C) Analysis of caspase-3" cell counting. Kruskal-Wallis one-way analysis of
variance on ranks, each symbol represents the median, quartile (25% and
75%), n = 4—6 rats per condition. *P < 0.05, vs. sham group. psi: Pounds per
square inch.

Discussion

The existing animal models of bTBI usually use open field
explosion or shock tubes to deliver blast waves to the whole
head or whole body (Ma et al., 2019; Kim et al., 2020). To
specifically assess the impact of pressure waves through the
ear on the brain, our system was designed to address two
sources of variance. One is that orientation of the ear canal
with respect to the blast waves was fixed in our model. The
other one is that the model avoids blast-induced damage to
other gas-filled organs such as lungs and intestines. The blast
generator in the present study reliably produces a signature
Friedlander wave ranging from 0 to 100 psi, with a rise time
of 2.2 ms and a duration of 7.3 ms (Sandlin et al., 2018),
similar to those generated by an explosion in an open space
(Cernak et al., 2011; Ewert et al., 2012). Calibrations show
excellent input and output correlations, indicating that the
mechanical forces are reproducible and under precise control.
The tip of a speculum was aimed to the rat ear canal under
the guidance of an otoscope so that the spatial relationship
between the direction of the blast wave and the orientation of
the ear canal is consistent from blast to blast. The threshold of

Blast 56 d

Figure 3 | Infiltration of macrophages in the brainstem
after blast exposure.

ED1" cells (arrow heads) were observed exclusively in

the meninges but not parenchyma of sham rats (A & E),
whereas a significant number of ED1" cells emerged in the
parenchyma at 14 (B & F) and 29 days (C & G) after blast. By
day 56, the number of parenchyma ED1" cells was markedly
reduced. Double-immunostaining revealed that some ED1"
macrophages are closely associated with CD31" endothelial
cells (arrows). Scale bars: 500 um in A-D, 100 um in E=H, 50
um in I-L.
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Figure 5 | Animals exhibited signs of anxiety following ear blast exposure.
Open field tests were performed 2 and 4 months following 30 psi of ear blast
exposure. Top panel: Representative tracks for sham or blast-exposed rats.
The sham rat explored the entire field while the blast-exposed rat avoided
open area. Lower Panel: Quantitative analysis revealed that the frequency

of entries into the central squares significantly decreased in rats exposed

to blast. Kruskal-Wallis one-way analysis of variance on ranks, each symbol
represents the median, quartile (25% and 75%), n = 4-10 rats per condition.
*P < 0.05, vs. sham group. psi: Pounds per square inch.
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Figure 6 | Ear blast leads to impaired learning and memory in 8-arm maze
tests.
Blasted rats (30 psi) exhibited longer escape latency for short-term memory
(2 hours post training) at 12 months post blast as compared to age-matched
sham controls (Student’s t-tests). Trials 1-5: 2 hours post training; trials 6-10:
24 hours post training; trials 11-15: 48 hours post training.*P < 0.05, vs. sham
group. N = 11 (Blast) and 10 (Sham). psi: Pounds per square inch.

rupturing the rat tympanic membrane was ~15 psi, which was
comparable to other animal studies (Ewert et al., 2012; Cho et
al., 2013). The model was validated by our previous studies,
which showed that blast exposure evoked well-defined
cardiovascular and respiratory responses as well as inner ear
vestibular injury in rats (Sandlin et al., 2018; Yu et al., 2020).

Blast victims often experienced ear injuries. Tympanic
membrane rupture, hearing loss (Cho et al., 2013), vestibular
symptoms such as dizziness and imbalance occurred
immediately after blast exposure and some of the symptoms
persisted months, or even years after the exposure (Fausti
et al., 2009; Akin and Murnane, 2011). The current U.S.
army helmet uses layers of Kevlar and a foam suspension to
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protect the skull from penetrating and blunt-force injuries,
but leaves the ears vulnerable to high-pressure waves from
an explosion. Ear protection is often foregone in order to
maintain greater situational awareness. A clinical study of 501
US service members (Dougherty et al., 2018) showed that
hearing protection was associated with a lower incidence
of non-impact, blast wave-induced concussion, suggesting
that ears might serve as a direct route of transfer of blast
energy to focal areas of the brain. The present study, for the
first time, demonstrated that blast waves delivered directly
into the external ear canal not only caused peripheral inner
ear vestibular damage (Yu et al., 2020), but also caused
substantial neurophathological changes in the brain especially
in the brainstem near the internal auditory meatus. The
transmitted energy of the shockwave was also transmitted
to more distant areas of the brain as increased expression of
c-Fos was found not only in the brainstem that is closer to the
blast source, but also in forebrain regions relevant to cognitive
function, anxiety and depression such as the hippocampus,
the amygdala and the habenula (Yang et al., 2018). c-Fos is a
well-studied immediate-early gene that is used as a marker
of neuronal activation in the brain. Increased expression
of c-Fos has been associated with several TBI models and
considered as an important interface between the primary
phase and later pathological manifestations in TBI (Marciano
et al., 2002; Russell et al., 2018). The finding of widespread
c-Fos activation indicates that the unprotected ear provides
a vulnerable locus for blast waves to impact the brain. It is
noteworthy that the region surrounding facial nerves showed
particular high density of c-Fos expression. A potential means
by which transduction may occur is that blast energy from
the ear canal ruptures the tympanic membrane, the oval and
round windows, then propagates to the brain through the
internal auditory meatus which provides a passage through
which the vestibulocochlear nerves, the facial nerve, and the
labyrinthine artery pass from the inner ear to the brain. This
mechanism is supported by a shock tube study conducted
with a spherical gelatin filled skull-brain surrogate (Mediavilla
Varas et al., 2011). Compared to a closed skull, the presence
of openings on the skull and its orientation has a stronger
effect on the internal pressure.

A common feature of TBI-induced neuropathology is
neuroinflammation (Donat et al., 2017; Simon et al., 2017;
Rusiecki et al., 2020). In the current study, we investigated
the spatiotemporal changes of microglia after the ear focused
blast exposure. Our data demonstrated that the primary
mechanical insult by the blast shockwave also triggered a
widespread and chronic neuroinflammatory response that
was associated with neuronal death and behavioral deficits.
Increase in microglial number and morphological changes
occurred as early as 6 hours post blast exposure and persisted
chronically for up to 56 days, which was companied by
neuronal death (caspase-3). Interestingly, the emergence of
ED1" cells exhibited a similar but more delayed pattern that
appeared most prominent between days 14 to 29 but largely
resolved at day 56 post-blast. The finding that some of the
ED1" cells were in a close proximity of blood vessels suggests
that they were likely extravagated macrophages due to
increased permeability of the BBB. However, unlike activated
Iba" microglia found in both the brainstem and forebrain,
ED1" cells were only observed in the brainstem. Together, the
results indicate that microglia were activated early and more
widespread than macrophages, which were more restricted to
the brainstem that is most proximal to the source of the blast.

Brain inflammation appears to have a dual function, i.e. it
plays a neuroprotective role during an acute-phase response
but becomes detrimental if it persists into a chronic state
(Guzman-Martinez et al., 2019; Wofford et al., 2019; Leng
and Edison, 2020). The activation of microglia has a significant
implication in the development and progression of many

neurodegenerative diseases. It has been hypothesized
that microglia play dual role in Alzheimer’s disease (AD)
progression (Hansen et al., 2018; Kinney et al., 2018; Bartels
et al., 2020). Early in AD pathogenesis, microglia are essential
for clearing AP and restoration of homeostasis in the brain.
However, prolonged activation of the immune response
results in an exacerbation of AD pathology. As the disease
progresses, microglia produce proinflammatory factors and
lose their ability to clear AB. This inflammatory environment
ultimately becomes toxic to the surrounding neurons,
resulting in neuronal degeneration and disease progression.
Blast-induced TBIs are associated with chronic traumatic
encephalopathy that may lead to development of AD (Agoston
et al., 2017). Studies of military personnel have shown that
among TBI subjects exposed to blast, blood AB levels were
significantly higher than those of non-exposed controls (Olivera
et al., 2015). Moderate blast exposure caused a higher
concentration of amyloid precursor protein in peripheral
blood (Gill et al., 2017). Individuals with bTBI are more likely
to report behavioral deficits in mood, anxiety, and negative
effects on cognition (Bogdanova and Verfaellie, 2012; Muelbl
et al., 2018). The behavioral tests from the current animal
study also demonstrated that the animals received ear blast
exposure exhibited increased anxiety behavior and impaired
learning and memory. Our overall results suggested that
unprotected ears provide a vulnerable locus for blast waves
to damage the brain; shock waves primarily delivered through
the ear canal trigger an acute and chronic inflammatory
response that could increase the risk of later development
of neurodegenerative diseases such as AD. This vulnerability
highlights the necessity for wearing ear protection in blast-
prone locations, such as battlefield, training or industrial
environments, not only to protect hearing, but also to protect
from ear-conducted bTBI. These data further reinforce the
importance of development of advanced ear protection that
would allow users with normal or enhanced hearing acuity
and localization while still protecting the brain from the blast
shockwaves via the ear canal and acoustic meatuses.

In conclusion, utilizing an unique ear focused animal model
of bTBI, we demonstrated that ear blast caused a substantial
neuropathological changes and behavioral deficits in animals,
suggesting that the ear provides an important conduit for
blast to impact the brain. To better understand the role of the
ear in the bTBI, future studies will further investigate whether
whole body blast with ear protection can prevent or lower
injury severity of bTBI.
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