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Abstract

Although the effects of intense noise exposure on the peripheral and central auditory pathway have 

been well characterized, its effects on non-classical auditory structures in the brain, such as the 

hippocampus, are less well understood. Previously, we demonstrated that noise-induced hearing 

loss causes a significant long-term reduction in hippocampal neurogenesis and cell proliferation. 

Given the known suppressive effects of stress hormones on neurogenesis, the goal of the present 

study was to determine if activation of the stress response is an underlying mechanism for the 

long-term reduction in hippocampal neurogenesis observed following noise trauma. To accomplish 

this, we monitored basal and reactive blood plasma levels of the stress hormone corticosterone in 

rats for ten weeks following acoustic trauma, and quantified changes in hippocampal 

glucocorticoid and mineralocorticoid receptors. Our results indicate that long-term auditory 

deprivation does not cause a persistent increase in basal or reactive stress hormone levels in the 

weeks following noise exposure. Instead, we observed a greater decline in reactive corticosterone 

release in noise-exposed rats between the first and tenth week of sampling compared to control 

rats. We also observed a significant increase in hippocampal glucocorticoid receptor expression 

which may cause greater hippocampal sensitivity to circulating glucocorticoid levels and result in 

glucocorticoid-induced suppression of neurogenesis, as well as increased feedback inhibition on 

the HPA axis. No change in mineralocorticoid receptor expression was observed between control 

and noise exposed rats. These results highlight the adverse effect of intense noise exposure and 

auditory deprivation on the hippocampus.
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1. Introduction

High-intensity noise exposure has long been known to induce damage in the peripheral and 

central auditory system, often resulting in auditory pathologies such as hearing loss, tinnitus 

and hyperacusis (Syka, 2002, Roberts et al., 2010). Within the inner ear, structures including 

the cochlear hair cells, stria vascularis, and auditory nerve fiber terminals are all vulnerable 

to noise-induced damage (Henderson et al., 2006, Salvi et al., 2000a). Additionally, intense 

noise exposure impacts central auditory structures of the brain leading to changes in 

spontaneous firing rates, neural synchrony, tonotopic map reorganization, neural 

degeneration, and axonal sprouting (Salvi et al., 2000b, Norena and Eggermont 2003, 

Michler et al., 2002, Baizer et al., 2015, Salvi et al., 2000, Roberts et al., 2010, Illing et al., 

2005).

Although the effects of intense noise exposure on the peripheral and central auditory 

pathway have been the focus of most research, its effects on non-classical auditory structures 

in the brain are less well understood. The ascending non-classical auditory pathway supplies 

information to a widely distributed network in the brain including structures of the limbic 

system such as the hippocampus (Moller, 2007, Moller and Rollins, 2002). The 

hippocampus is one of the few regions within the brain in which neurogenesis occurs during 

adulthood (Altman, 1962, Bayer et al., 1982, Eriksson et al., 1998, Gould et al., 1999), and 

mounting evidence suggests that the production and integration of new neurons into the 

circuitry of the adult hippocampus contributes to this structure’s role in spatial navigation, 

learning and memory (for review see: Deng et al., 2010).

Recently, a number of studies have identified the hippocampus as particularly vulnerable to 

intense noise exposure and hearing loss (Goble et al., 2009, Saljo et al., 2002, Kraus et al., 

2010, Kovesdi et al., 2011, Kwon et al., 2011, Kamnaksh et al., 2012, Newman et al., 2015, 

Wang et al., 2018). For example, rats acutely exposed to a loud tone demonstrated dramatic 

alterations in hippocampal place cell activity (Goble et al., 2009). Furthermore, intense noise 

exposure and noise-induced hearing loss alters hippocampal gene expression, down-

regulates cell proliferation and neurogenesis, induces cell death, and results in hippocampal-

dependent cognitive deficits in animal models (Saljo et al., 2002, Kraus et al., 2010, Kovesdi 

et al., 2011, Kwon et al., 2011, Kamnaksh et al., 2012, Newman et al., 2015, Cheng et al., 

2011, Cui et al., 2009, Sajja et al., 2012, Liu et al., 2016).

Previously, we demonstrated that a single high-intensity unilateral noise exposure that 

resulted in permanent hearing loss suppressed cell proliferation and neurogenesis in the 

hippocampus out to 10 weeks post-exposure (Kraus et al., 2010); however, the mechanisms 

responsible for these changes are poorly understood. One possibility is that the long-term 

reduction in hippocampal neurogenesis following intense noise exposure and hearing loss is 

related to a persistent level of stress. Chronic stress and elevated stress hormone levels have 
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long been known to suppress hippocampal neurogenesis (Cameron and Gould, 1994, 

Alahmed and Herbert, 2008, Brummelte and Galea, 2010). Thus, the noise-induced 

reduction in hippocampal neurogenesis could be due to dysregulation of the hypothalamic-

pituitary-adrenal (HPA) axis that controls the release of stress-related hormones from the 

hypothalamus, pituitary, and adrenal glands. Importantly, the hippocampus contains one of 

the highest concentrations of stress hormone responsive receptors in the brain, the 

glucocorticoid (GR) and mineralocorticoid receptors (MR), which underlies the important 

role of the hippocampus in providing negative feedback regulation on HPA axis activity 

(Felt et al., 1984, Van Eekelen et al., 1988, Morimoto et al., 1996, Sapolsky et al., 1984). 

Given that intense noise can activate the HPA axis acutely (Samson et al, 2007, De Boer et 

al., 1988), it is conceivable that noise-induced hearing loss could also act as a chronic 

stressor (Garnefski and Kraaij, 2012, Kraus and Canlon, 2012, Gomaa et al., 2014) and alter 

basal and/or reactive corticosterone levels or the expression of GRs and MRs in the 

hippocampus. To test this hypothesis, we monitored basal and reactive blood plasma levels 

of the stress hormone corticosterone in rats for 10 weeks following intense noise exposure 

and assessed the expression of GR and MR in the hippocampus using immunohistochemical 

techniques.

2. Material and Methods

2.1 Subjects and Experimental Design

Adult male Sprague Dawley rats (Sasco, Charles River Laboratories International, Inc., 

Wilmington, MA, USA; 2–3 months old; n = 18) were used for this study; only males were 

used to avoid potential estrus-cycle confounds. Rats were divided evenly into noise-exposed 

(n = 9) and sham control (n = 9) groups. Four animals from each group were used for basal 

corticosterone blood sampling and five animals from each group were used for reactive 

corticosterone blood sampling. Animals were allowed to acclimate to the animal facility for 

at least two weeks prior to use. During the second week all animals were briefly handled 

each day. Rats were housed in pairs, maintained on a 12-hour light/dark cycle and allowed 

free access to food and water. The experimental design for this study is summarized in 

Figure 1. The use of animals in this project was approved by the Institutional Animal Care 

and Use Committee at the University of Buffalo and was carried out in accordance with 

National Institutes of Health guidelines.

2.2. Noise Trauma

Noise and sham exposures were carried out under isoflurane anesthesia (4% induction, 1–

2% maintenance) in a sound attenuating booth. Prior to exposure, rats were examined with 

an otoscope to exclude animals with tympanic membrane perforation, middle ear infection 

and debris in the external auditory canal. During exposure, body temperature was 

maintained at 37 °C using a homeothermic heating pad. The left ear of each rat was exposed 

to a 126 dB SPL narrowband noise centered at 12 kHz (100 Hz bandwidth) for 2 hours. The 

noise was created using Tucker Davis Technologies hardware, amplified (Crown XLS-202), 

and presented via a free-field speaker positioned 2 cm from the entrance of the left ear canal. 

The stimulus was calibrated with a sound level meter (Larson Davis System 824) coupled to 

a half-inch condenser microphone (Larson Davis) before each exposure. During the 
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exposure the opposite ear was plugged with a pediatric ear-probe filled with plumbers tack 

in order to restrict the noise exposure to the left ear alone. Control rats underwent the same 

treatment as noise-exposed rats; however, the speaker was turned off.

2.3 Distortion Product Otoacoustic Emissions (DPOAE)

Cochlear outer hair cell function was assessed using distortion product otoacoustic 

emissions (DPOAE) 24 hours post noise exposure as previously described (Chen et al., 

2010). Rats were anesthetized with isoflurane (4% induction, 1–2% maintenance) and body 

temperature was maintained at 37 °C with a homeothermic heating pad and rectal probe 

during testing. The earpiece containing an ER10B+ microphone (Etymotic Research Inc.) 

and two sound delivery tubes were inserted into the ear canal. Two IHS-3738 high-frequency 

transducers (Intelligent Hearing System, Miami, FL) were used to deliver the primary tones, 

F1 and F2, to the ear canal via flexible tubes connected to the earpiece. The F2/F1 ratio was 

set at 1.2. The output of the microphone was fed to the input of the DPOAE system, 

digitized and evaluated using the system software. DPOAEs were recorded at 2F1–F2 using 

a Smart Distortion Product Otoacoustic Emission System (Intelligent Hearing System). 

DPOAE input/output functions were measured at F2 frequencies of 6, 11, and 24 kHz. The 

intensity of F1 was varied from 25 to 70 dB SPL in 5-dB steps and the intensity of F2 was 

10 dB lower than that of F1. The output of the microphone was sampled at 40 kHz over a 

period of 204 ms; the spectrum of each sweep was computed and averaged over 32 non-

rejected sweeps. Sweeps with an average noise level 10 dB above the initially measured 

noise floor were rejected. The noise floor was measured in a 24 Hz band surrounding 2F1–

F2.

2.4 Auditory Brainstem Response (ABR)

Auditory brainstem responses (ABR) were performed under isoflurane anesthesia (4% 

induction, 1–2% maintenance, body temperature maintained at ~37 °C) as previously 

reported (Lobarinas et al., 2013). Briefly, the ABRs were obtained using a Tucker Davis 

Technologies System 3 Real Time Signal Processing System running BioSig32 and SigGen 

(Tucker Davis Technologies). Tone bursts (2 ms, 0.5 rise-fall time, 21/s) were presented at 6, 

12, 16, 20, 24, and 32 kHz at intensities ranging from 0–100 dB SPL in 5 dB steps, and were 

delivered through a speaker (FT28D, Fostex) located approximately 10 cm in front of the ear 

being tested; the opposite ear was plugged with an earplug. The speaker was calibrated using 

a sound level meter (Larson Davis System 824) and a quarter-inch microphone (Larson 

Davis). Subdermal electrodes were placed at the ipsilateral pinna (inverting electrode) and 

the vertex (non-inverting electrode) with an electrode at the contralateral pinna serving as a 

ground. ABR evoked potentials were averaged over 1024 repetitions, amplified (RA16PA, 

Tucker Davis Technologies), filtered (100–3000 Hz bandpass) and digitized. Threshold at 

each frequency was defined as the lowest sound intensity to generate a visible waveform that 

was reproducible.

2.5 Blood Sampling and Corticosterone Quantification

Blood was collected from the saphenous vein of unanesthetized rats (Hem et al., 1998). 

Briefly, animals were held loosely in a towel with their back legs exposed. A single puncture 

of the vein with a sterile syringe needle was used to collect a few drops of blood into a 
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sterile tube. The time from when the animal was removed from its cage to when sampling 

was complete was kept under 4 minutes to avoid the effects of handling and the sampling 

procedure on blood hormone levels. For rats that underwent basal corticosterone 

measurements, blood samples were collected once per week for ten consecutive weeks (at 9 

am each day) in order to avoid circadian variation in hormone levels (Atkinson and Waddell, 

1997, Tahera et al., 2007). For rats undergoing reactive corticosterone measurements from 

restraint stress, blood samples were collected once every two weeks for ten consecutive 

weeks, with each day of sampling consisting of (1) a pre-restraint sample (~9 am), (2) a 

sample taken immediately after removal from a 30-minute restraint session in a plastic rat 

restraint device (Brain Tree Scientific) (~9:30 am), and (3) a sample taken 60 minutes after 

removal from the restraint device (~10:30 am). Following collection of blood samples, 

plasma was separated by centrifugation at 6000 rpm and was immediately stored at −20 °C 

until further processing. Plasma corticosterone concentrations were determined using a 

commercially available EIA kit following the manufacturer’s instructions (Enzo Life 

Sciences).

2.6 Immunohistochemistry

At 10-weeks post-exposure, noise-exposed and sham control rats were deeply anesthetized 

with 86 mg/kg i.p. of Fatal-Plus (Vortech Pharmaceuticals Ltd), and perfused through the 

heart with 0.1 M phosphate buffered saline (PBS) followed by 4% paraformaldehyde (JT 

Baker Chemicals). Following perfusion, brains were removed and post-fixed in 4% 

paraformaldehyde overnight at 4 °C. The following day, tissue was cryoprotected in 15% 

followed by 30% sucrose in PBS until the tissue sank. Brain tissue was then cut into 40 μm 

thick coronal sections using a cryostat and stored in storage solution (30% ethylene glycol, 

30% glycerol in 0.1M PBS) at −20 °C until further processing.

Immunolabeling was carried out on free-floating tissue sections. For every immunolabeling 

session, control and noise-exposed tissue sections were processed in parallel using the same 

solutions. Tissue sections were initially removed from cryoprotectant and rinsed in 0.1M 

phosphate buffered saline, pH 7.4 (PBS). Tissue sections were washed in 0.1 M PBS for 30 

minutes at room temperature between each of the following incubation steps. For 

deactivation of endogenous peroxidase, sections were treated with 0.3% H2O2 (Fischer 

Scientific) in PBS for 10 minutes. Next, the sections were pre-treated with blocking solution 

containing 5% normal horse serum (Vector Laboratories) and 0.3% Triton X-100 (Fischer 

Scientific) in PBS for 1 hour. Sections were then incubated with primary antibody against 

the glucocorticoid receptor (GR) (1:250; Abcam, ab2768) or mineralocorticoid receptor 

(MR) (1:250; Santa Cruz, sc-6860) in blocking solution with 5% normal horse serum and 

0.15% Triton X-100 overnight at 4 °C. Next, sections were incubated with biotinylated 

secondary antibody (1:100; anti-mouse or anti-goat IgG, Vector Laboratories) in blocking 

solution with 5% normal horse serum and 0.15% Triton X-100 for 2 hours at room 

temperature. Sections were processed using Vectastain ABC kits (Vector Laboratories) and 

labeling was visualized using the glucose oxidase modification of the diaminobenzidine 

(DAB) method (Van Der Gucht et al., 2006). Immunolabeled sections were mounted on 

Fisher Superfrost polarized slides and dried overnight. Slides were then dehydrated in 
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increasing concentrations of alcohol, cleared in xylene and sealed using DPX (Fisher 

Scientific).

GR and MR expression was assessed in coronal sections throughout the rostral-caudal axis 

of the dorsal hippocampus using 6 sections per animal, and 4 animals from each of the two 

exposure groups. Images were acquired at 40X magnification under brightfield illumination 

(Axioskop, Carl Zeiss MicroImaging Inc.) using a digital camera (SPOT Insight; Diagnostic 

Instruments Inc.) with camera exposure and gain settings held constant for all images. 

Quantification of GR/MR expression was carried out using NIH ImageJ software as 

previously reported (Fournier et al., 2010, Fournier et al., 2012). Mean relative optical 

density was calculated for each region of interest containing the dentate gyrus in noise-

exposed and control tissue sections. Background staining was controlled by calculating the 

average optical density levels from surrounding tissue and subtracting these values from the 

region of interest.

2.7 Statistical Analyses

Statistical analyses were conducted using either a two-way repeated measures analysis of 

variance (ANOVA) or t-test, depending on the comparison of interest (see Results section for 

the details of each specific comparison). All statistical comparisons used an alpha value of 

0.05. When an ANOVA was used, post hoc testing was performed with Bonferroni post-tests 

to correct for multiple comparisons. Sigma Stat 3.5 was used for all statistical analyses. All 

results are presented as mean ± standard error of the mean (SEM).

3. Results

3.1 Distortion Product Otoacoustic Emission and Auditory Brainstem Response 
Recordings

To test for noise-induced damage to outer hair cells (OHCs), the mean DPOAE input/output 

functions at F2 frequencies of 6, 11, and 24 kHz were measured 24 hours after the unilateral 

noise or sham exposure. As shown in Figure 2, noise exposure caused a dramatic reduction 

in DPOAE amplitude in the exposed left ear at each tested frequency, a physiological 

indicator of impaired OHC function. DPOAEs were nearly absent in the left-exposed ear 

while DPOAEs in the right unexposed ears were substantially larger and similar to the 

DPOAEs in the left and right ears of sham controls. ABR thresholds measured 10-weeks 

post-exposure confirmed the presence of permanent hearing loss in the left noise-exposed 

ears. ABR thresholds in the left noise-exposed ears were 40–45 dB higher than those in the 

right-unexposed ear and in the left and right sham control ears. There was a significant 

elevation of ABR thresholds observed in the noise-exposed ears at all tested frequencies 

(Figure 3; Two-way RM ANOVA, p < 0.001). ABR thresholds in the left and right ears of 

the sham control rats were virtually identical to those in the plugged, right ear of the noise-

exposed rats. These findings indicate that our noise exposure protocol produced significant 

and permanent hearing loss in the left-exposed ears, but not in the right-unexposed ears, 

consistent with our prior studies using the same noise exposure (Kraus 2010).
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3.2 Basal Corticosterone Levels

In order to determine if unilateral noise exposure and the resulting hearing loss serves as a 

long-term stressor, changes in basal corticosterone levels in noise-exposed and control 

animals were monitored over a 10-week period (Figure 4). The mean corticosterone levels 

were not significantly different between the noise group and control group, and did not 

change significantly over the 10 week period post noise/sham-exposure.

3.3. Reactive Corticosterone Levels

In addition to basal corticosterone levels, release of corticosterone in response to an acute 

stressor (reactive corticosterone level) was also quantified over the 10-week period post 

noise exposure. Blood samples were collected prior to (baseline), immediately after (post), 

and one hour after (1 hr post) a 30-minute session in a plastic restraint device. Compared to 

sham exposed animals, reactive corticosterone levels were significantly elevated in the 

noise-exposed group 1-week post exposure (Figure 5A; Two-way RM ANOVA, p < 0.05). 

For the remaining weeks of sampling, there was a trend for a reduction or blunting of the 

stress response in the noise-exposed group (Figure 5B–D); however, this difference was not 

statistically significant. Closer inspection of the corticosterone data immediately after 

restraint stress suggests that the magnitude of corticosterone decline between 1-week and 

10-weeks post-exposure was greater in the noise-exposed group than the control group 

(Figure 5A–D). We measured the decrease in post-restraint corticosterone levels between 

week-1 and week-10 and found that corticosterone levels in the noise-exposed group 

declined 334 ± 73 ng/ml (643 ng/ml to 309 ng/ml) compared to a decline of 155 ± 31 ng/ml 

(542 ng/ml to 387 ng/ml) in the control group; the decrease in the noise-group was more 

than twice as large as the control group (one-tailed t-test, p < 0.05).

3.4 Hippocampal Glucocorticoid and Mineralocorticoid Receptor Expression

Corticosterone binds to glucocorticoid (GR) and mineralocorticoid (MR) receptors with low 

and high affinity, respectively. Consequently, the response of the hippocampus to circulating 

corticosterone not only depends on corticosterone concentration, but also on the abundance 

of corticosterone receptors. To determine if noise exposure alters expression of these stress 

hormone receptors within the subgranular zone of the hippocampal dentate gyrus where 

neurogenesis occurs, we used immunolabeling to visualize the expression of GR and MR in 

the hippocampus of noise-exposed and control rats. Expression of GR and MR was then 

quantified by measuring the intensity of staining (relative optical density) on each processed 

tissue section.

Figure 6 shows representative photomicrographs of GR immunolabeling in the hippocampal 

dentate gyrus of a noise-exposed (A, C) and sham control (B, D) rat. Cells immunopositive 

for the glucocorticoid receptor can be seen throughout the length of the neurogenic zone of 

the dentate gyrus, while labeling outside of the neurogenic zone was more dispersed and less 

intense. Visual inspection clearly shows that GR labeling was much greater in the noise-

exposed rat compared to the control rat (Figure 6A, B). To quantify these differences, we 

measured the relative optical density of immunolabeling in the dentate gyrus of all the 

sampled sections from the hippocampus of the noise-exposed and control groups. Consistent 

with the photomicrographs, we found a significant increase in GR expression in the noise-
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exposed group compared to the sham-exposed group; labeling intensity in the noise group 

was roughly twice as great as that in the control group (Figure 6E, two-tailed t-test, p < 

0.05).

In Figure 7, representative photomicrographs of MR immunolabeling of the hippocampus 

from a noise-exposed (A-C) and a control (B-D) rat show a similar pattern of moderate 

labeling along the dentate gyrus, with less intense labeling in surrounding regions. To 

quantify these results, we measured the relative optical density of MR immunolabeling in 

the dentate gyrus in the noise-exposed group and the control group as described above. 

Consistent with the photomicrographs, MR labeling in the noise-exposed animals was not 

significantly different from the control group (Figure 7E).

4. Discussion

Accumulating evidence suggests that the hippocampus is sensitive to noise-induced hearing 

loss and other forms of sensory deprivation, which deprives the hippocampus of sensory 

information required for its normal operations such as spatial navigation and memory 

formation (Smith et al., 2005a, Smith et al., 2005b, Ciu et al., 2009, Cheng et al., 2011). 

Previous studies have shown that noise-induced hearing loss can suppress cell proliferation 

and neurogenesis in the hippocampus (Kraus et al., 2010, Newman et al., 2015). Because 

increased stress and elevated stress hormone levels can suppress neurogenesis, we 

investigated whether noise-induced hearing loss may serve as a stressor and alter basal 

corticosterone levels, reactive corticosterone levels and/or the expression levels of GRs and 

MRs in the dentate gyrus of the hippocampus.

4.1 Basal corticosterone and hippocampal MR expression

Within the brain, the high affinity mineralocorticoid receptor binds corticosterone at low 

concentrations and regulates the basal activity of the HPA axis important for maintaining 

bodily homeostasis under resting conditions (de Kloet et al., 1993). While exposure to 

intense noise is known to evoke an acute stress response (Samson et al, 2007, De Boer et al., 

1988), little is known about the long-term effects of noise-induced hearing loss on resting 

state levels of stress hormones and the receptors that regulate it. In the present study, we 

found no significant change in basal corticosterone levels sampled over a 10-week period 

post-noise exposure (Figure 4). Similarly, noise-induced hearing loss also did not alter 

expression levels of the hippocampal MR responsible for regulating basal HPA axis activity 

(Figure 7). Thus, despite the ability of noise exposure to activate the stress response acutely, 

it does not result in altered levels of basal activity of the HPA axis.

4.2 Reactive corticosterone and hippocampal GR expression

Because dysregulation of HPA axis activity is often revealed under stressful rather than basal 

conditions (Sotnikov et al., 2014), we further explored the effects of noise-induced hearing 

loss on the stress response evoked by 30-minutes of restraint. Glucocorticoid receptors 

(GRs) are preferentially activated during such stressful conditions when corticosterone levels 

are high, and activation of GRs within the hippocampus results in negative feedback 

inhibition of the HPA axis in order to limit the magnitude and duration of the stress response 
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(Sapolsky et al., 1984). In both noise-exposed and control animals, 30-minutes of restraint 

was a potent activator of the stress response, resulting in a roughly 10-fold increase of 

corticosterone levels immediately following restraint (Figure 5). One week post exposure, 

noise-exposed rats demonstrated a significantly greater corticosterone release in response to 

restraint compared to control rats. However, when comparing the level of corticosterone 

released following restraint between 1-week and 10-weeks post exposure, a greater decline 

was observed in the noise-exposed rats compared to the control group.

While exposure to intense noise has previously been shown to acutely activate the stress 

response (Samson et al, 2007, De Boer et al., 1988), our results provide insight on how HPA 

axis reactivity changes over time following acoustic trauma. The significant increase in 

reactive corticosterone release in noise-exposed rats one-week post exposure (Figure 5) 

demonstrates that even after one week, noise exposure can result in hyperactivity of the HPA 

axis. This suggests that the acute effects of noise exposure previously reported on HPA axis 

reactivity can last up to one-week following the exposure. Following this initial 

hyperactivity of the stress response at the one-week period, we observed a gradual 

hyporeactivity of the HPA axis in the noise-exposed animals, characterized by a larger 

decline in corticosterone release over the 10-week period. One explanation for the larger 

decline in stress-evoked corticosterone in the noise-exposed group is that the HPA axis 

became more responsive to the release of corticosterone resulting from restraint stress. One 

way in which this could occur is if there were a gradual increase in the number of GRs in the 

hippocampus between week-1 and week-10 post exposure which would cause greater 

negative feedback inhibition on HPA axis activity. Consistent with this interpretation, we 

found that GRs were expressed at a significantly higher level in the dentate gyrus of the 

noise-exposed group than the control group at 10-weeks post-exposure (Figure 6). While 

this interpretation of the corticosterone decline is intriguing, experimental data showing the 

GR level progressively increased between 1-week and 10-weeks of restraint stress are 

needed to support this view. However, a previous study supports this hypothesis, as repeated 

stress does affect GR expression in the hippocampus (Robertson, et al., 2005). In the 

Robertson et. al. 2005 study, rats repeatedly exposed to stress exhibited changes in 

glucocorticoid immunoreactivity in the dorsal hippocampus, but not in other brain regions 

(e.g. ventral hippocampus, frontal cortex, hypothalamus or parietal cortex). They also 

observed a bimodal temporal response in GR immunoreactivity in the dorsal hippocampus, 

whereby an initial decrease in GR expression was observed after 5 days of repeated stress, 

followed by an increase in GR immunoreactivity after 20 days. This suggests that repetitive 

stress-mediated changes in GR expression in the rat brain are both time-dependent as well as 

brain region specific. Furthermore, genetically modified mice with an overexpression of GRs 

within the brain also demonstrate enhanced feedback inhibition of the HPA axis and release 

significantly less corticosterone in response to stress with no change in basal corticosterone 

release (Ridder et al., 2005), highlighting the important relationship between the level of GR 

expression and activity of the HPA axis under stressful conditions.

4.3 Role of GR in neurogenesis

There is a large body of evidence supporting the hypothesis that activation of GRs has a 

suppressive effect on neurogenesis in the brain. Acute or chronic stress, as well as chronic 
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glucocorticoid administration, all have inhibitory effects on newborn neurons and their 

survival in the brain (Cameron and Gould, 1994, Oomen et al., 2007, Yu et al., 2010). 

Prenatal stress is a known inhibitor of neurogenesis in the rat brain particularly in the dentate 

gyrus, with accompanying impairment in hippocampal-related spatial tasks (Lemaire et al., 

2000). Additional studies point to a major role for glucocorticoid molecular signaling 

pathways in neurogenesis, as high concentrations of corticosterone, through activation of 

GR, reduce both cell proliferation and neuronal differentiation (Anacker et al., 2013). As 

further evidence, loss of GR function, through knockdown experiments, alter migration, 

integration and differentiation of newborn granule cells in the hippocampus (Fitzsimons, et 

al., 2013). Moreover, the GR antagonist mifepristone, when administered in a high stress 

environment, normalizes neurogenesis in rat brain (Oomen, et al., 2007). Taken together, 

activation of GRs has a suppressive effect on neurogenesis, an important factor to consider 

given the reduction in neurogenesis (Kraus et al., 2010) and increased expression of GRs 

(Figure 6) observed in the hippocampus of rats with noise-induced hearing loss. Our results 

provide a potential mechanism through which increased expression of hippocampal GRs 

following intense noise exposure would result in greater hippocampal sensitivity to 

corticosterone and impairments of hippocampal neurogenesis.

4.4 Auditory pathology and the stress response

Our findings of adverse effects of noise exposure on the hippocampus, including changes in 

GR expression and corticosterone release, are interesting in light of a number of recent 

human and animal studies linking altered HPA axis activity and hearing disorders. 

Interestingly, auditory pathologies such as hearing loss and tinnitus have been shown to 

occur in higher prevalence in individuals with long-lasting stress and emotional burnout 

(Hasson et al., 2011). Furthermore, hyporeactivity of the HPA axis has been documented in 

patients suffering from chronic tinnitus and hearing loss (Hebert and Lupien, 2007). In 

response to an acute psychosocial stress protocol, individuals with tinnitus and hearing loss 

secrete significantly less cortisol than control subjects without tinnitus. Our results provide a 

potential mechanism through which changes in hippocampal GR expression due to hearing 

loss or tinnitus may lead to a reduction in stress hormone release through enhanced negative 

feedback on the HPA axis. Although we did not test our noise-exposed animals for the 

presence of tinnitus in the present study, high-intensity noise exposure has long been used as 

a method of tinnitus induction in animal models (Heffner and Harrington, 2002, Roberts et 

al., 2010, Singer et al., 2013), making it possible that some of the noise-exposed rats in the 

present study were experiencing both hearing loss and tinnitus.

Recent animal studies of intense noise exposure have also implicated a role for the 

hippocampus and stress response in the development of tinnitus and cochlear damage 

(Singer et al., 2013, Singer et al., 2018). Elevated corticosterone at the time of noise 

exposure was found to influence both the level of auditory nerve fiber loss in the cochlea, as 

well as the adaptive response of the central auditory system to cochlear damage. 

Specifically, high levels of corticosterone were correlated with greater auditory nerve fiber 

loss and a failure to mobilize Arc mRNA (a putative marker of synaptic plasticity) in the 

hippocampus and auditory cortex of noise exposed rats, resulting in the development of 

tinnitus (Singer et al., 2013). Interestingly, administration of the GR antagonist mifepristone 
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was found to attenuate the loss of auditory nerve fibers associated with high levels of 

corticosterone at the time of acoustic trauma (Singer et al., 2018). In future studies, it would 

be interesting to determine whether antagonism of GRs with mifepristone could also 

attenuate the impairment of neurogenesis within the hippocampus following noise exposure 

(Kraus et al., 2010), especially given the increase in hippocampal GR expression observed in 

the present study.

4.4 Conclusion

Clearly, the association between auditory deprivation, GR expression, and brain pathology is 

multifaceted, and future animal studies may help elucidate their underlying relationship. Our 

study was limited to investigating changes in GR expression in the hippocampus following 

noise-induced auditory deprivation; however, changes in GR expression in other areas of the 

brain including structures of the central auditory pathway have yet to be investigated. Our 

results add to a growing body of evidence demonstrating adverse effects of intense noise 

exposure and hearing loss on brain regions outside of the classical auditory pathway, as well 

as studies linking hearing problems with stress related disorders (Hasson et al., 2011, Hebert 

and Lupien, 2007, Hebert et al., 2012). Furthermore, future animal studies investigating the 

consequence of auditory deprivation-induced changes in hippocampal neurogenesis may 

help us better understand the relationship between cognitive decline and hearing loss 

observed in the human population (Lin et al., 2011).
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Highlights

• We determined if stress causes noise-induced suppression of hippocampal 

neurogenesis

• Noise exposed rats have greater reactive corticosterone 1-week post noise 

exposure

• No long-term increase in basal/reactive corticosterone observed post noise 

exposure

• Noise-induced hearing loss causes a long-term increase in hippocampal GR 

expression

• Increased GR may cause hippocampal sensitivity to stress and reduce 

neurogenesis
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Figure 1: 
Experimental timeline. Animals were handled daily for one week prior to noise or sham 

exposure. Distortion product otoacoustic emissions (DPOAE) were assessed 24-hours post 

exposure to monitor hearing loss. Rats then underwent basal or reactive corticosterone 

sampling for a 10-week period. Hearing loss was again assessed 48 hours prior to sacrifice 

using auditory brainstem response (ABR) recordings. Following animal sacrifice, brain 

tissue was harvested and processed using immunohistochemical techniques.
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Figure 2: 
Distortion product otoacoustic emissions (DPOAEs), a measure of cochlear outer hair cell 

function, were assessed 24-hours post noise or sham exposure. DPOAEs were dramatically 

reduced in the left noise-exposed ears compared to unexposed ears at 6, 11 and 24 kHz, 

demonstrating cochlear damage from the noise exposure. (LE NF = left ear noise floor; RE 

NF = right ear noise floor).
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Figure 3: 
Auditory brainstem response (ABR) recordings were used to monitor permanent hearing 

loss following noise exposure at the end of the 10-week experimental timeline. The left 

noise-exposed ears demonstrated a significant threshold shift from 6–32 kHz compared to 

unexposed right ears, demonstrating the presence of a permanent hearing loss following the 

noise exposure protocol. (RE = right ear, LE = left ear). ABR thresholds in the left and right 

control ears were similar to the thresholds in the unexposed right ear.
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Figure 4: 
Baseline corticosterone levels were monitored pre and post noise exposure and over the 10-

week sampling period in noise-exposed and control animals. No significant differences in 

basal corticosterone levels were observed between noise-exposed and control animals (Two-

way RM-ANOVA, p > 0.05, n = 4). Data represent mean ± SEM.
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Figure 5: 
Reactive corticosterone levels before (pre), immediately following (post), and 1-hour after (1 

hr post) exposure to 30-minutes of restraint were monitored over the 10-week sampling 

period in noise-exposed and control animals. (A) Reactive corticosterone levels were 

significantly elevated in noise-exposed rats 1-week post exposure (Two-way RM-ANOVA, p 

< 0.05, n = 5). (B-D) In contrast, in weeks 4–10, there was a trend for a reduction (i.e., 

blunting) of the stress response in the noise exposed group of animals compared to the 

Hayes et al. Page 21

Hear Res. Author manuscript; available in PMC 2020 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



controls; however, this difference was not statistically significant. Data represent mean ± 

SEM.
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Figure 6: 
Representative photomicrographs of hippocampal glucocorticoid receptor (GR) expression 

in noise-exposed (A, C) and control (B, D) rats. Cells immunopositive for GR can be seen 

spanning the length of the hippocampal dentate gyrus (DG). The arrows in panels A and B 

mark the location of the higher magnification images in panels C and D. Compared to 

control animals, unilaterally noise-exposed animals had a significant increase (~2 fold) in 

dentate gyrus GR expression (E; two-tailed t-test, p < 0.05). Data represent mean ± SEM.
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Figure 7: 
Representative photomicrographs of hippocampal mineralocorticoid receptor (MR) 

expression in noise-exposed (A, C) and control (B, D) rats. Cells immunopositive for MR 

can be seen spanning the length of the hippocampal dentate gyrus (DG). The arrows in 

panels A and B mark the location of the higher magnification images in panels C and D. No 

significant difference was observed in MR expression between noise-exposed and control 

animals (E; two-tailed t-test, p > 0.05). Data represent mean ± SEM.
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