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Abstract

Prolonged noise exposures presented at low to moderate intensities are often used to investigate
neuroplastic changes in the central auditory pathway. A common assumption in many studies is
that central auditory changes occur independent of any hearing loss or cochlear dysfunction. Since
hearing loss from a long term noise exposure can only occur if the level of the noise exceeds a
critical level, prolonged noise exposures that incrementally increase in intensity can be used to
determine the critical level for any given species and noise spectrum. Here we used distortion
product otoacoustic emissions (DPOAES) to determine the critical level in male, inbred Sprague-
Dawley rats exposed to a 16-20 kHz noise that increased from 45 to 92 dB SPL in 8 dB
increments. DPOAE amplitudes were largely unaffected by noise presented at 60 dB SPL and
below. However, DPOAEs within and above the frequency band of the exposures declined rapidly
at noise intensities presented at 68 dB SPL and above. The largest and most rapid decline in
DPOAE amplitude occurred at 30 kHz, nearly an octave above the 16-20 kHz exposure band. The
rate of decline in DPOAE amplitude was 0.54 for every 1 dB increase in noise intensity. Using a
linear regression calculation, the estimated critical level for 16-20 kHz noise was remarkably low,
approximately 60 dB SPL. These results indicate that long duration, 16—-20 kHz noise exposures in
the 65-70 dB SPL range likely affect the cochlea and central auditory system of male Sprague-
Dawley rats.
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Introduction

Industrialized societies are becoming increasingly noisier, with city roadway noise often
reaching average equivalent intensities of 75 dB SPL Leq (Barrigdn Morillas et al., 2002;
Kheirbek et al., 2014). The adverse effects of environmental noise can be compounded by
long-duration exposures such as those that as occur on merchant or military ships and
commercial airlines (Beierle, 1996; Buckey et al., 2001). Concerns about the effects of long
term noise exposure have not only focused on the cochlea, but also the central nervous
system. Recent studies performed in rats, cats, and mice have demonstrated that prolonged
exposure to moderate intensity noise (<75 dB SPL) can result in neuroplastic changes
throughout the central auditory pathway (Lau et al., 2015; Pienkowski and Eggermont,
2009; Pienkowski and Eggermont, 2010; Sheppard et al., 2017; Zheng, 2012; Zhou and
Merzenich, 2012). Furthermore, low-level noise is often used to treat tinnitus and
hyperacusis, and has been found to alter human loudness perception (Formby et al., 2003;
Henry et al., 2006; Norena and Chery-Croze, 2007).

Behavioral threshold shifts resulting from long-term noise exposures have been extensively
studied in several species, including humans in the 1970s and 80s (Blakeslee et al., 1978;
Melnick, 1991; Syka and Popelar, 1980). Audiometric thresholds progressively increased
during the first 18-24 hours of the noise exposure; however, thresholds thereafter remained
stable over weeks or months or even years (Carder and Miller, 1971; Carder and Miller,
1972). Prolonged exposures thus give rise to an asymptotic threshold shift (ATS). For noise
exposure that are infinitely long, the ATS presumably estimates the maximum permanent
threshold shift (PTS) that can develop from that particular exposure. If the noise exposure
used to induce an ATS is of moderate intensity and lasts only a few days, then the hearing
loss will largely recover, i.e., a temporary threshold shift (TTS) following the ATS. However,
for moderately intense exposures lasting weeks or months, the ATS represents a combined
threshold shift consisting of TTS and PTS as discussed in earlier publications (Carder et al.,
1971; Carder et al., 1972; Mills, 1973). An ATS will only develop if the intensity (I, dB
SPL) exceeds a critical level (C in dB SPL). The value of C varies across species and is
dependent on frequency as well as other parameters of the noise exposure such as bandwidth
(Blakeslee et al., 1978; Mills et al., 1978). The growth of ATS as a function of intensity
increases at a constant rate (M=slope) for intensities greater than C. Thus, the hearing loss
during a prolonged noise exposure can be predicted by the equation: ATS = M (I-C) where |
represents the intensity of the noise and M represents slope or rate of growth of ATS per dB
increase in the intensity above the critical level. In the chinchilla, ATS increases
approximately 1.7 dB for every 1 dB increase in intensity above the critical level (Mills and
Talo, 1972; Mills et al., 1979; Saunders et al., 1977). Depending on the intensity and
duration of the prolonged exposure, the hearing loss can be temporary or permanent (Carder
etal., 1972; Chen et al., 2014; Clark, 1991).

Long term noise exposures that incrementally increase in intensity can be used to identify
noise levels that are ostensibly safe versus those that are potentially damaging to cochlear
hair cells. The outer hair cells (OHCs), which enhance the sensitivity and frequency
selectivity of the cochlea and which play a major role in determining audiometric thresholds,
are substantially more vulnerable to acoustic overstimulation than inner hair cells (IHCs)
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(Saunders et al., 1991). Distortion product otoacoustic emissions (DPOAES) generated by
OHCs provide a sensitive, non-invasive functional measure for assessing OHC integrity
(Wang et al., 1997). DPOAEs were used previously to distinguish safe versus deleterious
sound intensities by exposing chinchillas to a series of consecutive 6-day, noise exposures (4
kHz octave band noise) that increased from 48 to 96 dB SPL in 8 dB steps (Eddins et al.,
1999). DPOAEs started to decline above 50 dB SPL at the rate of 1.2 dB amplitude
reduction per dB of noise intensity above the critical level; frequencies roughly a half octave
above the noise were the most vulnerable. The DPOAE critical level was similar to those
obtained from extremely time consuming behavioral measurements, which illustrates the
utility of this approach (Mills et al., 1972). These results suggest that DPOAES can be used
to determine the minimal intensity capable of disrupting OHC function and auditory
sensitivity.

We are currently using inbred Sprague-Dawley rats to investigate the neuroplastic changes
occurring in the central auditory pathway following prolonged exposure to low-level noise.
Our previous study measuring auditory brainstem responses (ABRS), suggested that the
critical level in Sprague-Dawley rats was approximately 77 dB SPL (Chen et al., 2014).
However, our more recent electrophysiological studies suggested that chronic exposure to
low intensity noise might be affecting the cochlea at noise exposure intensities less than 77
dB SPL (Sheppard et al., 2017). To determine the minimum exposure intensity capable of
affecting cochlear function, we carried out a noise dose-response study in which DPOAESs
were measured in inbred Sprague-Dawley rats before, during, and after a series of 7-day
noise exposures (16—20 kHz) that increased in intensity from 45 to 92 dB SPL in roughly 8
dB steps. Our results show that the critical level for this prolonged exposure is remarkably
low, approximately 60 dB SPL; and that significant reductions in DPOAE amplitudes and
thresholds occurred at noise exposure levels of 68 dB SPL.

Materials and Methods

2.1 Subjects:

Five male Sprague Dawley rats (3—6 months old, 300-400 g, Charles River) were used in the
study. Animals were housed in the laboratory animal facility at the University at Buffalo and
given free access to food and water ad libitum. Animals were maintained on a 12-hour light-
dark cycle at a temperature of 22 °C. All experiments were approved by the Institutional
Animal Care and Use Committee at the University at Buffalo.

2.2 Noise Exposure Protocol:

Animals were exposed 24h/d to 16-20 kHz narrowband noise (Figure 1A) starting at 45 dB
SPL (maximum within band intensity); each week the intensity increased by ~8 dB SPL to a
maximum of 92 dB SPL (Figure 1B). The noise was generated using Adobe Audition. The
signal was generated through the PC soundcard (44 kHz sampling rate), fed to a power
amplifier (Amp 300, AudioSource Inc.) and presented through a loudspeaker (Fostex
FT17H) suspended approximately 8 cm above the acoustically transparent wire mesh ceiling
of the acrylic cage (dimensions L = 48.2 cm, W = 25.4 cm, H = 20.3 cm) in which the rats
were housed in the animal facility. Sound levels were measured at the height of animal’s ear
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directly below the speaker using a half-inch condenser microphone (Larson Davis; 2450),
preamplifier and power supply (Larson Davis, 2221). The output of the microphone was
digitized (RME, model Babyface Pro) and the acoustic signal was analyzed using custom
MATLAB software. Figure 1A show the noise spectrum measured at 92 dB SPL. Sound
levels at various locations within the cage varied by approximately +/- 2 dB SPL. During
the first week of the exposure, the rats were exposed at 45 dB SPL; the level was
progressively increased to 53, 60, 68, 76, 84, and 92 dB SPL in subsequent weeks (~8 dB/
week).

2.3 DPOAEs:

Using procedures described previously (Cai et al., 2013; Chen et al., 2010; Sheppard et al.,
2015), DPOAEs were measured with a Smart Distortion Product Otoacoustic Emission
System (version 4.53, Intelligent Hearing System, Miami, FL). DPOAESs were obtained from
the right ear of each animal throughout the study. Measurements were made once before the
noise exposure, on the seventh day of each weekly noise exposure, and then one week and
two weeks after the last 92 dB SPL noise exposure. Rats were anesthetized with ketamine/
xylazine (60 mg/kg/ 6 mg/kg, I.P). Before each DPOAE recording, the external ear canal
was examined with an otoscope to exclude the presence of obstructive cerumen, tympanic
membrane perforation, or infection. The DPOAE probe assembly with a microphone and
two sound delivery tubes coupled to 2 loudspeakers was gently placed in the animal’s
external ear canal. DPOAEs were measured with two primary tones (f1 and f2) with an f2/f1
ratio of 1.2. The f1 intensity (L1) was presented 10 dB higher than f2 (L2). L1 was
decreased from 80 to 25 dB SPL in 5-dB steps. DPOAE 1/O functions for 2f1-f2 SNRs were
plotted for f2 frequencies of 4, 6, 8.6, 13.2, 16, 24, and 30 kHz. DPOAE input/output
functions were used to define DPOAE thresholds by identifying the intensity at which the
DPOAE amplitude was 3 dB above the noise floor along the monotonically increasing input/
output function.

For f2 frequencies <20 kHz, the microphone output was sampled at 40 kHz over a period of
204 ms and averaged 32 times and the noise floor was measured in a 24 Hz band
surrounding 2f1-f2. For f2 values of =20 kHz, the signal was sampled at a rate of 127 kHz
over a period of 64 ms, and the noise floor was measured in a 46.7 Hz band surrounding
2f1-f2. During DPOAE testing, body temperature was maintained at 38 °C using a
feedback-controlled heating pad. After testing was completed and the animal had recovered
from anesthesia; they were returned to their cages in the noise-exposure room in the animal
facility.

2.4 Data Analysis:

DPOAE data are presented at f2 frequencies of 6, 8.6, 13.2, 16, 24, and 30 kHz. Statistical
analyses were performed using Prism GraphPad v6. DPOAE I/O functions were analyzed
for significance using a two-way repeated measures ANOVA analysis and post hoc multiple
comparisons performed with Holm-Sidak test.
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3. Results
3.1 Effect of Noise on DPOAE Amplitude:

For clarity, the baseline DPOAE are presented 95% confidence intervals around the mean
alongside the mean DPOAES obtained during and after the seven noise exposure intensities.
Table 1 shows the frequencies at which DPOAE amplitudes were significantly different from
baseline at the indicated noise exposure intensity. Frequencies at which the DPOAE
amplitudes were significantly different from baseline are also indicated within each panel of
Figure 2 and Figure 4. The 1/O functions for the three lowest noise exposures, 45, 53 and 60
dB SPL, are presented in Figure 2A for frequencies of 6, 8.6, 13.2, 16, 24, and 30 kHz. In
general, baseline DPOAE amplitudes (blue shaded area, 95% confidence interval) started to
increase around 35-40 dB SPL, reaching amplitudes of approximately 30-40 dB SPL at L2
intensities around 70-80 dB SPL. Overall, the mean DPOAE 1/O obtained during the 45, 53,
and 60 dB SPL noise exposures remained largely within the baseline 95% confidence
interval, except in a few cases. After the 45 dB SPL exposure, there was a slight, but
significant increase in DPOAE amplitudes at 8.6 kHz (p <0.01) whereas at 30 kHz there was
a slight decrease (p <0.01); however, these differences disappeared at the higher exposure
levels. Another exception occurred after the 53 dB SPL exposure where a slight decrease
was observed at 16 kHz (p <0.01). Thus, the three lowest noise intensities, has relatively
little or no effect on DPOAE amplitudes.

Mean DPOAE /0O functions for the four highest noise exposures, 68, 76, 84 and 92 dB SPL
are shown in Figure 2B for frequencies of 6, 8.6, 13.2, 16, 24 and 30 kHz. DPOAEs were
largely unchanged after the 68 dB SPL exposure, except at two frequencies. There was a
slight, but significant increase in DPOAE amplitudes at 8.6 kHz (p <0.01). In contrast, there
was a significant decrease in DPOAE amplitudes at 30 kHz (p<0.05). At the three highest
intensities, 76, 84 and 92 dB SPL, DPOAE amplitudes generally declined as noise intensity
increased; this trend was most evident at high frequencies (24-30 kHz) and less so at low
frequencies. Exposure to the 76 dB SPL noise led to a significant decline in DPOAE
amplitude at 13.2 kHz (p<0.01), 16 kHz (p<0.01), 24 kHz (p<0.001) and 30 kHz (p<0.001)
while lower frequencies remained unchanged. Exposure to the 84 dB SPL noise induced
significant DPOAE amplitude changes at all f2 frequencies except 6 kHz. DPOAE
amplitudes declined significantly at 8.6 kHz (p<0.05), 13.2 kHz (p<0.001), 16 kHz (p<
0.0001), 24 kHz (p< 0.0001) and 30 kHz (p<0.0001). Finally, the 92 dB SPL exposure
caused significant reductions in DPOAE amplitudes at 6 kHz (p<0.0001), 8.6 kHz
(p<0.0001), 13.2 kHz (p< 0.0001), 16 kHz (p<0.0001), 24 kHz (p<0.0001), and 30 kHz:
(p<0.0001).

The DPOAE amplitude reductions following the 92 dB SPL exposure occurred over a broad
range of primary tone levels and frequencies (Fig. 2B). However, the amplitude reductions at
the two lowest frequencies, 6 and 8.6 kHz, mainly occurred at moderate primary tone levels,
whereas, the reductions at high frequencies were larger and occurred at all primary tone
levels. The smallest amplitude reductions occurred at 13.2 kHz, in the mid-frequency range,
and mainly affected DPOAE amplitudes at high primary tone levels. To more clearly
illustrate these frequency and level dependent changes, DPOAE amplitudes were plotted as a
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function of L1 levels of 50 dB SPL (Fig. 3A) and 70 dB SPL (Fig. 3B) for noise exposures
ranging from 60 to 92 dB SPL. When L1 was at 50 dB SPL, DPOAE amplitudes were
mainly depressed from 16—24 kHz during the 84 dB SPL noise exposure and additionally
from 6-8.6 kHz when the exposure level increased to 92 dB SPL. DPOAE amplitudes at
13.2 kHz remained unchanged at all noise exposure levels. When L1 was presented at 70 dB
SPL, DPOAE amplitudes were only depressed at frequencies within and above the 16-20
kHz noise band; the magnitude of the decreases increased monotonically with exposure
intensity, most notably between 76 and 92 dB SPL.

3.2 DPOAE Recovery:

Figure 4 shows the baseline DPOAE presented as 95% confidence intervals around the mean
alongside the mean DPOAEs obtained one and two weeks post-exposure. DPOAE
amplitudes were depressed considerably at 30 kHz and to a lesser extent at 24 kHz and there
was little evidence of recovery between one and two-weeks post-exposure. At lower
frequencies, there was a slight trend of recovery between one and two weeks post-exposure.
DPOAE amplitudes were generally within the normal range between 6 and 13.2 kHz at one
and two weeks post-exposure. At one week post-exposure, DPOAE amplitudes were
significantly different from baseline (Table 1, bottom) at 8.6 kHz (p<0.01), 16 kHz (p<0.01,
24 kHz (p< 0.0001) and 30 kHz (p< 0.0001). At 6 and 8.6 kHz, amplitude reductions
occurred mainly at moderate stimulus level, while for 24 and 30 kHz, DPOAEs were
reduced at both moderate and high stimulus levels. By two weeks post-exposure, low-
frequency DPOAESs were within the normal range. However, DPOAE amplitudes were still
significantly below normal at 16 kHz (p<0.05), 24 kHz (p< 0.0001) and 30 kHz (p<0.0001).

3.3 Critical Intensity:

The dose-dependent reductions in DPOAE amplitudes at moderate high stimulus levels can
be used to estimate C, the noise intensity above which DPOAE begin to decline. To
accomplish this, we measured the mean reduction in DPOAE amplitude between baseline
amplitudes and the amplitudes measured after the 60, 68, 76, 84, and 92 dB SPL noise
exposure levels. Amplitude reductions were measured at intensities between the baseline
DPOAE threshold (45 dB SPL at 30 kHz and 30 dB SPL at 16 and 24 kHz) up to 80 dB
SPL. Mean amplitude reduction for 16, 24 and 30 kHz are presented in Figure 5A-C; linear
regression was used to fit a line to the data and estimate C, the exposure intensity above
which the DPOAEs begin to decline and the slope of the line, M, the rate at which DPOAE
amplitude declines with dB increase in exposure intensity. At 16 kHz, C was 60.6 dB SPL
(Fig. 5A) and M was 0.34 dB/dB (2 = 0.987). At 24 kHz, C was 57.9 dB SPL and M was
0.37 dB/dB (r? = 0.935) (Fig. 5B) while at 30 kHz, C was 59.4 dB SPL and M was 0.54
dB/dB (r? = 0.90). For frequencies within and above the noise band, C was quite similar,
approximately 60 dB SPL; however, the rate at which DPOAE amplitudes declined was
frequency dependent; 30 kHz had the steepest slope and 16 kHz the shallowest.

We performed a similar analysis by determining the DPOAE thresholds pre-exposure and
DPOAE thresholds during each of the noise exposure. The data were used to determine the
DPOAE threshold shift during the 60, 68, 76, 84, and 92 dB SPL noise exposure levels.
DPOAE threshold shifts were plotted as a function of noise exposure intensity (Figure 5D-
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F). Linear regression was used to fit a line to data in order to estimate the critical intensity,
C, and the slope, M, i.e., DPOAE threshold shift/dB increase in exposure level above the
critical level. The plot of DPOAE threshold shift versus exposure intensity was nearly linear
at 16 kHz, but the functions were more curvilinear at 24 kHz and 30 kHz. At 16 kHz (Fig.
5D), C was 61.3 dB SPL and M was 0.38 dB/dB (r2 = 0.97). At 24 kHz, C was 62.7 dB SPL
and M was 0.75 dB/dB (r2 = 0.80) (Fig. 5E) while at 30 kHz, C was 63.2 dB SPL and M was
0.94 dB/dB (r2 = 0.80). For test frequencies of 16, 24 and 30 kHz, the values for C were
similar, approximately 62 dB SPL. However, the rate at which DPOAE thresholds increased
was frequency dependent; 30 kHz had the steepest slope, 0.94 dB thresholds shift per dB
exposure intensity; 16 kHz had the shallowest slope. The values of C were a few dB higher
for DPOAE thresholds compared to DPOAE amplitude measures, but because the DPOAE
amplitudes provided a better fit to the data, further discussion will focus on DPOAE
amplitude reductions versus noise exposure level.

4. Discussion

4.1 Critical Level:

There is a growing interest in using prolonged, low-level noise study the neuroplastic
changes occurring in the central auditory pathway and possible perceptual changes, some of
which could ameliorate tinnitus or hyperacusis (Chen et al., 2014; Formby et al., 2003;
Pienkowski et al., 2010; Pienkowski and Eggermont, 2012; Pienkowski et al., 2013;
Sheppard et al., 2017; Zheng, 2012). An important prerequisite for interpreting the
neurophysiological changes and perceptual alterations is to determine if the functional
changes originate in the cochlea or if they are exclusively the result of neural alterations in
the central auditory pathway.

Our DPOAE results revealed a significant decline in the 30 kHz DPOAE 1/O function at 68
dB SPL (Fig. 3B, 5C) following prolonged exposure to the 16-20 kHz noise. Linear
regression analysis (Fig. 5) predicted that the lowest exposure capable of reducing DPOAES
would be slightly above 60 dB SPL. Therefore, our results suggest that noise levels less than
60 dB SPL would be unlikely to impair cochlea function in studies of central auditory
plasticity. Increasing the noise level to 76 dB SPL, resulted in substantial reductions in
DPOAE amplitudes at f2 frequencies from 16-30 kHz (Fig. 3A-B). The magnitude of the
DPOAE reductions were L1-dependent. Noticeable reductions occurred at 16 kHz when L1
was 50 dB SPL (Fig. 3A), whereas little effect was seen at 70 dB SPL (Fig. 3B). These
results indicate that it is necessary to assess DPOAEs over a range of frequencies and
intensities in order to accurately identify noise-induced DPOAEs changes. One potential
limitation of this study is the use of escalating noise levels, which could conceivably
“condition” the cochlea, making it more resistant to higher levels noise trauma (Canlon,
1997; Subramaniam et al., 1993). If this were to occur, it would lead to an underestimation
of the critical level. Although we observed statistically significant changes and an orderly
reduction in DPOAE amplitudes as the exposure intensity increased, the sample size was
limited and the study would have benefitted if data were obtained from a larger group of
both females and male subjects.
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The largest and most consistent noise-induced DPOAE reductions occurred at 24 and 30
kHz, roughly a half to one octave above the noise exposure band, consistent with the well-
known noise-induced half-octave or more shifts observed in psychophysical and
electrophysiological studies (Carder et al., 1972; Davis et al., 1950; Salvi et al., 1978). At
the 92 dB SPL exposure level, DPOAE reductions were also observed one octave below the
16-20 kHz exposure; these reductions were most prominent at moderate L1 levels (Fig. 2).
DPOAE results similar to this were also observed in chinchillas at high noise exposure
intensities (Eddins et al., 1999).

4.2 Species Differences:

Our linear regression data for inbred Sprague-Dawley rats 16—20 kHz noise can be
compared to similar data obtained from chinchillas exposed to octave band noise (2.8-5.6
kHz). The critical level for chinchillas, estimated from DPOAE amplitude reductions, was
50 dB SPL (Eddins et al., 1999); this value was close to the 47 dB SPL estimated from
behavioral threshold measures (Carder et al., 1971). The value of C estimated from our
Sprague-Dawley DPOAE data was slightly greater than 60 dB SPL, roughly 10 dB higher
than that for the chinchilla. Data suggest that the chinchilla is more susceptible to noise-
induced hearing loss than humans and other species (DeCory, 1992; Stephenson et al.,
1980). Therefore, one possibility is that the difference in C between the chinchilla and
inbred Sprague-Dawley rats reflects a species difference. The observed difference in C
between Sprague-Dawley rats and chinchillas could also be related to the frequency of the
noise exposure. In chinchillas, the value of C was approximately 65 dB SPL for an octave
band noise centered at 0.5 kHz versus 47 dB SPL for an octave band centered at 4 kHz, the
most sensitive region in the chinchilla audiogram. The 16-20 kHz noise used in our study
was also in the most sensitive region of the Sprague-Dawley rat audiogram. Another factor
contributing to the differences in C is the bandwidth of the noise, which was a third octave in
our study versus an octave wide in studies with the chinchilla. One limitation of our study is
that it only assessed male Sprague-Dawley rats; this was done to be consistent with a prior
study of ATS using the ABR (Chen et al., 2014). It is conceivable that the critical level and
growth of ATS may be influenced by gender and/or the specific strain of inbred animal being
evaluated. Therefore, caution should be used when comparing these results to other species,
different inbred stains within a species or different genders.

4.3 Assessment Method:

In an earlier study, we used the late peak of the ABR to measure threshold shifts from the
same 16-20 kHz noise exposure (Chen et al., 2014). In that study, our regression analysis
indicated that C was approximately 77 dB SPL, a value substantially greater than the one we
obtained using DPOAEs. This raises the questions as to which metric is more appropriate for
estimating the critical level and detecting noise-induced cochlear dysfunction. Based on our
previous study of noise-induced hearing loss in chinchillas, we found that C estimated from
changes in DPOAESs was nearly identical to that obtained by others using behavioral
thresholds (Carder et al., 1972; Eddins et al., 1999). Because these two methods for
estimating C were consistent, we suggest that DPOAE amplitude reductions provide a more
accurate method of estimating C than ABR thresholds. We also obtained estimates of C
using DPOAE threshold shifts; these values were 1-4 dB higher than those obtained using
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DPOAE amplitude reductions. However, the linear regression fits using thresholds were not
as good as those using DPOAE amplitude reductions (Figure 5). These results suggest that
DPOAE amplitude reductions provide the best way of estimating the critical level, consistent
with our previous results obtained with the chinchilla. Another factor undermining the use of
the ABR is that noise-induced hearing loss often leads to enhanced central gain. That is, the
later peaks of the ABR are enhanced by cochlear hearing loss (Chambers et al., 2016;
Melcher et al., 2009) leading to the underestimation of cochlear pathology. Consistent with
this view, we recently reported that prolonged exposure to a 10-20 kHz noise at 75 dB SPL
significantly reduced the cochlear compound action potential and summating potential. In
contrast, the local field potentials and multiunit spike discharges were enhanced in the
inferior colliculus (Sheppard et al., 2017). These results as well as other preliminary results
from our lab using a 65 dB SPL exposure suggest that sound levels well below 75 dB SPL
can impair cochlear function.

4.4. Recovery:

DPOAE amplitudes at 24 and 30 kHz only partially recovered after the last 92 dB SPL
exposure used in this study. Because DPOAEs are generated from the OHC electromotile
response, it seems likely that this stepwise series of noise exposures damaged the OHCs in
the high frequency region of the cochlea; particularly one-half to an octave above the
frequency of the noise exposure (Chen et al., 2014). One explanation for the upward shift in
damage is that the traveling wave peak shifts towards the high-frequency base of the cochlea
at high sound intensities, a consequence of nonlinear cochlear mechanics (Ramamoorthy et
al., 2010; Ruggero and Temchin, 2007). However, another possible explanation for greater
loss at the high frequencies is that antioxidant enzyme levels are lower in the base than the
apex of the cochlea making the base of the cochlea more vulnerable or fragile to the
traumatic effects of noise, aging or ototoxic damage (Sha et al., 2001). The later explanation
is appealing because significant reductions in DPOAE amplitudes were observed at the low
sound level of 68 dB SPL where nonlinear basilar membrane mechanics would be unlikely
to play a major role.

4.4 Summary:

Prolonged exposure to 16—-20 kHz noise at 68 dB SPL caused a significant reduction in
DPOAE amplitudes at 30 kHz. As the exposure intensity rose from 68 to 92 dB SPL,
DPOAE amplitudes decreased primarily between 16 and 30 kHz. Linear regression analysis
suggested that the critical intensity at which DPOAE amplitudes begin to decrease occurs at
intensities just above 60 dB SPL.
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Highlights
. Sprague Dawley rats express a remarkably low critical intensity level.
. Prolonged low-level noise exposures cause detrimental cochlear function.
. Incrementally enhancing noise can be helpful in distinguishing DPOAE

critical intensity levels.
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B Noise Exposure Protocol
A Exposure Recovery
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Figure 1:

Noise spectrum and exposure protocol. (A) Spectrum of 16-20 kHz noise presented at 92 dB
SPL (analysis bandwidth: 1/15 octave). (B) Noise exposure protocol showing the seven
noise exposure levels and recovery period.
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DPOAE 1/0 Functions for 68-92 dB SPL
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Noise-induced DPOAE input/output functions at f2 frequencies of 6, 8.6, 13.2, 16, 24 and 30
kHz; L1 intensity shown on abscissa. Pre-exposure DPOAE 1/0 functions shown as 95%
confidence interval around the mean (blue shaded area). Mean DPOAE 1/0O functions
obtained during (A) 45, 53 and 60 dB SPL noise exposures and (B) 68, 76, 84 and 92 dB
SPL noise exposures. DPOAE input/output functions that were significantly different from
pre-exposure input/output function indicated by p value in the legend of each panel (see
Table 1 for details).
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Mean DPOAE amplitudes plotted as a function of f2 frequency with the L1 level of 2 set at

(A) 50 dB SPL or (B) 70 dB SPL. Data shown for noise exposure levels between 60 and 92
dB SPL. Blue shaded region represents the 95% confidence interval around the mean
baseline data. Gray shaded region shows the spectrum of the 10-20 kHz noise exposure.
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Post-exposure DPOAE input/output function following the 92 dB SPL noise exposure.
DPOAE amplitudes plotted as a function of L1 intensity at f2 frequencies of 6, 8.6, 13.2, 16,
24 and 30 kHz. Blue shaded area represents 95% confidence interval around the mean
baseline DPOAESs. Mean post-exposure DPOAE 1/O functions obtained 1-week (blue), and
2-weeks (orange) after the 92 dB SPL exposure in the stepwise series of exposues. DPOAE
input/output functions that were significantly different from pre-exposure input/output
function indicated by p value in the legend of each panel (see Table 1 for details).
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Mean DPOAE amplitude reductions and mean DPOAE threshold shifts versus noise
exposure intensity. Mean reduction in DPOAE amplitude relative to baseline DPOAE
amplitudes plotted as function of noise exposure intensities from 60-92 dB SPL for (A) 16
kHz, (B) 24 kHz and (C) 30 kHz. Dashed line shows linear regression fit to the data. The
critical intensity (C) and slope (M) and r2 values of the linear regression line are shown in
each panel. Mean DPOAE threshold shift relative to baseline thresholds plotted as a function
of noise exposure intensities from 60-92 dB SPL for (D) 16 kHz, (E) 24 kHz and (C) 30
kHz. Dashed line shows linear regression fit to the data. Values of C, M and r2 for the linear
regression line shown in each panel.
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Significant changes in DPOAE amplitude. Columns show exposure level (upper) or recovery time (lower), 2
frequency, .F, df, and p values.

Exposure Level
45 dB SPL
45 dB SPL
53 dB SPL
68 dB SPL
68 dB SPL
76 dB SPL
76 dB SPL
76 dB SPL
76 dB SPL
84 dB SPL
84 dB SPL
84 dB SPL
84 dB SPL
84 dB SPL
92 dB SPL
92 dB SPL
92 dB SPL
92 dB SPL
92 dB SPL
92 dB SPL

Recovery Time
1 week Post
1 week Post
1 week Post
1 week Post

2 weeks Post
2 weeks Post

2 weeks Post

f2 Frequency F
8.6 kHz 11.02
30 kHz 10.92
16 kHz 12.24
8.6 kHz 10.8
30 kHz 4.93

13.2 kHz 10.02
16 kHz 11.64
24 kHz 82.27

30 kHz 17.8
8.6 kHz 4.86
13.2 kHz 16.3
16 kHz 46.9

24 kHz 82.27
30 kHz 63.22
6 kHz 79.23
8.6 kHz 60.61
13.2 kHz 45.37
16 kHz 46.9
24 kHz 101.2
30 kHz 139.1
f2 Frequency F
8.6 kHz 8.23
16 kHz 10.7
24 kHz 58.77
30 kHz 63.47
16 kHz 4.19
24 kHz 53.09
30 kHz 70.75
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1,48
1,48
1,48
1,48
1,48
1,48
1,48
1,48
1,48
1,48
1,48
1,48
1,48
1,48
1,48
1,48
1,48
1,48
1.48
1,48
df
1,48
1,48
1,48
1,48
1,48
1,48
1,48

P
<0.01
<0.01
<0.01
<0.01
<0.05
<0.01
<0.01

<0.001

<0.001

<0.05

<0.001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

P
<0.01
<0.01

<0.0001
<0.0001
<0.05
<0.0001
<0.0001
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