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Abstract

Background: Permanent loss of outer hair cell (OHC) amplification may occur within days of acoustic
overexposure. This loss of sensory function typically results in an immediate loss of neural sensitivity

although neurodegeneration occurs months or years after damage to OHCs. This delay in neurodegen-
eration might provide an opportunity to preserve neural sensitivity although OHC amplification is perma-

nently lost.

Purpose: To test the hypothesis that neural functions can be preserved after permanent and severe loss

of OHC amplification. To begin to address this possibility, an animal model of severe permanent loss of
both OHC and neural functions was established.

Research Design: This research employed a 4 3 4 split-plot factorial design, with four levels of the
within-subject factor (time: baseline, 1-day, 1-week, and 1-mo postnoise exposure) and four levels

of the between-subject factor (experimental groups: control, noise exposed, therapy, and noise
exposed 1 therapy).

Study Sample: Twenty-six hooded male Long-Evans rats (263 6 63 g) served as subjects for this ex-
periment. All animals exhibited baseline auditory function that approximated normative values for rats of

the same strain.

Data Collection and Analysis: Distortion product otoacoustic emissions and auditory brainstem re-

sponses were used to assay and differentiate OHC versus neural functions. Factorial analysis of var-
iances was computed to identify statistically significant main effects and Dunnett testing was

employed in post hoc computations.

Intervention: To rescue neural function after permanent loss of OHC amplification, small molecular

weight carboxy alkyl esters were employed after noise injury.

Results: The results revealed that in the presence of permanent loss of OHC amplification, the loss of

neural sensitivity could be rescued. In addition, auditory brainstem response wave I amplitudes at supra-
threshold levels were rescued from noise-induced depletion into the biologic noise floor.

Conclusion: Since mammalian OHCs do not regenerate after damage, these results encourage further
experiments aimed at preserving neural functions following noise injury.
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INTRODUCTION

N
oise-induced hearing loss (NIHL) is a signifi-

cant global health problem and accounts for
one-third of all hearing loss in some countries

(Nelson et al, 2005). Noise exposuremay alter the struc-

tural and functional integrity of various cellular sys-

tems in the cochlea (Henderson et al, 2006). For

instance, noise exposure may affect the cells of the stria

vascular and spiral ligament in addition to pillar cells,

inner and outer hair cells (OHCs), and spiral ganglion

cells (Henderson et al, 2006). Such wide-ranging cellu-
lar targets may drive behavioral and physiological out-

comes that manifest as poor audiometric thresholds,

otoacoustic emissions, and auditory brainstem re-

sponses (ABRs). Nonetheless, damage to OHCs has

emerged as a behaviorally significant target of noise

overexposure (Henderson et al, 2006; Kirchner et al,

2012).

Efforts to mitigate NIHL have yielded a large variety
of strategies and pharmaceutical interventions; how-

ever, a particular method that is effective, efficient,

and universally applicable has not yet been discovered

(Dolgin, 2012). The preclinical approaches that have

been pursued include antioxidants (e.g., glutathione,

D-methionine, ebselen, resveratrol, ascorbic acid, coen-

zyme Q10), neurotrophins (e.g., glial cell line derived

neurotrophic factor), calcium channel blockers,

N-methyl-D-aspartate receptor antagonists, steroids/

hormones (e.g., dexamethasone, estradiol), agents that

counteract cochlear vasoconstriction (e.g., 8-iso-PGF2),

and anti-apoptotic agents such as c-Jun N-terminal

kinases-pathway inhibitors and retinoic acid (Yamasoba

et al, 1998; Dereköy et al, 2004; Takemura et al, 2004;

Ahn et al, 2005; Yamasoba et al, 2005; Heinrich et al,

2008; Hirose et al, 2008; Shim et al, 2009; Nagashima

et al, 2010; Campbell et al, 2011; Seidman et al, 2013).

Several challenges have hampered the discovery of

useful protective agents against NIHL. One of these

is the swiftness with which loss of OHCs occurs in

the mammalian cochlea, usually observable within

days (e.g., one to four days) of noise insult (Chen and

Fechter, 2003; Yang et al, 2004; Hu et al, 2006). Fur-

thermore, it has been shown that noise-induced injury
to the cochlea is consequent on two distinct yet some-

what overlapping mechanisms: (a) mechanical vibra-

tion of the cochlea beyond its structural limits and (b)

metabolic stress in the OHCs leading to dysfunction,

dyshomeostasis, and/or death (Oishi and Schacht,

2011). Thus, OHC injury is believed to be a terminal

event of multiple mechanisms ranging from physical

disruptions to subcellular catastrophes that precludes
the establishment of unidimensional therapies that

could prevent or mitigate such insults. Furthermore,

adult mammalian hair cells do not regenerate, which

complicates the problem even more (Ronaghi et al,

2012). Research on fish, amphibians, and avian hair

cells has revealed that these cells have the capacity

to regenerate, and gene profiling studies have identified
genes that regulate hair cell regeneration (Rubel et al,

2013). The identification of such genes could then point

to similar gene targets in mammals. Indeed, several

genes have been identified that share homology across

phyla (Breuskin et al, 2008). This success in identifying

gene targets has fuel the use of gene therapy ap-

proaches to induce hair cell regeneration in the cochlea

of rodents (Kuo et al, 2015). In addition, stem cells have
been successfully translated into the cochlea of labora-

tory animals (Hildebrand et al, 2005). The success of

gene therapy and stem cells at the preclinical stage

has provided hope for the future. To date, neither ap-

proach has been used to successfully regenerate OHCs

in the human cochlea.

The loss of OHCs causes, at worst, a 60-dB loss of

hearing thresholds, which is predicted to be partially
compensated by the use of hearing aids or cochlear im-

plants with nonlinear amplification algorithms (Liberman

et al, 2002; Schmiedt et al, 2002; Chen and Hu, 2013). In

contrast to OHCs, changes that occur in auditory neu-

rons are more difficult to habilitate or rehabilitate. For

instance, the spectrum of auditory neuropathy disor-

ders among humans is believed to contribute to the lim-

ited success of hearing aids and cochlear implants
(Teagle et al, 2010; Kaga, 2015). Animal experiments

have been useful in revealing detailed pathologic mech-

anism that may affect auditory neurons. These include

alterations in neurotransmitter activity between the in-

ner hair cells (IHC) and the eighth cranial nerve

(Le Prell et al, 2003), loss of spiral ganglion cells in

the modiolar region (Webster and Webster, 1981), cell

body, and tissue shrinkage in the cochlear nucleus
and superior olivary complex, axonal degeneration in

the cochlear nucleus, increased synaptic plasticity in

central auditory structures with elevated neurotrophic

expression, and loss of cell density in central auditory

structures. Overall, these more consequential anomalies

lead to more recalcitrant clinical problems such as tinni-

tus, speech perception problems, and brainstem and

cortical alterations, which collectively, do not lend
themselves to easy solutions. Interestingly, auditory

neurons show delayed signs of significant injury,

occurring months or years after noise exposure

(Webster and Webster, 1981; Kujawa and Liberman,

2006). Delays in neural injury from noise exposure

may provide an opportunity to employ therapeutic in-

terventions before the establishment of permanent neu-

ral changes. In this sense, the protection of neural
function may prove to be a more successful strategy

(than trying to preserve hair cells) in dealing with noise

injury in scenarios where cochlear hair cells have been

irreversibly damaged.
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This study investigates the possibility of preserving

neural function even though OHC function is perma-

nently suppressed due to noise exposure. To preserve

neural function, carboxy alkyl esters (CAEs) were
employed. CAEs are low molecular weight molecules

that have been standardized to improve cellular DNA

repair capacity in both humans and rodents (Sheng,

Bryngelsson, et al, 2000; Sheng, Pero, et al, 2000; Sheng

et al, 2001; Pero et al, 2002; Akesson, Pero, et al, 2003;

Akesson, Lindgren, et al, 2003; Sheng et al, 2005;

Mammone et al, 2006; Pero and Lund, 2009). Toxicology

studies in humans and rodents have revealed that
CAEs show no signs of toxicity, even at concentrations

that exceed 8 g/kg, which is particularly potent since the

lethal dose of table salt that kills 50% of test subjects is

8 g/kg (Pero, 2010 a,b; Sheng, Bryngelsson, et al, 2000).

In a randomized controlled clinical trial, oral adminis-

tration of CAEs increased the repair of damaged DNA

among cells harvested from patients treated with

highly toxic chemotherapy such as fluorouracil, doxo-
rubicin, and cyclophosphamide (Santos et al, 2012).

Furthermore, several multicenter randomized double-

blind studies have confirmed the safety and efficacy

of CAE therapy on human participants (Miller et al,

2005; Mehta et al, 2007; Rosenbaum et al, 2010). CAEs

are typically administered to human patients or ani-

mals via oral ingestion. In the gastrointestinal tract, es-

terases from Lactobacillus gasseri, Bifidobacterium,
and Escherichia coli drive hydrolytic cleavage of the

CAE molecule to produce quinic acid (Adamson et al,

1970; Couteau et al, 2001). Quinic acid directly stimu-

lates the bacterial shikimate pathway, which is also

known as the common aromatic biosynthetic pathway

(Cotran et al, 1960; Adamson et al, 1970; Gonthier

et al, 2003). The shikimate pathway is a major biosyn-

thetic pathway for the production of aromatic amino
acids (tryptophan, phenylalanine, and tyrosine)

(Herrmann, 1995; Herrmann and Weaver, 1999). Ar-

omatic amino acids are essential for sustaining and

increasing the functions of cells because they directly

support protein synthesis (Williams et al, 1981;

Pencharz et al, 2007). Beyond protein synthesis, aro-

matic amino acids regulate neural activity by facili-

tating the metabolism of neurotransmitters such
as serotonin and dopamine (Hyland, 2007). In Addi-

tion, the metabolism of tryptophan by the shikimate

pathway augments the immune system through indole-

amine 2,3-dioxygenase activity (Bauer et al, 2005).

Furthermore, the tryptophan–nicotinamide–nicotinamide

adenine dinucleotide (NAD) pathway is a major mech-

anism for increasing bioavailability of NAD (Pero et al,

2009; Pero, 2010a,b). NAD is an essential cofactor in in
vivo biochemical reactions that include adenosine

triphosphate synthesis for energy production, redox reg-

ulation during oxidative conditions, and DNA metabo-

lism during DNA damage repair (Surjana et al, 2010).

These cell and system effects of the bacterial shikimate

pathway help to explain why human and animal exper-

iments that employ purified CAE as an oral ther-

apy have shown augmentation of cellular DNA
repair capacity, resistance to apoptosis, antioxidant

protection, and positive regulation of inflammatory

and immunologic processes (Lamm et al, 2001; Pero

et al, 2009; Sheng, Bryngelsson, et al, 2000; Sheng

et al, 2001).

Prophylactic CAE treatment for 28 days has been

shown to limit the magnitude of noise-induced DNA

damage within OHCs, which was associated with less
OHC death and preservation of OHC function

(Guthrie et al, 2011; Guthrie and Xu, 2013). Further

experiments showed that CAE therapy can increase

the capacity of spiral ganglion neurons to translocate

protective DNA repair enzymes into their nucleus and

increase the number of spiral ganglion neurons that

express protective DNA repair enzymes (Guthrie,

2012). These outcomes suggest that CAE could be
neuroprotective. In the current study, CAEs are ad-

ministered one day after permanent loss of OHC func-

tion to evaluate the recovery of neural function

independent of cochlear amplification. To help gener-

alize the results to clinical situations, clinical mea-

sures of OHC and OHC 1 neural functions were

employed, namely, distortion product otoacoustric

emissions (DPOAEs) and ABR.
The objective of the currentwork cannot be conducted

in humans using an experimental design, due to ethical

considerations in inducing permanent hearing loss in

otherwise audiologically normal participants. There-

fore, an animal model is necessary. Animal models of

NIHL have been shown to inform human studies on

NIHL. For instance, experiments on mice and guinea

pigs that employed ABR wave I amplitude measure-
ments have revealed that noise exposure may result

in primary neurodegeneration (Kujawa and Liberman,

2009; Lin et al, 2011; Furman et al, 2013). These animal

experiments then provided the basis for human studies

that revealed that ABR wave I amplitude measure-

ments may serve as a biomarker of noise-induced neu-

ral dysfunction in humans with normal audiograms or

poor speech-in-noise performance (Bramhall et al,
2015; Stamper and Johnson, 2015). Therefore, animal

experiments can have significant contribution to the

development of novel paradigms that drive the goals

of human research. In hearing research, this is partic-

ularly important because the morphology, physiology,

and biochemistry of the rodent auditory system in-

cluding the rat are closer to that of humans than

other phylogenetically lower species. Furthermore,
the same physiologic assessment tools (e.g., DPOAEs

and ABRs) used in the clinic on humans can also

be adapted for use on rats, mice, guinea pigs, and

other rodents. This allows a more straightforward
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correlation to human audiological/otologic conditions

(Kujawa and Liberman, 2009; Lin et al, 2011;

Furman et al, 2013; Bramhall et al, 2015; Stamper

and Johnson, 2015). The rat model employed in the
current study could also be used to guide future

human studies focused on rescuing neural functions

following noise injury. Such studies could employ DPOAE

and ABR as biomarkers of noise-induced injury and

recovery (Bramhall et al, 2015; Stamper and Johnson,

2015).

MATERIALS AND METHODS

Research Design

Twenty-six male Long-Evans rats (263 6 63 g) were

acquired from Harlan Laboratories, Inc., (Livermore,

CA) and used as subjects. After arriving at the vivar-

ium, the animals were allowed to acclimate for two

weeks. They were then randomly assigned to four
groups: vehicle control/water (n 5 6), CAE only (n 5

6), noise only (n 5 7), and CAE 1 noise (n 5 7). The

CAE-only group served as a control for the effects of

the CAE treatment while the noise-only group served

as a control for noise exposure effects. Baseline

auditory function was evaluated with DPOAEs and

ABRs to ensure that each animal’s auditory function ap-

proximated that of established norms for the Long-
Evans rat strain (Guthrie et al, 2011; Guthrie 2012).

Each animal demonstrated auditory function that ap-

proximated normative values, therefore all the animals

were included in the study. The animals in the noise

groups (noise only and CAE 1 noise) were exposed to

a damaging noise dose. At one day after the noise expo-

sure, the animals in the CAE treatment groups (CAE

only and CAE 1 noise) started receiving treatment.
The CAE formulation employed in this study was pre-

pared by Optigenex Inc. (Hoboken, NJ), and has been

standardized to increase cellular DNA repair activity

across humans and rodents (Sheng, Bryngelsson, et al,

2000; Sheng, Pero, et al, 2000; Sheng et al, 2001;

Pero et al, 2002; Akesson, Pero, et al, 2003; Akesson,

Lindgren, et al, 2003; Sheng et al, 2005; Mammone

et al, 2006; Pero and Lund, 2009). Gastric gavage of
160 mg/kg of this CAE formulation for 28 days has been

shown to increase the capacity of spiral ganglion neurons

to mobilize protective DNA repair enzymes (Guthrie,

2012). Therefore, this exact treatment regimen was

employed in the current study. The vehicle-control group

was also treated via gastric gavage with distilled water

(dissolving agent for CAE) for 28 days. Auditory function

was evaluated in all groups at baseline, 1 day, 1 week,
and 1moafter noise exposure. All experimental protocols

were approved by the Institutional Animal Care and

Use Committee at the Loma Linda VA Medical Center,

Loma Linda, CA.

ABR Experimental Study

Instrumentation

The presentation of calibrated electroacoustic stim-

uli, acquisition andmanipulation of biogenic responses,

equipment control, and data management were accom-

plished with Intelligent Hearing System’s instrumen-

tation driven by the 3.94b version of the SmartEP

Windows USB Software (Intelligent Hearing Systems,

FL). Intelligent Hearing System’s instrumentation in-

cluded a Universal Smart Box (M011110) with optical
receiver board, fiber optic cables (M013210P) and a ded-

icated USB power supply unit (M011111), an Opti-Amp

transmitter for signal amplification and common mode

rejection, and a Sound Booster Box (M014122) with a

high-pass filter that was used to drive a high-frequency

transducer with a brass insert acoustic tube. Other

instrumentation included right and left ER-3A trans-

ducers (Etymotic Research, Elk Grove Village, IL)
and a QA1 Gateway laptop with an Intel� Core� 2

Duo processor.

Animals

The ABR recordings were obtained after the animals

were given general anesthesia (ketamine/xylazine, 75/5

mg/kg, intramuscularly). Each animal was ventrally
positioned on a 70 3 150 surgical table with built-in tem-

perature control. Core body temperaturewasmonitored

with a rectal probe attached to a 43TD telethermometer

(Yellow Springs Instrument Company, Inc., OH) and

maintained at 37�C6 1�C. All recordings were obtained

while the animals were staged inside a double-walled

sound-isolation chamber (Industrial Acoustics Com-

pany Inc., Bronx, NY). A five-electrode montage was
used to conduct two-channel differential recordings.

Two noninverting electroencephalographic needle (0.4

mm; Pt/Ir) electrodes (VIASYS NeuroCare, Madison,

WI) were placed on the vertex, another two below the

right and left mastoids (inverting), and one electrode

(common) was placed in the dorsum close to the tail.

This electrode montage allowed for the evaluation of

both ears; however, the data for the right ear were used
in the final analysis because both ears produced similar

results.

Electroacoustic Stimuli and Biogenic Reponses

The acoustic stimuli were digitally synthesized and

consisted of 512 pure tones (1.56-msec Blackman en-

velope) and clicks (100-µsec rectangular voltage

pulse). The pure tones ranged from 4 to 32 kHz in oc-
tave intervals and were presented at a rate of 10/sec.

A Sound Booster Box with high-pass filter was used

to drive a high-frequency transducer (Intelligent
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Hearing Systems) for pure-tone stimulation. The elec-

troencephalographic responses to the pure tones were

amplified (100 K), band-pass filtered (100–1500 Hz),

parsed with 31-µV artifact rejection over a 1.3- to
13.1-msec rejection region of the recording epoch (16

msec), and line filtered to reduce any possible electrical

interference (e.g., 60 Hz). The electroencephalographic

responses to the clicks were amplified (100 K), band-

pass filtered (100–3000 Hz), parsed with 31-mV artifact

rejection over a 1.0- to 10.5-msec rejection region of the

recording epoch (12.8 msec). The clicks were presented

through ER-3A transducers (Etymotic Research) at a
rate of 10/sec. The transducers were physically and

acoustically coupled to the external auditory meatus

via silicon tubing (24.76 cm) with a corrected (sub-

tracted from response latency) acoustic delay of 0.9

msec. The transducer diaphragm was driven in alter-

nating phase for both the clicks and pure tones. Aver-

ages of 1,024 responses were obtained for each stimulus

and the stimulus calibration protocol has been reported
previously (Beattie andRochverger, 2001). The biogenic

origins (as oppose to artifacts from electrical input to

the transducers) of the recordings were verified is four

separate procedures: (a) uncoupling the transducer tub-

ing from the ear bar, (b) pinching the sound delivery

tube, (c) coupling the transducer into a 0.2-cm3 hard-

walled cavity, and (d) obtaining recordings from a Long-

Evans rat cadaver. These procedures were made with
the electrodes in place and the animal staged for collect-

ing ABR recordings. In all cases, the ABR was absent

from the verification recordings.

ABR Data Collection and Analyses

The frequency sensitivity of the peripheral nerve was

assessed through pure-tone thresholds and the com-

pound sensitivity of the nerve was assessed through
click thresholds. The threshold search procedure has

been reported previously (Guthrie et al, 2008; 2014).

Threshold search began with a 100-dB stimulus and

then reduced in 10-dB steps until the response was

no longer visually detected, and then the stimulus level

was raised in 5-dB steps until the response became

visible again. The lowest stimulus intensity to elicit a

visually detectable ABR was scored as the threshold.
This threshold was bracketed by a visually undetect-

able response at 5 dB below threshold and a visually

detectable response at 5 dB above threshold. All wave-

forms were displayed on a normalized scale (Zhou et al,

2006). The determination of threshold was conducted by

one researcher who was trained to score rat ABR

thresholds. To obtain amplitude-intensity functions,

the amplitude (mV: peak-to-trough) of wave I was
obtained across click stimulus levels ranging from 10

to 100 dB SPL. For all animals, DPOAE recordings were

obtained before ABR recordings.

DPOAE Experimental Study

Animals and Apparatus

The animals were anesthetized with ketamine/

xylazine (75/5mg/kg, intramuscularly), thenplaced ven-

trally on a 70 3 150 surgical table. All measurements

were obtained in a double-walled sound-isolation cham-

ber (Industrial Acoustics Company Inc.). The software

and apparatus used for recording DPOAEs have been

reported in detail previously (Martin et al, 2006;

2011; 2013). Briefly, a probe assembly was physically
and acoustically coupled to the external auditory

meatus via an ER3-34 infant silicon tip (Etymotic

Research). The probe assembly consists of two

polyethylene tubes coupled to two separate realistic

dual radial horn tweeters (Radio Shack, Tandy Corp.,

Ft Worth, TX). These tweeters were used to present

two stimulus pure tones: f1 and f2. The probe assembly

also consisted of a pre-amplifier microphone cable cou-
pled to an ER-10B 1 emission microphone (Etymotic

Research). This allowed for the detection and amplifica-

tion of acoustic emissions and the recording of physio-

logical and environmental background noise in the

external auditory meatus. All elements of the probe as-

sembly were controlled through a customized signal

presentation, acquisition, and analysis algorithm writ-

ten in LabVIEW version 7.1 (National Instruments,
Austin, TX). This LabVIEW algorithm was also used

to drive a PCI-4461 computer-based digital signal pro-

cessing board (National Instruments). The signal pro-

cessing algorithm, employed in the acquisition and

analysis of DPOAE responses, and its validation have

been reported previously (Martin et al, 2011; 2013).

DPOAE Data Collection and Analyses

DPOAEdata collection and analyseswere identical to

that of previous rat studies (Guthrie et al, 2011; Guthrie

and Xu, 2012; 2013; Guthrie et al, 2014). DPOAEs were

recorded with two primary frequencies f2 and f1, where

f2 is higher in frequency than f1 (f2/f1 ratio of 1.25). For

DP-grams, the levels of the recordings were measured

in 0.1-octave increments across a frequency range of

3.2–63 kHz. The sound pressure level (SPL) for the f1
was 55 dB SPL (L1) and that for the f2 was 35 dB

SPL (L2) with a level ratio of 1.57 (L1/L2). This 20-dB

difference between L1 and L2 produces robust DPOAE

responses and is consistent with the research on

DPOAE recordings from several rat strains including

the Long-Evans rat (Fechter et al, 2010; 2012). For

DPOAE growth functions, DPOAE isoresponses (L2 5

L1 2 10) were generated in 5-dB steps from 10 to 75
dB SPL to obtain the DPOAE threshold for 4, 8, 16,

and 32 kHz. DPOAE threshold was defined as the low-

est stimulus level to generate a DPOAE that is $3 dB
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(Martin et al, 2006). These combined frequency and

level ratios were selected to maximize the 2f1 2 f2
SPL recorded from the external auditory meatus. The

noise floor (instrumental and biologic) was computed
by averaging SPLs from the external auditory meatus

for frequency bins above and below the 2f1 2 f2 bin

(63.75 Hz). All calibrations were conducted before the

start of the study and randomly during the study.

The calibration protocol has been described in detail

previously (Martin et al, 2006). A 0.2-cm3 hard-walled

cavity that approximates the rat’s external auditory

meatus was used to monitor the quality of the DPOAE
recordings, identify nonbiogenic distortions, and check

the level of the instrumental noise floor. These quality

measurements were free of artifacts and did not pro-

duce distortions that exceeded the noise floor.

Acoustic Overexposure

The noise overexposure was a 5.6- to 11.2-kHz noise
band at 105 dB SPL for 4 h. This noise dose was chosen

because in rats, this dose results in permanent sensori-

neural loss (Chen and Fechter, 2003; Lorito et al, 2006).

In the Long-Evans rat, this specific noise treatment has

been shown to deplete hair cells within weeks after

treatment but neuronal cell counts revealed no signifi-

cant loss of neurons (Guthrie et al, 2011; Guthrie and

Xu, 2012). The animals were unrestrained in individual
cages within a reverberant 40-L chamber. Vifa D25AG-

05 speakers (Vifa International A/S, Videbaek,

Denmark) were suspended z5 cm above the cages. A

HCA1000A Parasound Amplifier (Parasound Products,

Inc., San Francisco, CA) was used to drive the speakers

while a Frequency Device 9002-Dual-Channel Filter/

Amplifier Instrument (Frequency Device Inc., Haver-

hill, MA) provided band-pass filtering to the output
from a DS335 Function-Generator (Stanford Research

System, Menlo Park, CA). Calibration of the noise to

target SPLs was conducted at the beginning of exposure

and at each hour thereafter. Sound level measurements

were taken at the level of the rat’s pinnae and the levels

were uniform in the chamber.

Statistical Analyses

DPOAE levels were analyzed with two-way repeated

measures analysis of variance (ANOVA), to determine

significant changes in DPOAE levels as a function of

time (baseline, 1-day, 1-week, and 1-mo postnoise expo-

sure) for each experimental group. F2 frequencies

between 5.2 and 16.9 kHz (total of 18 discrete

frequencies) were used in the analysis because these
frequencies fell within the expected range for noise

damage from the 5.6- to 11.2-kHz noise band used in

the current study. Furthermore, standing waves in

the rat external auditory meatus created instability

among f2 frequencies beyond 16.9 kHz. To determine

significant differences in click ABR thresholds between

the experimental groups (control, CAE only, noise only,

and noise1CAE) as a function of time, thresholds were
treated with a one-way repeated measures ANOVA.

Both DPOAE and ABR frequency–specific thresholds

were treated with a one-factor ANOVA to determine

significant differences between the experimental

groups following a 1-mo recovery period. ANOVA was

also used to determine statistically significant differ-

ences for the ABR wave I amplitude data. All post

hoc analyses consisted of Dunnett’s testing. A p value ,

0.05 was defined as statistically significant.

RESULTS

Short- and Long-Term Loss of DPOAE

Figure 1 reveals that under normal conditions (con-

trol group), DPOAE levels are robust over the study
period (1 mo) and elevated from the noise floor in Long-

Evans rats. A two-way repeated measures ANOVA

revealed no significant [F(3,255) 5 0.93, p . 0.05] differ-

ence in DPOAE levels across time points, from baseline

to 1 mo, for the control group. The DPOAE levels

showed transient improvement over time for the

CAE-only treated group. A two-way repeated measures

ANOVA revealed significant [F(3,255)5 28.26, p, 0.0001)
differences in DPOAE levels across time points, from

baseline to 1 mo, for the CAE-only group. Dunnett’s

testing revealed that there were statistically signif-

icant (p , 0.05) improvements in DPOAE levels with

CAE treatment but this positive effect returned to base-

line levels after 1mo. In the group exposed to noise only,

DPOAE levels were suppressed into the noise floor as

early as one day after the exposure and this suppression
persisted over the duration of the study (1 mo). A two-

way repeated measures ANOVA revealed significant

[F(3,270) 5 518.6, p, 0.0001) differences in DPOAE lev-

els across time points, from baseline to 1 mo, for the

noise-only group. Dunnett’s testing revealed that there

were statistically significant (p , 0.05) losses in

DPOAE levels at 1 day, 1 week, and 1 mo after noise

exposure, relative to baseline levels. In addition, there
were no significant (p. 0.05) differences inDPOAE lev-

els between 1-day, 1-week, and 1-mo recordings, which

indicate long-term suppression of levels into the noise

floor. Similar results were obtained for the CAE1 noise

group. For instance, DPOAE levels were suppressed in-

to the noise floor as early as one day after the exposure

and this suppression also persisted over the duration of

the study (1mo). A two-way repeatedmeasures ANOVA
revealed significant [F(3,216) 5 786.7, p, 0.0001) differ-

ences inDPOAE levels across time points, from baseline

to 1 mo, for the CAE 1 noise group. Dunnett’s testing

revealed that there were statistically significant
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(p, 0.05) losses in DPOAE levels at 1 day, 1 week, and

1 mo after noise exposure, relative to baseline levels. In

addition, there were no significant (p . 0.05) differ-

ences in DPOAE levels between 1 day, 1 week, and

1 mo recordings.

In summary, the noise exposure groups revealed
marked reductions in DPOAE responses. For instance,

DPOAE responses at the frequencies evaluated (5.2–

16.9 kHz) were significantly (p, 0.05) reduced relative

to responses at the same frequencies at baseline. Fur-

thermore, the noise exposure was successful in sup-

pressing DPOAE levels into the noise floor across a

wide range of frequencies over the duration of the study

for both the noise-only and the CAE 1 noise groups.
This animal model of noise-induced long-term loss of

DPOAEs allowed for ease of determination of whether

neural (e.g., ABR) thresholds could be preserved after

persistent loss of cochlear amplification.

Short- and Long-Term Recovery of

ABR Thresholds

ABRs represent the ensemble neural output from the

cochlea. Therefore, the change in ABR thresholds

within each experimental group over the course of

the study was evaluated. Figure 2 reveals that all

groups started the study with identical mean ABR

thresholds at baseline (35 dB SPL). At 1 day, 1 week,

and 1 mo after the noise exposure the control groups

(vehicle-control and CAE-only groups) continued to ex-

hibit low (good) threshold sensitivity. However, both

Figure 1. The noise exposed groups (noise only and CAE1 noise) exhibited similar short and long-term losses of DPOAEs. The level of
the 2f12 f2 DPOAE as a function of f2 frequency is plotted for each experimental group across time (baseline, 1 day, 1 week, and 1mo after
noise exposure). (A and C) The control groups (control and CAE) revealed robust DPOAE levels that exceeded the noise floor (NF) at all
time points. (B andD)Note that DPOAE levels are persistently depleted into theNF for the noise andCAE1 noise groups starting one day
after the noise exposure. CAE therapy started one day after the noise exposure. The levels of the primaries (L1 and L2) used in the DPOAE
recording are provided in each panel. The data are presented as mean 6SE. (This figure appears in color in the online version of this
article.)

Figure 2. Only the CAE 1 noise group exhibited notable short-
and long-term recovery of ABR click thresholds. ABR click thresh-
olds as a function of time postnoise exposure is plotted for each
experimental group. Note that the noise exposure was severe
enough to shift ABR thresholds for both the noise and CAE1 noise
groups. This noise-induced ABR threshold shift was similar (p .

0.05) for the noise-exposed groups (noise only and CAE1 noise) at
one day after the noise exposure. The first CAE treatment was ad-
ministered at one day after the noise damage. Only the CAE 1

noise group showed a statistically significant recovery at one week
after the noise exposure (seven days of CAE treatment). The ABR
threshold recovery for the CAE1 noise group persisted out to 1mo
after the noise exposure. Data are presented as mean 6SE. (This
figure appears in color in the online version of this article.)
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noise exposed groups (noise only andCAE1 noise) dem-

onstrated identical and severe threshold elevations (80

dB SPL) at one day after the noise exposure. Regardless

of the similarity between the noise groups at one day
after the noise exposure, the CAE1 noise group consis-

tently exhibited better threshold recover over the 1-mo

recovery period. This implies that the CAE treatment

could have restored neural sensitivity back to baseline

levels. To further explore this possibility, repeatedmea-

sures ANOVAs were computed to identify statistically

significant differences in thresholds across time points

(baseline to 1 mo). Table 1 displays the F values for
these ANOVA computations with their significance

level. Dunnett’s testing was then conducted to compare

thresholds at each time point after the noise exposure to

the original thresholds at baseline. These analyseswere

done for each experimental group. For the noise-only

group there was a statistically significant (Dunnett:

p , 0.001) difference between baseline thresholds and

thresholds at each time point after the noise exposure.
This indicates little or no recovery within the noise-only

group. For the CAE 1 noise group, there was no statis-

tically significant (Dunnett: p . 0.05) difference be-

tween baseline thresholds and thresholds at one

week after the noise exposure. This suggests the possi-

bility of recovery back to baseline levels after only seven

days of CAE treatment. Interestingly, there was a sta-

tistically significant (p , 0.05) different between
thresholds at baseline and thresholds at 1 mo after

the noise exposure. This might imply a temporary pro-

tective effect of the CAE therapy. However, to further

explore the effects observed at 1 mo after the noise ex-

posure, relative (as oppose to absolute thresholds)

threshold shifts were also analyzed.

Under normal conditions (control or CAE-only

groups), the ABR thresholds from the Long-Evans rats
exhibited an average increase of up to 13 dB at 1 mo

relative to thresholds at baseline. Therefore, a 13 dB in-

crease in click threshold occurred over the duration of

the study (subtracting this normal 13-dB threshold in-

crease from the threshold increase after noise exposure

results in the true threshold increase caused by the

noise). The average threshold increase for the noise

group is 55 dB. Therefore, 42 dB (55 2 13 5 42) of
the noise-induced threshold increase may in theory

be unrelated to the normal change in ABR threshold

that occurred during the time period of the study.

The average threshold increase for the CAE 1 noise

group is 30 dB. Therefore, 17 dB (30 2 13 5 17) of

the noise-induced threshold increase may in theory

be unrelated to the normal change in ABR threshold

that occurred during the time period of the study. By

accounting for the 13 dB increase in absolute threshold
that normally occurs among Long-Evans rats over the

duration of the study, it becomes clear that at 1 mo the

CAE 1 noise group suffered a more modest (17 dB)

hearing loss compared to the noise-only group (42 dB).

Recovery of ABR Thresholds with No Recovery

of DPOAE Thresholds

To further examine auditory function following 1 mo

of recovery from the noise exposure. Frequency-specific

thresholds were obtained for both DPOAE and ABR

(Figure 3). Figure 3A reveals DPOAE thresholds across

octave frequencies from 4 to 32 kHz at 1 mo after the

noise exposure. Although the noise exposure was cen-

tered at 8 kHz, analysis of a wide frequency range

(4–32 kHz) provides an opportunity to evaluate the ef-
fects of the noise particularly in the higher frequencies.

Note that the thresholds for the control (control and

CAE-only groups) groups are similar. A two-way

ANOVA confirmed that there was no statistically signif-

icant [F(1,48) 5 2.362, p. 0.05] main effects for the con-

trol groups. Similarly, DPOAE thresholds for the noise

groups (noise only and CAE 1 noise) also overlap with

each other and are elevated relative to that of the con-
trol groups. A two-way ANOVA confirmed that there

was no statistically significant [F(1,36) 5 3.399, p .

0.05]main effects for the noise exposed groups. This fur-

ther supports the notion that both the noise-only and

the CAE 1 noise groups experienced similar loss of

OHC amplification after the noise exposure. Such find-

ings provided another opportunity to investigate

whether neural function (e.g., ABR thresholds) could
be preserved in the presence of persistent loss of

OHC amplification.

Figure 3B reveals ABR thresholds across octave fre-

quencies from 4 to 32 kHz at 1 mo after the noise expo-

sure. The thresholds for the control groups are similar

and a two-way ANOVA revealed no statistically signif-

icant [F(1,40) 5 0.918, p. 0.05] main effects for the con-

trol groups. However, there is a clear difference in
threshold between the noise and CAE 1 noise groups.

For instance, the CAE 1 noise group consistently

exhibited lower (better) mean thresholds ranging from

60 to 67 dB for all test frequencies. This suggests that

the CAE1 noise group experienced less overall thresh-

old loss than the noise-only group. This was confirmed

by a two-way ANOVA, which revealed a significant

[F(1,36) 5 9.923, p , 0.001] main effect between the
CAE 1 noise group and the noise-only group. Although

the noise-only group had frequency-specific thresholds

that ranged from 83 to 93 dB SPL while that of the

CAE 1 noise group ranged from 60 to 67, there were

Table 1. F Values for One-way Repeated Measures
ANOVA Conducted on ABR Thresholds Over Time

Control CAE Noise CAE 1 Noise

1.136 0.6085 30.43* 13.82*

Note: *p , 0.001.
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no statistically significant (p . 0.05) effects at isolated

frequencies. The combined data further support the

notion that the noise exposure produced severe loss

of OHC amplification in both the noise-only and the

CAE 1 noise groups, but the CAE 1 noise group expe-

rienced more overall recovery in ABR thresholds than
the noise-only group.

DPOAEs assess OHC amplification, whereas ABRs

assess both preneural (e.g., OHC 1 IHC) and neural

output from the cochlea. When combined, DPOAEs

and ABRs can provide differential diagnosis of preneu-

ral (e.g., OHC) and neural (e.g., IHC 1 eighth cranial

nerve) functions. Up to 60 dB of neural threshold sen-

sitivity is driven by OHC amplification; therefore, a loss
of OHC amplification alone will result in up to 60-dB

threshold shift in ABR (Liberman et al, 2002; Schmiedt

et al, 2002). The mean frequency–specific ABR thresh-

olds from the noise-only group ranged from 83 to 93 dB

SPL; therefore, 23–33 dB of this loss may in theory be

attributed to a loss in neural sensitivity. In contrast, the

mean frequency–specific ABR thresholds from the

CAE 1 noise group ranged from 60 to 67 dB SPL and
only 7 dBmay in theory be attributed to a loss in neural

sensitivity. Given that both noise-only (range of 63–75

dB SPL) and CAE 1 noise (range of 69–75) groups

exhibited similar loss of DPOAE thresholds, it is entic-

ing to speculate that neural sensitivity was preserved in

the CAE 1 noise group in the absence of normal OHC

amplification.

Preservation of ABR Wave I Amplitude

Figure 4 reveals wave I amplitude-intensity growth

functions for each experimental group. In Figure 4A,

the severity of the noise exposure can be appreciated

when the growth functions of the control groups are

compared with that of the noise-exposed groups.

The control groups exhibit amplitudes that weremuch
higher (approximately twofold) than that of the noise-

exposed groups. Note that the growth functions for the

control groups were monotonic, in that the amplitudes

increase as the stimulus intensity increase. This is

consistent with the known relationship between stim-

ulus level and the normal response of the cochlear

nerve (Furman et al, 2013). Figure 4B reveals that

the monotonic neural response was preserved in the

CAE 1 noise group. However, the noise-only group
exhibited a nonmonotonic response, where increases

in stimulus level did not induce an increase in ampli-

tudes. In addition, amplitudes recorded from the

CAE1 noise group were elevated above the background

voltage noise floor. In contrast, amplitudes recorded

from the noise-only group were almost embedded in

the background noise floor. This suggests that the

CAE 1 noise group exhibited ABR wave I amplitudes
that were preserved, in the sense that the amplitudes

were not reduced into the noise floor. A one-way

ANOVA and Dunnett’s testing confirmed this assump-

tion. For instance, there was a significant difference in

amplitude between the experimental groups [F(3,21) 5

9.507, p, 0.001], the amplitudes for the control groups

and that of the CAE 1 noise group was significantly

(p, 0.05) higher than that of the background noise floor.
However, the amplitude of the noise-only group was

not statistically different (p . 0.05) from that of the

Figure 3. Similar DPOAE threshold loss among the noise exposed groups but only the CAE1 noise group showed significant (p, 0.05)
recovery of frequency-specific ABR thresholds. (A) The two noise exposed groups (noise only and CAE 1 noise) exhibited similar loss of
DPOAE thresholds at 1 mo after the noise exposure. (B) However, ABR thresholds were better preserved in the CAE 1 noise group. The
data are presented as mean 6SE. (This figure appears in color in the online version of this article.)

Figure 4. Preservation of ABR wave I amplitude. (A) The sever-
ity of the noise exposure is evident when comparing wave I ampli-
tude from the control groups (control and CAE) with that from the
noise groups (noise and CAE 1 noise). (B) Note that the ampli-
tudes from the group exposed to noise, is almost entirely reduced
into the background voltage noise floor while the amplitudes for
the CAE 1 noise group is elevated above the noise floor. The data
are presented as mean 6SE. (This figure appears in color in the
online version of this article.)
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background noise floor. Therefore, the CAE treatment

served to prevent the loss of wave I amplitude into the

noise floor.

DISCUSSION

I n this study, evidence is presented that neural func-

tion could be partially preserved after irreversible

noise-induced loss of cochlear amplification. Exposure

to a 5.6- to 11.2-kHz noise band at 105 dB SPL for

4 h nearly eliminatedDPOAE levels in all animals. This

reduction of DPOAEs remained constant over the entire
1-mo period of the study, which indicates that the noise

induced persistent loss of OHC amplification. Postnoise

exposure treatment with CAEs did not attenuate the

DPOAE disruption which further indicates that the

noise induced a permanent sensory impairment. In an-

imal studies on pharmacologic protection from noise in-

juries, there is usually recovery of DPOAEs. However,

this recovery of DPOAEs is difficult to reconcile with
human NIHL where noise induces permanent loss of

OHC function, including depleted DPOAE levels

(Schuknecht, 1974; Attias et al, 2001). Therefore, a

somewhat more realistic animal model of NIHL would

exhibit permanent loss of OHC function, particularly

DPOAE, since OHCs are among the most vulnerable

structures and they do not regenerate.

The severity of the noise exposure used in the current
studywas further confirmed by a significant loss in ABR

thresholds. Therefore, in thismodel of noise injury, both

sensory and neural functions were persistently attenu-

ated after the noise exposure. Interestingly, treatment

with CAE after the establishment of sensory and neural

loss resulted in partial restoration of neural functions.

Therefore, this animal model provides a useful para-

digm for future studies aimed at preventing noise-
induced neuropathy. However, further development of

the model is necessary. For instance, it would be useful

to delineate the precise histological alterations that are

induced by the noise exposure and define exactly how

CAE therapymightmitigate such alterations. Of partic-

ular interest is whether the CAE therapy reduced de-

generation of afferent fibers with their associated

synaptic contacts, reduced the loss of spiral ganglion
cell bodies or both. Afferent fibers and their associated

synaptic contacts are known to be more vulnerable to

noise exposure than the cell bodies of spiral ganglion

neurons. For instance, mild noise exposure that induces

temporary threshold shifts can deplete the synaptic

contacts of afferent fibers while the cell bodies of spiral

ganglion neurons exhibit more delayed degeneration

(Webster and Webster, 1981; Kujawa and Liberman,
2006; 2009; Lin et al, 2011; Furman et al, 2013). There-

fore, future experiments should attempt to relate struc-

tural alterations to neurophysiologic outcomes from

neuroprotective therapy.

In the context of the most recent body of literature on

noise overexposure (Kujawa and Liberman, 2015), it is

reasonable to speculate that the severe noise exposure

used in the current study affected the nerve terminals
immediately during or after the noise exposure, which

would ultimately lead to the loss of spiral ganglion

nerve cells weeks or months after the exposure. How-

ever, when stimulated with trophic factors, spiral gan-

glion neurons are known to regenerate nerve terminals

(Wise et al, 2005; Wan et al, 2014). Therefore, delays in

the death of spiral ganglion neurons provide a window

of opportunity to preserve these neurons and poten-
tially entice them to regenerate their terminals. Ulti-

mately and regardless of which specific structures

degenerate and regenerate, the more important clinical

outcome will be functional recovery (e.g., audibility and

speech intelligibility with and without background

noise).

The preservation of neural function (as opposed to

OHC function) might be a more realistic intervention
for permanent NIHL. This line of thinking is markedly

different from current otoprotective efforts that are fo-

cused on preserving or regenerating OHCs (Rubel et al,

2013). Such efforts are necessary and may in the future

exhibit some level of success. However, the current pace

of the work has been slow. The data from the present

study suggest that in the presence of permanent loss

of OHC function, it might be possible to partially pre-
serve neural thresholds and wave I amplitude of the

ABR. This raises the possibility that future treatments

for NIHLmay involve the use of hearing aids to address

the permanent loss of audibility from OHC dysfunction

combined with neuroprotective therapy to limit the pro-

gression of neurodegeneration. Although speculative,

this approach might also be relevant in reducing the ef-

fects of hearing loss on dementia and cognitive decline.
For instance, deafferentation and atrophy of auditory

neurons are believed to contribute to the development

dementia and cognitive decline (Wayne and Johnsrude,

2015). If this is indeed the case, then efforts to preserve

the functional integrity of auditory neurons may help to

limit the development of dementia and cognitive decline

due to neurosensory deprivation.
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Dereköy FS, Köken T, Yilmaz D, Kahraman A, Altuntasx A. (2004)
Effects of ascorbic acid on oxidative system and transient evoked
otoacoustic emissions in rabbits exposed to noise. Laryngoscope
114(10):1775–1779.

Dolgin E. (2012) Sound medicine. Nat Med 18(5):642–645.

Fechter LD, Fisher JW, Chapman GD, Mokashi VP, Ortiz PA,
Reboulet JE, Stubbs JE, Lear AM, McInturf SM, Prues SL,
Gearhart CA, Fulton S, Mattie DR. (2012) Subchronic JP-8 jet fuel
exposure enhances vulnerability to noise-induced hearing loss in
rats. J Toxicol Environ Health A 75(5):299–317.

Fechter LD, Gearhart CA, Fulton S. (2010) Ototoxic potential of
JP-8 and a Fischer-Tropsch synthetic jet fuel following subacute
inhalation exposure in rats. Toxicol Sci 116(1):239–248.

Furman AC, Kujawa SG, Liberman MC. (2013) Noise-induced co-
chlear neuropathy is selective for fibers with low spontaneous
rates. J Neurophysiol 110(3):577–586.

Gonthier MP, Verny MA, Besson C, Rémésy C, Scalbert A. (2003)
Chlorogenic acid bioavailability largely depends on its metabolism
by the gut microflora in rats. J Nutr 133(6):1853–1859.

Guthrie OW. (2012) Dynamic compartmentalization of DNA re-
pair proteins within spiral ganglion neurons in response to noise
stress. Int J Neurosci 122(12):757–766.

Guthrie OW, Gearhart CA, Fulton S, Fechter LD. (2011) Car-
boxy alkyl esters of Uncaria tomentosa augment recovery of
sensorineural functions following noise injury. Brain Res
1407:97–106.

Guthrie OW, Li-Korotky HS, Durrant JD, Balaban C. (2008) Cis-
platin induces cytoplasmic to nuclear translocation of nucleotide
excision repair factors among spiral ganglion neurons. Hear Res
239(1–2):79–91.

Guthrie O, Xu H. (2013) Reduced phosphorylation of histone var-
iant H2Ax in the organ of corti is associated with otoprotection
from noise injury. Otolaryngology 3(131):2.

Guthrie OW, Xu H. (2012) Noise exposure potentiates the subcel-
lular distribution of nucleotide excision repair proteins within spi-
ral ganglion neurons. Hear Res 294(1–2):21–30.

Guthrie OW, XuH,WongBA,McInturf SM, Reboulet JE, Ortiz PA,
Mattie DR. (2014) Exposure to low levels of jet-propulsion fuel im-
pairs brainstem encoding of stimulus intensity. J Toxicol Environ
Health A 77(5):261–280.

Heinrich UR, Fischer I, Brieger J, Rümelin A, Schmidtmann I,
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