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Abstract

Acoustic information transduced by cochlear hair cells is continuously relayed from the auditory
pathway to other sensory, motor, emotional and cognitive centers in the central nervous system.
Human epidemiological studies have suggested that hearing loss is a risk factor for dementia and
cognitive decline, but the mechanisms contributing to these memory and cognitive impairments
are poorly understood. To explore these issues in a controlled experimental setting, we exposed
adult rats to a series of intense blast wave exposures that significantly reduced the neural output of
the cochlea. Several weeks later, we used the Morris Water Maze test, a hippocampal-dependent
memory task, to assess the ability of Blast Wave and Control rats to learn a spatial navigation task
(memory acquisition) and to remember what they had learned (spatial memory retention) several
weeks earlier. The elevated plus maze and open field arena were used to test for anxiety-like
behaviors. Afterwards, hippocampal cell proliferation and neurogenesis were evaluated using
bromodeoxyuridine (BrdU), doublecortin (DCX), and Neuronal Nuclei (NeuN) immunolabeling.
The Blast Wave and Control rats learned the spatial navigation task equally well and showed no
differences on tests of anxiety. However, the Blast Wave rats performed significantly worse on the
spatial memory retention task, i.e., remembering where they had been two weeks earlier. Deficits
on the spatial memory retention task were associated with significant decreases in hippocampal
cell proliferation and neurogenesis. Our blast wave results are consistent with other experimental
manipulations that link spatial memory retention deficits (long term memory) with decreased cell
proliferation and neurogenesis in the hippocampus. These results add to the growing body of
knowledge linking blast-induced cochlear hearing loss with the cognitive deficits often seen in
combat personnel and provide mechanistic insights into these extra auditory disorders that could
lead to therapeutic interventions.
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Introduction

Exposure to intense noise has long been known to damage the sensory hair cells and neurons
in the cochlea resulting in permanent hearing loss (Hamernik et al., 1984; Lin et al., 2011b).
Although the primary site of damage is in the cochlea, there is growing recognition that
noise-induced hearing loss causes structural and functional changes in the central auditory
pathway (Baizer et al., 2015; Calford et al., 1993; Feng et al., 2012; Michler and Illing,
2002; Morest and Bohne, 1983; Robertson et al., 2013). These noise-induced disturbances
in the central auditory system are believed to contribute to debilitating disorders such as
tinnitus and hyperacusis (Eggermont, 2015; Mohan et al., 2018; Xu et al., 2016). The
auditory system, however, does not function in isolation, but is part of a much larger neural
connectome in which information is exchanged with other sensory, motor, emotional and
cognitive centers in the brain (Chen et al., 2015; Kraus and Canlon, 2012; Lesicko et al.,
2016; Mclntosh and Gonzalez-Lima, 1998; Pascual et al., 2015; Xu et al., 2016; Yang et al.,
2018). When viewed in this broader context, it may come as no surprise to learn that hearing
loss is a risk factor for dementia and cognitive decline (Lin et al., 2011a; Liu and Lee, 2019).
The link between hearing loss and cognitive decline is reinforced by intervention studies
showing that hearing remediation with a cochlear implant leads to a significant improvement
in cognitive function (Mosnier et al., 2015).

The hippocampus, which plays a critical role in memory and cognitive processing (Munoz-
Lopez et al., 2010; Sweatt, 2004), is one of two regions in the adult brain where
neurogenesis occurs (Altman and Das, 1965; Shors et al., 2001). Recent evidence suggests
that neurogenesis in the granule cell layer of dentate gyrus plays a pivotal role in pattern
separation and spatial navigation (Clelland et al., 2009; Goodman et al., 2010; Winocur

et al., 2006). New granule cells in the dentate gyrus are integrated into hippocampal-
cortical networks involved in the retrieval of remote spatial memories (Goodman et al.,
2010). Granule cell neurons are spatially tuned and possess stable place fields (Jung and
McNaughton, 1993).

Information from neurons in the dentate gyrus is relayed to the CAL area of the dorsal
hippocampus (Fontana et al., 2006; Gehrmann et al., 1991; McNaughton et al., 1989).
Spatially-tuned pyramidal place cells in the dorsal hippocampus (Fenton et al., 2000; Hufner
et al., 2011; Ravassard et al., 2013; Tamura et al., 1992a; Tamura et al., 1992b) receive
inputs from grid cells in the entorhinal cortex (Moser et al., 2014). This hippocampal-
entorhinal circuit has been implicated in memory-guided behaviors (Aronov et al., 2017).
The spatial tuning of hippocampal place cells is not static, but can be altered by intense
noise exposures that cause temporary hearing loss (Goble et al., 2009; Szczepaniak and
Moller, 1996). These results suggest that the functional properties of hippocampal place
cells might be permanently altered by hearing loss which could disrupt the formation or
consolidation of long-term memory traces relevant to spatial recognition memory.

We previously reported that severe unilateral noise-induced hearing loss significantly
reduced cell proliferation and neurogenesis in the hippocampus (Kraus et al., 2010).
Subsequently, others reported that bilateral noise-induced hearing loss also suppresses
cell proliferation and neurogenesis in the hippocampus (Liu et al., 2018; Shukla et al.,
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2019). Additionally, when their subjects were tested on the Morris Water Maze (MWM),

rat and mice with noise-induced hearing loss had significantly more difficulty learning

the spatial navigation task (memory acquisition) and as well as remembering the task
(memory consolidation). These deficits were correlated with decreased cell proliferation and
neurogenesis.

Combat personnel exposed to blast waves not only suffer from hearing loss (Helfer et al.,
2011), but also memory deficits (Cooper et al., 2016; Gilbertson et al., 2001; McDermott et
al., 2016). Among noise-exposed combat personnel, lower memory scores were correlated
with a decline in hippocampal volume (Tischler et al., 2006). However, it is unclear if

the memory deficits were due to noise-induced hearing loss or other comorbid factors. To
overcome these limitations, we exposed rats to a series of 185 dB peak SPL blasts which

we previously have shown causes a severe hair cell loss in the basal third and a moderate
hair cell lesion (<30% loss) in the apex of the cochlea (<20 kHz) plus a 35% reduction
hippocampal neurogenesis (Newman et al., 2015). This intensity was used because it is
similar to those experienced by military personnel operating howitzers, rocket launchers and
some rifles (Garinther, 1979; Jokel et al., 2019), but below the intensity that causes the
tympanic membrane to rupture in rats. Afterwards, we tested for memory deficits, anxiety
and changes in hippocampal cell proliferation and neurogenesis. Among the rats with blast-
induced hearing loss, there was a significant reduction of cell proliferation and neurogenesis
and a significant deficit in spatial memory consolidation. However, the blast-induced hearing
loss did not impair short-term spatial memory acquisition or induce anxiety.

2.0 Methods

The experimental time line for conducting different components of the study are
schematized in Figure 1. Bromodeoxyuridine (BrdU) was administered for 12 consecutive
days prior to the blast wave exposure or sham exposure; the goal was to determine if the
blast wave exposure would affect the long-term survival of new cells generated prior to the
exposure. Forty-five days after the blast wave exposure, the rats were trained for 6-days on
the MWM task to assess their ability to learn a spatial navigation task in which they learned
the position of a hidden platform in the MWM (i.e., spatial memory acquisition). Fifteen
days later, the rats were given a single probe trial with the hidden platform removed from
the maze; the purpose of the probe trial was to assess spatial memory retention. A few days
later, the rats were evaluated on the elevated plus maze (EPM) and open field (OF) test to
assess anxiety. Several days later, the CAP was recorded to determine the degree to which
the blast wave exposure suppressed the neural output of the cochlea. Immediately afterwards
the anesthetized rats were perfused intracardially with fixative and the brain harvested for
histological analysis of the hippocampus.

2.1 Animals:

Eighteen 3-4 month old, male SASCO Sprague-Dawley rats (Charles River Laboratories,
Wilmington, MA) were used for this study; 14 served as sham controls and the remainder
were blast wave exposed. The experimental procedures used in this study were approved by
The University at Buffalo Institutional Animal Care and Use Committee.

Hear Res. Author manuscript; available in PMC 2022 May 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Manohar et al.

Page 4

2.2 Blast wave exposure:

The equipment and methods used for the blast wave exposures have been described in

our earlier publication (Newman et al., 2015). Each rat was anesthetized with a ketamine/
xylazine mixture (50 mg/kg/6 mg/kg, intraperitoneal, (i.p.)) and placed in a wire-mesh cage
5 cm in front of the opening of the blast tube with the rat facing the opening of the blast
generator. Each animal was subjected to six blast waves; one blast every five-minutes. The
average blast peak pressure level was 185 dB peak SPL (+/- 0.6 dB SEM; 50.4 kPa).
Age-matched sham controls were treated in the identical fashion except that they were not
subjected to any blast wave exposure.

2.3 Hearing assessment:

The compound action potential (CAP), which reflects the neural output of the cochlea, was
used to assess the degree of hearing impairment as described in our previous reports (Chen
et al., 2010; Sheppard et al., 2017). Rats were anesthetized with a ketamine/xylazine cocktail
(50/6 mg/kg, i.p.) and body temperature was maintained at 37 °C using a homoeothermic
blanket (Harvard Apparatus, Holliston, MA). The animal’s head was placed in a custom
head holder. The ventral surface of the right bulla was surgically exposed and a small
opening made in the bulla to visualize the round window membrane. A ring electrode
constructed from gold Teflon coated wire was placed on the round window and a silver
chloride reference electrode was inserted into the neck muscle. The output of the electrodes
was amplified 1000X, (Model P15; Grass Instruments), filtered (0.1-3.0 kHz) and fed to a
16 bit A/D converter (Tucker Davis Technologies, RP2.1 real-time processor) connected to a
personal computer.

The CAP was elicited with tone bursts (6, 8, 12, 16, 24 and 40 kHz, 10 ms duration, 1

ms rise/fall time, cosine gated) generated with Tucker Davis Technologies hardware (RP2.1,
System 3). The electrical signal was led to a programmable attenuator (TDT PA5) followed
by a custom power amplifier and fed to an ACO %" condenser microphone driven in reverse
that served as the loudspeaker. The sound source was housed in a custom ear bar that

was inserted into the rat’s ear canal to deliver the sound close to the tympanic membrane.
Sound intensities generated by the speaker were calibrated with a coupler approximating the
volume of the rat’s ear canal. Stimulus intensity was decreased by 10 dB SPL steps from 80
dB SPL to 0 dB SPL. The neural response from the electrodes was digitized over a 20 ms
interval. Using custom software, the CAP was isolated from other components of the neural
response by using a 3-kHz low-pass filter. The difference in amplitude between the N1 and
P1 components of the CAP was used to quantify the CAP amplitude. CAP threshold was
defined as the stimulus intensity that elicited a response of 5 uV. Between-group differences
in CAP /0O functions were tested for significance using a repeated measure (intensity)
two-way analysis of variance (ANOVA). Between group differences in CAP thresholds were
tested for significance using a one-way ANOVA (Prism GraphPad or SigmaStat Software).

2.4 Hippocampus histology:

Brain tissue was collected 11 weeks after the blast wave exposure using procedures
described in detail in our earlier publications (Manohar et al., 2012; Newman et al.,
2015). Rats were anesthetized with a lethal dose of Fatal Plus (86 mg/kg; IP, Vortech
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Pharmaceuticals) and transcardially perfused first with 0.1 M phosphate-buffered saline
(PBS) and then with 10% phosphate buffered formalin. The brains were carefully removed
and post-fixed for one week in 10% formalin at 4 °C, followed by cryoprotection with
30% sucrose in Tris-buffered saline (TBS) for 24 h. Afterwards, the brain was sectioned

at a thickness of 40 mM with a cryostat in the coronal plane to obtain sections along the
rostral-caudal axis of the hippocampus. Sections were stored in a solution of 30% ethylene
glycol and 30% glycerol in 0.1 M PBS at —20 °C.

DCX: Brain sections were immunolabeled with doublecortin (DCX), a microtubule-
associated protein (Santa Cruz Biotechnology, Dallas, TX) transiently expressed in hewborn
neurons for 2-3 weeks following neurogenesis (Brown et al., 2003). As described in our
earlier publications (Manohar et al., 2011; Paolone et al., 2011), DCX was visualized

by first incubating brain sections overnight at 4 °C with an anti-DCX primary antibody
(goat, polyclonal, sc-8066, Santa Cruz, 1:500). DCX was visualized by incubation with

an appropriate biotinylated secondary antibody (Vector Laboratories, Burlingame, CA).
Sections were then processed with the avidin-biotin-peroxidase complex technique followed
by the glucose oxidase modification of the diaminobenzidine tetrahydrochloride (DAB)
method. After DAB processing, sections were mounted on slides, dehydrated in ethanol,
cleared in xylene and sealed with Depex (Electron Microscopy Sciences, Hatfield, PA).
Darkly labeled DCX-positive somas were counted along the length of the subgranular zone
(SGZ) in each dentate gyrus using a light microscope (400X). DCX counts were obtained
from both the left and right side of the hippocampus of each section. The length of the

SGZ was measured utilizing ImageJ software. DCX data were quantified by dividing the
number of DCX-labeled soma by the length of the SGZ (cells/mm as a standard measure)
as described in our earlier publication (Kraus et al., 2010). DCX counts were obtained from
every third section; 50 sections were evaluated from each rat. The mean value from the 50
sections constituted a single measure for each rat in the Control group (n=6) and the Blast
Wave group (n=5).

2.5 BrdU and NeuN:

To identify cells in the hippocampus that had undergone cell division, rats were treated

with BrdU, a thymidine analogue incorporated into the DNA of dividing cells during the
S-phase of cell division. Blast wave (n=3) and sham control rats (n=3) were injected with 50
mg/kg of BrdU (Sigma, B5002, IP) for 12 consecutive days immediately prior to the blast
or sham exposure. Brain sections obtained from these animals were double-labeled using a
mouse antibody against BrdU (Developmental Studies Hybridoma Bank, #G3G4, deposited
by Kaufman, S.J.) to cells that had undergone cell division and a rabbit monoclonal antibody
against NeuN (Cell Signaling Technology, #D3S3l) to identify those neurons. Sections were
incubated in blocking solution [Tris-buffered saline (TBS), 1% normal horse serum, 1%
bovine serum albumin (BSA) and 0.1% Triton X-100 (T-X)] for 30 min. Afterwards, the
sections were incubated overnight at 4 °C followed by three rinses with 0.1% TBS. To
visualize the mouse BrdU primary antibody and rabbit NeuN primary antibody, the sections
were incubated for 2 h at room temperature with a combination of donkey anti-mouse
secondary antibody conjugated to Alexa Fluor 488 (1:1000) and donkey anti-rabbit Alexa
Fluor 568 (1:1000). The secondary antibodies were prepared in a solution containing 1%
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normal horse serum, 1% BSA and 0.1% Triton X-100. Afterwards, the hippocampal sections
were washed three time in 0.1 M PBS, mounted and cover-slipped on glass slides with
ProLong Antifade reagent (Invitrogen, Carlsbad, CA) and examined with a Zeiss Laser
Scanning Microscope (LSM 510/Zeiss Axio-confocal Microscope). BrdU-positive cells and
BrdU/NeuN co-labeled cells were counted along the length of the SGZ of the dentate

gyrus as described previously (Kraus et al., 2010). SGZ length was measured using ImageJ
software and data were expressed as number of labeled cells/mm of SGZ.

Counts of BrdU-positive cells and BrdU-positive cells colocalized with NeuN-positive

cells were obtained from both the left and right side of the hippocampus of each

section. The length of the SGZ was measured utilizing ImageJ software. Results were
quantified by dividing the number of BrdU immunoreactive cells and BrdU-positive NeuN
immunoreactive cells by the length of the SGZ (cells/mm as a standard measure) as
described in our earlier publication (Kraus et al., 2010). NeuN and BrdU counts were
obtained from every third section; 25 sections were evaluated from each rat. The mean value
from the 25 sections constituted a data point for each rat in the Control group (n=3) and the
Blast Wave group (n=3).

2.6 Morris Water Maze:

The Morris Water Maze (MWM), a well-established test of spatial navigation and memory,
was used to determine how effective rats in the Control group (n=6) and Blast Wave

group (n=6) were at learning where the hidden platform was located (memory acquisition)
and how well they could remember the location of hidden platform (memory consolidation/
retention (Brandeis et al., 1989; Morris, 1984; Snyder et al., 2005). The diameter and height
of the MWM were 2 m and 60 cm, respectively. The pool was filled with water to a

depth of 44 cm and water temperature was maintained at 26 °C (+/- 1 °C). The MWM

was bisected into four equal quadrants designated northeast (NE), southeast (SE), northwest
(NW) and southwest (SW). An escape platform (12.2 cm length, 12.2 cm width and 43.2
cm height) was placed in the middle of the NE quadrant of the pool; the surface of the
hidden platform was submerged 2 cm below the water surface. The MWM was located in

a room with distinct objects on the walls to provide visual cues that the rat could utilize to
locate hidden platform. Testing for memory acquisition began 45-days post-treatment and
continued for six consecutive days. Each animal was given eight acquisition trials per day.
The rat was placed in a random quadrant (NE, SE, NW, SW; each quadrant occurring with
equal frequency) with the rat’s head facing the pool wall. When the rat found the platform,
it was allowed to remain on the platform for 10 seconds. However, if the rodent failed

to locate the platform within 60 s, it was guided towards and placed on the platform by

the experimenter. Each animal was dried off with a towel and allowed to rest five minutes
between acquisition trials in a cage located beneath a heat lamp. The output of the video
camera above the MWM was fed to AnyMaze tracking software, which was used to record
the swim pattern of the rat on each trial. The software calculated the time (latency) to

reach the hidden platform, distance traveled, speed, and path efficiency. The time (latency)
required to reach the hidden platform was used to quantify how quickly the rat learned the
location of the hidden platform.
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Two weeks after completing the memory acquisition trials, each rat was tested for its ability
to remember the location of hidden platform. Memory retention was assessed on a single
probe trial in which the hidden platform was removed from the MWM. The rat was placed
in the SW quadrant of the MWM with its head facing the pool wall. The rat was allowed

to swim in search of the missing hidden platform. After 60 s, the rat was removed from the
MWM, dried off with a towel and placed in a cage under a heat lamp. The video camera and
AnyMaze tracking software were used to record the swim pattern of the rat. Spatial memory
retention was quantified by measuring the amount of time the animal spent in each quadrant.
If an animal remembered the location of the hidden platform, it would spend significantly
more time in the quadrant where it had acquired a spatial memory of the hidden platform.
However, if the rat failed to remember where the hidden platform had been located, then it
would swim randomly about and spend roughly equal time in all four quadrants.

2.6 EPM and OF tests:

Following MWM testing, the rats in the Control group (n=6) and Blast Wave group (n=6)
were evaluated on the EPM and the OF paradigm to test for group differences in generalized
anxiety (Fig. 1) (Sidor et al., 2010; Vetter et al., 2002). The EPM consisted of two open arms
(length: 50 cm, width: 10 cm) and two closed arms (length: 50 cm, width: 10 cm, height:

30 cm) with the open and closed arms were oriented opposite to one another. The EPM was
positioned 50 cm above the floor. On each trial, the rat was placed at the end of a closed

arm with its head facing into an opening at the intersection of the four arms. The rat was
allowed to remain in the EPM for 10 minutes during which time an overhead video camera
connected to AnyMaze software was used to count the entries and amount of time the rat
spent in the open arms or closed arms.

After completing the EPM test, the rats in the Control group and Blast Wave group were
evaluated using the OF test to determine if there were differences in anxiety and motor
activity (Anchan et al., 2014). The circular, black, plastic OF arena had a radius of 1.4 m
and the height of the circular wall was 60 cm. The video camera and AnyMaze software
were used to optically define the inner zone and outer zone. The inner zone was defined as
the area within 1.14 m of the center. The outer donut-shaped ring was defined as the area
outside the circular inner zone, but within the circular border of the arena. Each rat was
placed in the center of the circular arena and allowed to move about freely for 10 minutes.
The camera connected to AnyMaze software was used to measure time spent in the inner
zone and outer zone, time spent immobile versus moving about, average speed, and the total
distance traveled.

3.0 Results

3.1 Hearing Impairment:

To confirm that the intense blast exposure caused a severe hearing loss similar to that
observed in our earlier report (Newman et al., 2015), the CAP was evaluated in three rats
in the Blast Wave group and compared to the CAP obtained from three rats in the Control
group approximately 11-weeks post-exposure. The CAP input/output functions at 6, 8, 12,
16, 24 and 40 kHz are shown in Figure 2A-F. The horizontal dashed line at 3 UV was
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operational defined as the CAP threshold. In Controls, the thresholds ranged from 0-10

dB SPL except at 40 kHz where threshold increased to approximately 25 dB SPL. CAP
amplitudes increased with stimulus intensity in the Control group; the maximum amplitude
at 80 dB SPL ranged from approximately 70-100 uV. However, mean CAP amplitude in the
Blast Wave group were extremely low and remained below the 3-uV threshold at 8, 24 and
40 kHz; thresholds responses of 80, 70 and 80 dB SPL were only achieved at 6, 12 and 16
kHz respectively. As expected, blast wave exposure at 185 dB peak SPL caused very severe
hearing loss affecting virtually all frequencies consistent with our previous report (Newman
etal., 2015).

3.2 Decreased DCX Immunolabeling:

DCX, a microtubule-associated protein, is transiently expressed in newborn neurons (Brown
et al., 2003). To determine if the DCX expression was affected by the blast wave exposure,
we counted the numbers of DCX immunolabeled cells per mm length along the dentate
gyrus in the hippocampus of rats in the Control group (n=6) and the Blast Wave group
(n=5). Data were obtained approximately 11-weeks post-exposure. Figure 3A-B shows
representative coronal sections from a Control rat. Many darkly-stained cells can be seen
along the edge of the dentate gyrus (Fig. 3A). At a higher magnification, long, thin

axonal and dendritic processes were evident extending out from the darkly-stained soma

in Control animals. Figure 3C-D shows representative photomicrographs from a rat in the
Blast Wave group. Few DCX-stained cells were seen along the dentate gyrus (Fig. 3C).
Higher magnification views revealed a dearth of processes extending from the few DCX
soma that were present (Fig. 3D); the few processes that were present were thinner and less
ramified. The numbers of DCX cells per mm length of the dentate gyrus were determined
bilaterally in 50 hippocampal sections from each Control rat (n=6) and Blast Wave rats
(n=5). The mean (+SEM) data from the individual rats in each group are summarized in
Figure 3E. Approximately 12.3 DCX cells per mm were present in Controls versus 6.7 DCX
in the Blast Wave group; this difference was statistically significant (t-test, t = 2.64, 9 df, p
=0.028).

3.3 BrdU and cell proliferation:

Rats in the Control group (n=3) and Blast group (n=3) were injected daily with BrdU

for 12 days just prior to the blast exposure to label cells dividing around the time of the
blast or sham exposure. Approximately 11-weeks post-treatment, the hippocampal sections
were co-labeled with an antibody that recognizes BrdU and another recognizing NeuN, a
protein expressed in neurons. Figure 4A-B show representative coronal sections from the
hippocampus of Control rats. Numerous NeuN-positive cells lined the granule cell layer of
the dentate gyrus (Fig. 4A). BrdU-positive cells were also present in the granule cell layer of
the dentate gyrus, but as expected, there were fewer BrdU-labeled cells than NeuN-positive
cells (Fig. 4B). Figure 4C shows a merge of panels A and B (yellow represents green/red
overlap). The inset shows a higher magnification image of yellow labeled cells illustrating
the coregistration of BrdU (green) with NeuN (red). Figure 4D-E show representative
images of coronal sections from the hippocampus of a rat from the Blast Wave group. Many
NeuN-positive cells were present in the granule cell layer of the dentate gyrus (Fig. 4D), but
relatively few BrdU-positive cells were seen in the corresponding region (Fig. 4E). Figure
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4F is a merge of panels D and E. There was a paucity of cells with yellow fluorescence
because fewer cells in the Blast Wave group coexpressed BrdU and NeuN; labeling in the
Blast Wave group was qualitatively less robust than in the Control group.

The numbers of labeled BrdU cells/fmm and BrdU/NeuN cells/mm of the SGZ were
determined for the left and right hippocampus (25 sections/rat) in the Control (n=3) and
Blast Wave (n=3) groups. The mean number of BrdU-positive cells/fmm was 11.32 in the
Control group versus 4.95 in the Blast Wave group (Fig. 4G). The mean number/mm of
BrdU-positive cells was significantly lower in the Blast Wave group than the Control group
(t=4.93, 4 df, p<0.01), results suggesting there was less cell proliferation after the blast wave
exposure.

3.4 Neurogenesis:

Coexpression of NeuN with BrdU has been used to identify proliferating cells that have
differentiated into neurons (Eriksson et al., 1998; Scott et al., 2000). We counted the
numbers of NeuN/BrdU cells/mm in the SGZ of rats in the Control group and Blast Wave
group. There were only 2.17 NeuN/BrdU cells/mm in the Blast Wave group compared

to 6.10 NeuN/BrdU cells/fmm (Fig. 4H). The decreased number of cells/mm in the Blast
Wave group compared to Controls was statistically significant (t=5.16, 4 df, p<0.01).

A subpopulation of dividing cells labeled by BrdU differentiate into NeuN-expressing
neurons. In the Control group, approximately 55% of the BrdU-labeled proliferating cells
differentiated into NeuN-expressing neurons whereas only 42% of BrdU-labeled cells in the
Blast Wave groups expressed NeuN; although the percentage was slightly less in the Blast
Wave group compared to Controls, this difference was not statistically significant. These
results indicate that the percentage of dividing cells that differentiate into neurons is similar
in both the Blast Wave and Control groups.

3.5 Normal spatial acquisition memory:

To test for deficits on spatial acquisition memory, rats in the Control group (n=8) and Blast
Wave group (n=8) were evaluated on the MWM test 45-days post-treatment. Each rat was
given eight memory acquisition trials per day over six consecutive days. The escape latency
time required for the rat to swim around the pool and to locate and climb onto the escape
platform was recorded. The mean (+/-SEM) daily escape latencies for both groups declined
with test day (two-way repeated measure ANOVA, Fs 7o ¢ =12.94, p<0.001); escape latency
time mainly declined over the first four test days and then plateaued at a stable value. The
mean latencies were slightly longer for the Control group than the Blast Wave group across
the six test days (Fig. 5A); however, these differences were not significantly different from
one another (two-way repeated measure ANOVA, F1 70 ¢f = 2.4, p=0.14). To determine if
the rate of memory acquisition was different, we computed the slopes for the escape latency
values from days 1-4 when the escape latency values were declining. We found that the
slopes (sec/trial day) were not significantly different from one another (F 3 152 ¢f = 2.05,
p=0.109). We also compared the Control and Blast Wave groups on distance traveled (m)
(Fig. 5B) and swim speed (m/sec) (Fig. 5C) to reach the hidden platform over test days

1-6 and found no significant difference between the groups. Taken together, these results
suggest that the blast wave exposure did not disrupt the acquisition of spatial memory; rats
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in the Blast wave group were able to learn the task as well as the Control group consistent
with previous studies of hippocampal spatial memory acquisition (Madsen et al., 2003;
Raber et al., 2004; Rola et al., 2004; Shors et al., 2002; Snyder et al., 2005). Although the
differences were not significantly different, the escape latencies were slightly shorter and
swim speed slightly faster in the Blast Wave group compared to the Control group. While
these differences were small, they raise the possibility that Blast Wave rats may be slightly
more motivated to perform the task as suggested by previous studies linking shorter escape
latencies to greater stress-induced motivation (Sandi and Pinelo-Nava, 2007).

3.6 Disrupted long-term retention memory:

To test for long-term retention of spatial memory, the hidden platform was removed from
the northeast (NE) quadrant of the MWM. Testing was performed 15-days after acquisition
training. Rats were placed in the MWM and allowed to search for the missing platform
during a 60 second probe trial (Snyder et al., 2005). The rat in the Control group spent
considerable time swimming in the NE quadrant searching for the missing platform (Fig.
6A) whereas the rat in the Blast Wave group swam randomly about in all four quadrants
(Fig. 6B). Control rats spent on average 30 seconds (+/— SEM) swimming in the NE
quadrant whereas time spent swimming in the other three quadrants ranged from ~8 to 12
seconds (Fig. 6C). Rats in the Blast Wave group spent roughly the same amount of time
swimming in all four quadrants (Fig. 6C). The amount of time Control rats spent in the

NE quadrants was significantly greater than the other three quadrants (one-way ANOVA,
F3. 20 df = 23.36, p<0.0001, Bonferroni post-hoc, p<0.05). These results suggest that the
Control rats had retained their memory of the location of the hidden platform previously
located in the NE quadrant. Rats in the Blast Wave groups behaved much differently than
Controls; they spent nearly the same amount of time (~13-17 seconds) searching for the
hidden platform in all four quadrants. There were no significant differences in the amount of
time spent in the four quadrants (one-way ANOVA, F3 29 gf = 0.34, p=0.80) suggesting that
the Blast Wave rats had no long-term memory recall of the where the hidden platform was
formerly located. We also measured the swim speed (m/sec) and distance (m) traveled in the
Control group and Blast Wave group. There was no significant difference between Control
and Blast Wave groups in terms of mean (+SEM) swim speed (Fig. 6D) or mean (+SEM)
distance traveled (Fig. 6E).

3.7 No evidence of blast-wave induced anxiety:

A number of human studies have noted an association between anxiety and hearing loss
(Arslan et al., 2018; Contrera et al., 2017; Cosh et al., 2018) and transient increases in
anxiety have been observed in rats following blast wave exposure (Awwad et al., 2015).
Therefore, rats in the Control group and Blast Wave group were evaluated approximately
2-months post-exposure on the EPM and OF test, two commonly used behavioral measures
of anxiety. The mean (+SEM) of entries into the open arm of the EPM maze were slightly
greater in the Control group (n=6) than the Blast Wave group (n=6); however, this difference
was not significantly different (Fig. 7A). The mean (+SEM) time spent in the open arm of
the EPM was also slightly greater in the Control group (n=6) than the Blast Wave group
(n=6); however, this difference was not significantly different (Fig. 7B). When evaluated on
the OF test, rats in the Blast Wave group (n=6) made more entries into the inner zone of
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the OF arena than the Control group (n=6); however, this difference was not significantly
different (Fig. 7C). The mean (+SEM) time spent in the inner zone of the OF arena was
greater in the Blast Wave group (n=6) than the Control group (n=6); however, this difference
was not significantly different (Fig. 7D). The lack of any significant difference between the
Control group and Blast Wave group on these two suggest that the blast wave exposure did
not lead to an increase in anxiety.

4.0 Discussion

The 185 dB peak SPL blast wave exposure employed in this study caused a massive
decrease in CAP amplitudes that reduced the neural input to the central auditory pathway.
The pathophysiological changes in the rat cochlea were associated with a persistent
reduction in hippocampal cell proliferation and neurogenesis. Despite the substantial
decrease in cell proliferation and neurogenesis in the hippocampus, the Blast Wave rats were
able to learn where the hidden platform was located in the MWM test as well as Control
rats, i.e., spatial memory acquisition was normal 45 days after the blast wave exposure.
However, when the rats in the Blast Wave group were evaluated for memaory retention
15-days after being trained to locate the hidden platform in the MWM, they had much more
difficulty remembering where the hidden platform had previously been located. Rats in the
Blast Wave group were unable to remember the spatial location of what they had learned just
a few weeks earlier, i.e., impaired memory retention. On the other hand, the blast-exposed
rats with memory retention deficits exhibited normal ambulatory and swimming activity and
showed no behavioral evidence of anxiety-like behaviors during the OF test and EPM.

4.1 Suppression of cell proliferation and neurogenesis:

The BrdU administered to rats just prior to the sham or blast wave exposure is incorporated
into the DNA of hippocampal cells undergoing cell division around the time of treatment.
Therefore, the cells colabeled with BrdU plus NeuN represent those that had divided around
the time of the blast wave exposure and had matured into neurons that survived 11-weeks
post-exposure. Compared to the Control group, there were ~60% fewer BrdU-positive cells
in the Blast Wave group 11-weeks post-exposure suggesting that the Blast Wave exposure
had suppressed cell proliferation shortly after the exposure and/or that the cells that had
proliferated around the time of the injection had not survived for approximately 3 months
following the exposure. There were also ~60% fewer BrdU/NeuN colabeled cells (i.e.,
neurons) in the Blast Wave group compared to the Control group. One interpretation of these
results is that the reduced number of mature neurons colabeled with BrdU/NeuN was largely
due to the blast-induced suppression of cell proliferation that occurred shortly after the blast
exposure or alternatively that the cells which had proliferated and differentiated into neurons
had not survived for 2-months post-exposure.

Increased stress hormone levels have been shown to depress hippocampal neurogenesis
(Cameron and Gould, 1994; Chan et al., 2017) raising the possibility that acute biological
stress associated with our blast exposure could be responsible for the decline in cell
proliferation and neurogenesis shortly after the exposure (Lucassen et al., 2015; Saaltink
and Vreugdenhil, 2014; Zuckerman et al., 2019). Support for this view comes from studies
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showing that basal corticosterone stress hormone levels are transiently upregulated by
intense noise, but typically decline after the exposure (Hayes et al., 2019; Liu et al.,

2016). However, others have reported a significant long-term, post-exposure increase in
corticosterone which presumably lead to decreased neurogenesis in this study (Shukla et al.,
2019). To determine if blast- or noise-induced increases in corticosterone are responsible
for the long-term suppression of neurogenesis, corticosterone levels could be experimentally
reduced prior to the exposure to see if this prevents the decline in neurogenesis (Cameron
etal., 1994; Tea et al., 2019). Glucocorticoid receptors play a critical role in the feedback
network in the hypothalamic-pituitary-adrenal axis that regulates an organism’s response to
stress and neurogenesis. We recently reported a persistent upregulation of glucocorticoid
receptors in the dentate gyrus of the hippocampus following an intense noise-exposure

that caused a persistent decrease in hippocampal neurogenesis (Hayes et al., 2019).
Interestingly, others have reported that mifepristone, a glucocorticoid receptor antagonist,
restored hippocampal neurogenesis following chronic stress (Oomen et al., 2007) and
restored cognitive function following chronic stress (Oitzl et al., 1998; Zuo et al., 2011).

Direct blast-induced compression of the brain could increase oxidative stress, cell death
and chronic inflammation and contribute to the chronic decline in cell proliferation and
neurogenesis in the hippocampus (Huang, 2012; Limoli et al., 2004; Liu et al., 2016;
Lucassen et al., 2006; Sierra et al., 2010)(Whitney et al., 2009). We did not observe any
evidence of gross structural damage to the hippocampus when comparing brain sections
from Blast Wave and Control rats. Consistent with our informal observations, others have
reported little, if any, signs axonal injury or hippocampal cell death using blast exposures
(196-202 dB peak SPL) more intense than those employed in this study. However, the blast
exposures decreased the expression of genes involved in neurogenesis and synaptic plasticity
(Risling et al., 2011). In contrast, some have found that intense blast-wave exposures (~194
dB peak SPL) increased oxidative stress protein in parts of the hippocampus and corpus
callosum, increased expression of amyloid precursor proteins in the hippocampus, medial
geniculate body and auditory cortex and increased expression of glial fibrillary acid protein
in many parts of the brain (Du et al., 2013; Du et al., 2017). Antioxidant therapy reduced
many of these histopathological changes raising the possibility that this antioxidant therapy
might alleviate the blast-induced decline in hippocampal neurogenesis and prevent memory
deficits.

Acute inflammation can stimulate neurogenesis during the initial phase whereas chronic
inflammation tends to suppress it particularly when inflammatory microglia are activated
(Kohman and Rhodes, 2013). The ketamine used to anesthetize the rats during the

blast wave and sham exposure could potentially affect results. It has been reported that
neurogenesis is enhanced by chronic, but not acute ketamine treatment (Clarke et al.,
2017). Therefore, it is unlikely that the single ketamine treatment used in our study would
neurogenesis. On the other hand, ketamine suppresses cytokine activation (Clarke et al.,
2017) and could potentially protect against blast wave damage to the cochlea and brain
(Church et al., 1988; Proescholdt et al., 2001) and indirectly influence neurogenesis in the
Blast Wave group..
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4.2 Chronic suppression of neurogenesis:

Newborn neurons in the hippocampus express DCX for approximately 2-weeks after they
are born. Therefore, the DCX-positive cells seen 11-weeks post-exposure represent neurons
of recent origin. Substantially fewer DCX-positive cells were present in the Blast Wave
group compared to Controls. The DCX-positive cells that were present had fewer, thinner
and less ramified processes than those in the Control group. These changes are reminiscent
to the changes seen in DCX-positive cells in animals that have undergone chronic stress
(Oomen et al., 2007). In general, our DCX results are in line with other reports showing

a persistent reduction in hippocampal neurogenesis caused by other types of noise-induced
hearing loss (Kraus et al., 2010; Liu et al., 2016)(Shukla et al., 2019). We speculate that the
long-term reduction of neurogenesis is caused by a persistent decline in cell proliferation

in the hippocampus as previously reported after blast wave or continuous noise exposure
(Kraus et al., 2010; Liu et al., 2016; Newman et al., 2015; Shukla et al., 2019). Long-term
depression of neurogenesis has also been observed with the loss of sensory information
from vestibular, visual and olfactory sensory systems (Scotto-Lomassese et al., 2002; Zheng
et al., 2001). Similarly, hippocampal neurogenesis is chronically depressed occurs after
severe social defeat. However, imipramine, a broad-acting tricyclic antidepressant, restored
neurogenesis and reversed the depressive behavior induced by social defeat (\Van Bokhoven
et al., 2011). These results suggest that antidepressants could restore neurogenesis and
potentially ameliorate the blast-induced memory deficits.

Epidemiological studies indicate that hearing loss is a risk factor for dementia and cognitive
impairment (Lin et al., 2011a; Liu et al., 2019). Moreover, cognitive decline occurred

more rapidly in subjects with hearing loss compared to normal hearing subjects (Alattar
etal., 2020; Gurgel et al., 2014). Importantly, military personnel with a history of blast
exposure and hearing loss suffer from memory deficits (Cooper et al., 2016; Gilbertson et
al., 2001; Helfer et al., 2011; McDermott et al., 2016; Tischler et al., 2006). Our blast wave
exposures suppressed DCX-labeling in the hippocampus by approximately 35% and resulted
in memory retention deficits. The degree of DCX suppression was nearly identical to that
seen in our earlier study using the same blast wave, presented three times (Newman et al.,
2015). The blast wave-induced suppression of DCX immunolabeling was approximately
50% greater than that reported in three previous studies in which an intense continuous
noise was used to induce hearing loss in mice and/or rats (Kraus et al., 2010; Liu et al.,
2016; Shukla et al., 2019). One interpretation of these results is that intense blast wave
exposures may be more effective at suppressing hippocampal neurogenesis than a less
intense, but longer duration continuous noise exposures. This is a potentially significant
observation given that blast-exposed combat personnel often experience cognitive and
memory impairments (Karr et al., 2014; Shively and Perl, 2012). The link between hearing
loss and cognitive decline is largely correlational; however, significant improvements in
cognitive function have been observed in profoundly hearing impaired subjects that have
receive a cochlear implant (Mosnier et al., 2015). Hearing aids, which can compensate for
cochlear hearing loss, are being evaluated to determine if they can prevent or slow cognitive
decline (https://clinicaltrials.gov/ct2/show/NCT03243422). Clearly, more research needs to
be conducted to determine how hippocampal cell proliferation and neurogenesis are affected
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by factors such as the amount of hearing loss and the contribution of acoustic variables such
as the intensity, frequency and duration of the noise exposure.

memory acquisition:

Forty-five days after the exposure, rats in the Blast Wave and Control groups were trained
over a period of 6 days to locate the hidden platform. We found little difference between the
blast and control groups in this spatial memory acquisition task in term of escape latency,
rate of memory acquisition (slope), distance traveled or speed to reach the hidden platform.
Our blast wave memory retention deficits are thus consistent with earlier studies showing
that other manipulations that suppress adult neurogenesis result in memory retention deficits,
but do not disrupt spatial memory acquisition, (Madsen et al., 2003; Raber et al., 2004; Rola
et al., 2004; Shors et al., 2002; Snyder et al., 2005). In contrast to previous reports, a recent
study claimed that noise-exposed mice learned the MWM spatial memory task more slowly
that control mice (Liu et al., 2016). Closer inspection of their data, however, suggests that
the rate (slope) at which the noise-exposed mice learned the task was similar to controls.
There was a difference in mean escape latency, but this difference could have been due to
other factors such as swim speed rather than rate of memory acquisition. Therefore, we
conclude that prior hearing loss induced by blast wave or intense continuous noise does not
disrupt spatial memory acquisition.

memory retention:

Although our rats were able to learn where the hidden platform was located, the blast

wave exposure disrupted their ability to remember its location several weeks later,

i.e., the memory trace needed to remember the location of the hidden platform had
dissipated. Our results are consistent with many earlier studies that have shown that
suppressing hippocampal neurogenesis significantly impairs long-term spatial memory
retention (Madsen et al., 2003; Raber et al., 2004; Rola et al., 2004; Shors et al., 2002;
Snyder et al., 2005). Our results are also consistent with an earlier study that reported
spatial memory retention deficits in mice several months after they were exposed 2 h to

123 dB SPL broadband noise. This single exposure caused a significant hearing loss over

a broad range of frequencies and destroyed more than 70% the outer hair cell loss in

the high-frequency, basal half of the cochlea (Liu et al., 2016). A more recent study also
reported spatial memory retention deficits in rats exposed to 100 dB SPL broadband noise

2 h per day for 15 days (Shukla et al., 2019). This exposure caused a relatively modest
hearing loss (10-25 dB) and mild outer hair cell lesion (30-40%). However, in contrast to
our results and other reports in the literature (Snyder et al., 2005), the noise-exposed rats in
study had surprisingly longer escape latencies (memory acquisition deficit) and swam longer
and slower than controls (see Fig. 1, (Shukla et al., 2019)). The reasons for these differences
are unclear, but could be related to procedural differences or the much longer, repetitive and
potentially stressful noise exposure.

4.6 Summary:

Our earlier study from 2010 (Kraus et al., 2010) as well as more recent results showed that
noise-induced hearing loss induced strong extra-auditory effects that resulted in a significant
and persistent suppression of cell proliferation and neurogenesis in the rat hippocampus.
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The blast wave-induced suppression of hippocampal proliferation and neurogenesis was
associated with the inability of rats to remember a vitally important location, which they

had previously learned to a criterion level. Our blast wave results and those of other using
intense continuous noise show that cochlear hearing loss can contribute to deficits on a
spatial memory retentions task and that suppression of hippocampal neurogenesis may
contribute to these deficits. More recent results from our lab have revealed a persistent noise-
induced upregulation of glucocorticoid receptors in the hippocampus (Hayes et al., 2019).
Glucocorticoid receptors play a critical role in the feedback network in the hypothalamic-
pituitary-adrenal axis that regulates an organism’s response to various forms of stress that
could exert long-term effects on hippocampal neurogenesis.
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Figure 1:
Experimental time line. BrdU administered 12-days before exposure to 6-blasts of 185 dB

peak SPL. Forty-five days after the blast wave exposure rats were trained for 6-days on the
MWM memory acquisition task followed 15-day later by a single probe trial on the memory
retention task. A few day later, rats were evaluated with the EPM and OF tests. Several

days later, the CAP was measured and immediately afterwards, the brain was perfused with
fixative and subsequently processed for histological analysis of the hippocampus.
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Figure 2:

Blast wave exposure nearly abolishes the compound action potential (CAP). Mean (+/-
SEM) CAP input/output functions recorded from Control group (n=3) and Blast Wave group
(n=3). Data shown for (A) 6 kHz, (B) 8 kHz, (C) 12 kHz, (D) 16 kHz, (E) 24 kHz and (F) 40
kHz. Horizontal dashed line at 3 UV represents operational definition of threshold. Note very
large reduction in CAP amplitudes in the Blast Wave group compared to the Control group.
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Figure 3:
DCX immunolabeling is greatly reduced 11 weeks post-exposure in hippocampus of

Blast Wave rats compared to Controls. (A) Representative photomicrographs of DCX
immunolabeled coronal section from hippocampus of Control rats; inset shows low-
magnification view of coronal sections of hippocampus. Arrowheads point to DCX labeled
cells in the granule cell layer (gcl). (B) Higher magnification view of hippocampus from
Control section showing long, thin, processes extending from a DCX-labeled soma. (C)
Representative photomicrograph of coronal section of hippocampus from Blast Wave rats;
inset shows low magnification view of hippocampus. Few DCX labeled cells (arrowheads)
present in gcl layer of dentate gyrus. (D) High magnification view of dentate gyrus showing
only a few DCX-labeled cells. Note the absence of processes extending from the soma
(arrowhead). (Scale bars: upper row = 100 um; lower row = 50 pm). (E) Histogram showing
the mean (+SEM) number of DCX-labeled cells/mm length of the dentate gyrus in Control
group (n=6) and Blast Wave group (n=5). Significantly fewer DCX cells per mm are
observed in the Blast Wave group compare to the Control group. (t=2.755, 9 df, p<0.05, #).
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Figure 4:
Blast wave exposure reduce the numbers of newborn cells and neurons. (A-B)

Representative photomicrograph of hippocampus from a Control rat labeled with (A)
antibody against NeuN, (B) an antibody against BrdU (B) and (C) Merge of panels A

and B; inset shows yellow cells that co-express NeuN plus BrdU. Numerous NeuN-positive
cells in granule cell layer (gcl) of dentate gyrus (A) of Control; fewer BrdU-positive neurons
in glcl layer of dentate gyrus of Control (B). (D-F) Representative photomicrographs taken
from rat in Blast Wave group 11 weeks post-exposure. Many NeuN-positive cells are present
in gcl layer of dentate gyrus (D), but few BrdU-positive cells are present in gcl layer of
dentate gyrus (E). (F) Merge of panels D and E; inset shows yellow cells that co-express
NeuN plus BrdU. Scale bar in A, D: 200 um. (G) Mean (+SEM) numbers of BrdU-positive
cells per mm length of granule layer of dentate gyrus in Control group (n=3) and Blast
Wave group (n=3); significantly fewer BrdU-positive cells are present in the Blast Wave
group compared to Controls (t =4.93, 4 df; p<0.01, #). (H) Mean (+SEM) numbers of

cell co-labeled with BrdU and NeuN per mm length of granule cell in dentate gyrus.
Significantly fewer BrdU/NeuN co-labeled cells are present in dentate gyrus of Blast Wave
group compared to Controls (t=5.164, 4 df, p<0.001, #). (1) Mean (+SEM) percentage of
dividing cells labeled by both BrdU and NeuN in Control group (n=3) and Blast Wave (n=3)
group. Percentage of cells that coexpressed BrdU/NeuN is slightly less in Blast Wave group
compared to Controls, but the difference is not significant.
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MWM memory acquisition test results 45-days post-blast. Mean latency (+/-SEM) to reach
the hidden platform in northeast quadrant on test days 1-6 for rats in the Control group (n=8)
and Blast Wave group (n=8); no significant between group differences observed. Escape
latencies reached a stable plateau by day 4. Dashed lines show computed slopes for the
Control group (green) and Blast Wave (blue) group for days 1-4; no significant difference in
slope between the Blast Wave and Control groups. (B) Mean (+/— SEM) distance traveled

to reach the hidden platform on test days 1-6 in Control group (n=8) and Blast Wave group
(n=8). No significant difference in distance traveled exits between Blast Wave and Control
groups. (C) Mean (+/- SEM) speed to reach the hidden platform on test days 1-6 in Control
group (n=8) and Blast Wave group (n=8). No significant difference in swim speed exists
between Blast Wave and Control groups.
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Figure6:
MWM spatial memory retention task with missing hidden platform (red circle) removed

from the northeast quadrant (NE). Representative swim pattern on probe trials for a rat

in the Control group (A) and rat in Blast Wave group (B). Rat in Control group swims
predominantly in the NE quadrant whereas rat in Blast Wave group swims nearly equally in
all quadrants. (C) Mean (+/- SEM) time spent in southeast (SE), southwest (SW), northeast
(NE) and northwest (NW) quadrants on 60-second probe trials for Control group (n=8)

and Blast Wave group. Control group spent significantly (p<0.001) more time in the NE
guadrant where that hidden platform had previously been located; Blast Wave group spends
nearly equal amount of time in all four quadrants. (D) mean (+SEM) swim speed of rats

in Control group and Blast Wave group not significantly (ns) different). (E) Mean (+SEM)
distance traveled in Control group and Blast Wave group is not significantly (ns) different.
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Elevated Plus Maze (EPM) results in upper row. (A) Mean (+SEM) numbers of entries
into the open arm of the EPM; no significant difference exits between rats in Control
groups(n=6) and Blast Wave group (n=6). (B) Mean (+SEM) times in seconds spent in the
open arm of EPM; no significant (ns) difference exits between rats in the Control group
(n=6) and Blast Wave group (n=6). Open Field (OF) results shown in lower row. (C) Mean
(+SEM) numbers of entries into the inner zone of the OF; no significant (ns) difference
exists between rats in the Control group (n=6) and Blast Wave group (n=6). (D) Mean
(+SEM) time in seconds spent in inner zone of OF; no significant (ns) difference exits

between Control group (n=6) and Blast Wave (n=6) group.
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