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Both age-related hearing loss (ARHL) and noise-induced hearing loss (NIHL) may share
pathophysiological mechanisms in that they are associated with excess free radical
formation and cochlear blood flow reduction, leading to cochlear damage. Therefore,
it is possible that short, but repeated exposures to relatively loud noise during extended
time periods, like in leisure (i.e., musical devices and concerts) or occupational noise
exposures, may add to cochlear aging mechanisms, having an impact on the onset
and/or progression of ARHL. Consequently, the aim of the present study was to
determine if repeated short-duration overexposure to a long-term noise could accelerate
permanent auditory threshold shifts associated with auditory aging in an animal model
of ARHL. Toward this goal, young adult, 3-month-old Wistar rats were divided into two
groups: one exposed (E) and the other non-exposed (NE) to noise overstimulation. The
stimulation protocol consisted of 1 h continuous white noise at 110 dB sound pressure
level (SPL), 5 days a week, allowing 2 days for threshold recovery before initiating
another stimulation round, until the animals reached an age of 18 months. Auditory
brainstem response (ABR) recordings at 0.5, 1, 2, 4, 8, 16, and 32 kHz were performed
at 3, 6, 12, and 18 months of age. The results demonstrate that in the E group there were
significant increases in auditory thresholds at all tested frequencies starting already at 6
months of age, which extended at 12 and 18 months. However, in NE animals threshold
shifts were not evident until 12 months, extending to 18 months of age. Threshold shifts
observed in the E animals at 6 and 12 months were significantly larger than those
observed in the NE group at the same ages. Threshold shifts at 6 and 12 months
in E animals resembled those at 12 and 18 months in NE animals, respectively. This
suggests that repeated noise overstimulation in short-duration episodes accelerates the
time-course of hearing loss in this animal model of ARHL.

Keywords: presbycusis, sensorineural hearing loss, noise-induced hearing loss, evoked potentials, auditory
brainstem responses
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INTRODUCTION

Hearing loss is the most frequent sensory impairment and,
globally, the fourth largest source of disability in the population
of all ages (Mathers et al., 2000, 2008; World Health Organization,
2018. It affects approximately 466 million people (6.1% of the
world’s population), and unless appropriate measures are taken,
its incidence could rise up to 630 million by 2030 and to 900
million by 2050 (World Health Organization, 2017b, 2018).
Hearing loss has a profound impact on the individuals and their
social environments leading to a decrease in quality of life (World
Health Organization, 2017b, 2018). It also impacts economy,
affecting several sectors including occupational, educational
and health care, with an estimated annual global cost over
US$ 750 billion (World Health Organization, 2017b, 2018).
All this highlights the need to continue studying the causes
of hearing loss, in order to establish strategies for optimal
therapeutic approaches. Among the different possible causes,
noise and aging are the most common etiological factors in the
development of hearing loss in the adult population (World
Health Organization, 2006, 2017b). Although, individually
noise and aging are important enough to be considered a
global issue, they usually coexist and interact increasing the
worldwide burden.

Noise-induced hearing loss (NIHL) is the consequence of
overexposure to loud noise, characterized by a permanent
increase in auditory thresholds (permanent threshold shift, PTS)
(Clark and Bohne, 1999; World Health Organization, 2006;
Daniel, 2007; Le Prell et al., 2007b; Basner et al., 2014). There
is a consensus in that noise is defined as any unpleasant sound
(Berglund et al., 1999; Śliwińska-Kowalska and Davis, 2012), and
its source coming mainly from occupational activities related to
transportation and industries (World Health Organization, 1997,
2006; Daniel, 2007; European Commission, 2008; Śliwińska-
Kowalska and Davis, 2012; Basner et al., 2014). However, it is
important to note that some “pleasant” sounds, under certain
circumstances, also may lead to NIHL. Thus, sources of loud
sound that might induce hearing loss could originate from leisure
activities such as the use of personal portable musical devices,
playing with loud toys, attending sports or musical events, or
fitness classes (World Health Organization, 1997, 2006; Daniel,
2007; European Commission, 2008; Śliwińska-Kowalska and
Davis, 2012; Basner et al., 2014).

Age-related hearing loss (ARHL) or presbycusis in the human
clinic, is a gradual and irreversible age-dependent decline
of the auditory function, which is reflected in a progressive
increase in auditory thresholds, mainly in the high frequency
range. Subjects present degraded frequency discrimination and
limitations in speech comprehension tasks (Boettcher, 2002;
Syka, 2002; Gordon-Salant, 2005; Bielefeld et al., 2010; Huang
and Tang, 2010; Sprinzl and Riechelmann, 2010; Fetoni et al.,
2011). ARHL is one of the most frequent sensory disabilities in
the elderly, affecting more than 33% of the population over 60
years old (Mathers et al., 2000, 2008; Gopinath et al., 2009; Lin
et al., 2011; Yamasoba et al., 2013). Since it has been estimated that
this aged population will increase in global rates from 12 to 22%
between 2015 and 2050 (World Health Organization, 2017a), the

number of affected people in the next three decades will increase
substantially. The reason that there is no effective medication
against ARHL, is due to the fact that its etiopathogenesis is
multifactorial and very complex and still remains unclear (Huang
and Tang, 2010; Fetoni et al., 2011; Yamasoba et al., 2013; Melgar-
Rojas et al., 2015b; Alvarado et al., 2018).

It has been suggested that “common pathogenic pathways”
are shared by NIHL and ARHL (Alvarado et al., 2015, 2018;
Tavanai and Mohammadkhani, 2017). For instance, excess free
radical build-up in the cochlea, due to increased metabolic
demands after noise overstimulation, metabolism dysregulation
associated with age as well as reduction in cochlear blood flow,
seem to play key roles in the etiopathogenesis of both NIHL
and ARHL (Mills and Schmiedt, 2004; Henderson et al., 2006;
Le Prell et al., 2007a,b; Bielefeld et al., 2010; Huang and Tang,
2010; Schmiedt, 2010; Fetoni et al., 2011; Shi, 2011; Lee, 2013;
Yamasoba et al., 2013; Fujimoto and Yamasoba, 2014; Alvarado
et al., 2015; Melgar-Rojas et al., 2015b). As aforementioned,
the synergistic interaction between NIHL and ARHL involves a
complex “pathogenic continuum” of coincident, overlapping or
independent mechanisms converging in sensorineural hearing
loss (Bielefeld et al., 2010; Fetoni et al., 2011; Walling and
Dickson, 2012; Melgar-Rojas et al., 2015b; Parham et al., 2015).
Nevertheless, despite the fact that there is a great deal of
information about noise and aging, there is still no consensus
on the long-term functional effects of noise exposure on ARHL
(Fetoni et al., 2011). Moreover, since most of these studies are
based on a single noise exposure or short-term noise stimulation
protocols and humans are exposed daily and for a long time to
a variety of loud sounds, additional research is needed to better
mimic these conditions. Therefore, the aim of the present study
was to evaluate the possible impact that overexposure to relatively
loud sounds of short duration repeated over an extended time
period may have on the onset and/or progression of presbycusis
in an animal model of ARHL.

MATERIALS AND METHODS

Animals
Sixteen adults male Wistar rats (Charles River, Barcelona,
Spain), were housed at the Universidad de Castilla–La Mancha
animal facility (Albacete, Spain), under controlled conditions of
temperature (22–23◦C) and humidity (60 ± 5%), and on a 12 h
light/dark cycle and food/water ad libitum. All procedures were
approved by the Ethics Committee on Animal Experimentation
at the University of Castilla-La Mancha (Permit Number: PR-
2013-02-03) and were conformed to Spanish (R.D. 53/2013;
Law 32/2007) and European Union (Directive 2010/63/EU)
regulations for the care and use of animals in research.

Noise Overstimulation Protocol
In order to evaluate the effects of repetitive, short-duration noise
overstimulation on aging, animals were distributed into two
main groups: (1) a non-exposed group (NE, n = 8) and (2) an
exposed group (E, n = 8) to noise overstimulation. The noise
overstimulation protocol consisted of a continuous white noise
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FIGURE 1 | Noise overstimulation protocol. Following the baseline ABR
recordings prior to any noise exposure at the age of 3 months, the noise
exposure sessions began. The noise overstimulation protocol consisted of a
continuous white noise (110 dB SPL) for 1 h a day for 5 days, with 2 days of
recovery before initiating the next stimulation round, until the animals reached
18 months. Additional ABR recordings were performed at 6, 12, and 18
months of age. At these time-points, the recordings in the exposed animals
were performed after the 2 days of recovery and right before initiating the
corresponding round of 5 days of noise overstimulation.

at an intensity of 110 dB sound pressure level (SPL), starting
at 3 months of age (Figure 1). Following the baseline ABR
recordings prior to any noise exposure at the age of 3 months,
the noise exposure sessions began at 1 h per day for 5 consecutive
days, followed by 2 days of “recovery” before initiating another
stimulation round. This protocol was repeated until the animals
reached the age of 18 months. The sound was delivered inside
a methacrylate reverberating chamber with 60 × 70 × 40
(length × width × height) cm with non-parallel and tilted
walls to avoid standing waves and ensure a more homogeneous
sound field. The chamber was located into a double wall sound–
attenuating booth placed inside a sound–attenuating room.

ABR recordings in both NE and E animals were performed
first at 3 months of age (NE3 and E3, control condition), before
beginning the noise overstimulation protocol in E rats, and then
at 6 (NE6 and E6), 12 (NE12 and E12), and 18 (NE18 and E18)
months of age (Figure 1). At these time points, the recordings in
the exposed animals were performed after the 2 days of recovery
and right before initiating the corresponding round of 5 days of
noise overstimulation.

Auditory Brainstem Response (ABR)
Recordings
ABR recordings were performed as described elsewhere
(Alvarado et al., 2012, 2014, 2016, 2018; Fuentes-Santamaría
et al., 2012, 2013, 2014; Melgar-Rojas et al., 2015a). The rats were
anesthetized with isoflurane (1 L/min O2 flow rate) at 4% and
1.5–2% for induction and maintenance; respectively. Then, the
animals were placed into a sound-attenuating and electrically
shielded booth (EYMASA/INCOTRON S.L., Barcelona, Spain)
that was located inside a sound-attenuating room. During
recordings, the temperature was monitored with a rectal probe
and maintained at 37.5 ± 1◦C using a non–electrical heating
pad. After anesthesia, subdermal needle electrodes (Rochester
Electro–Medical, Tampa, FL, United States) were placed at the
vertex (non–inverting) and in the right (inverting) and left
(ground) mastoids. Auditory stimulation and signal recordings
were performed using a BioSig System III (Tucker-Davis
Technologies, Alachua, FL, United States). Specifically, the

sounds were generated digitally by the SigGenRP software
(Tucker-Davis Technologies, Alachua, FL, United States) and
the RX6 Piranha Multifunction Processor hardware (Tucker-
Davis Technologies, Alachua, FL, United States), and were
delivered into the external auditory meatus of the right ear
using an EDC1 electrostatic speaker driver (Tucker–Davis
Technologies) through an EC-1 electrostatic speaker (Tucker-
Davis Technologies). The stimuli, consisted of pure tone bursts
sounds (5 ms rise/fall time without a plateau with a cos2 envelope
delivered at 20/s) at seven different frequencies (0.5, 1, 2, 4, 8, 16,
and 32 kHz). Prior to recording, calibration was performed using
SigCal software (Tucker-Davis Technologies) and an ER-10B+
low noise microphone system (Etymotic Research Inc., Elk,
Groove, IL, United States). Auditory evoked potentials were
filtered (0.3–3.0 kHz), averaged (500 waveforms) and stored for
offline analysis.

ABR Data Analysis
Auditory Thresholds
To determine auditory thresholds in NE and E animals, evoked
responses were measured in 5 dB steps descending from 80 dB
SPL. Background activity, measured before stimulus onset, was
recorded. Next, for each of the frequencies tested, the auditory
threshold was defined as the stimulus intensity that evoked
waves with a peak–to–peak voltage greater than two standard
deviations (SD) of the background activity (Cediel et al., 2006;
Garcia-Pino et al., 2009; Alvarado et al., 2012, 2014, 2016, 2018;
Fuentes-Santamaría et al., 2012, 2013, 2014; Melgar-Rojas et al.,
2015a). The maximum level of intensity was established at 80 dB,
in order to avoid possible acoustic trauma in NE rats and
any additional noise overstimulation in E animals during the
recordings (Gourévitch et al., 2009; Alvarado et al., 2012, 2014,
2016, 2018; Fuentes-Santamaría et al., 2012, 2013, 2014; Melgar-
Rojas et al., 2015a). Following the noise overstimulation protocol
in the E group, if no auditory evoked responses were obtained at
80 dB, the auditory thresholds were set at that value for statistical
analysis (Subramaniam et al., 1992; Trowe et al., 2008; Alvarado
et al., 2012, 2014, 2016, 2018; Fuentes-Santamaría et al., 2012,
2013, 2014; Melgar-Rojas et al., 2015a).

Threshold Shift
The threshold shift was calculated for each of the frequencies by
subtracting the auditory thresholds at the different time-points
evaluated (6, 12, and 18 months) from the auditory thresholds
in the control condition (3 months) (Alvarado et al., 2012, 2014,
2016, 2018; Fuentes-Santamaría et al., 2012, 2013, 2014; Melgar-
Rojas et al., 2015a).

Wave Amplitudes
Since waves I, II and IV are the largest and the most consistent
waves in ABRs from Wistar rats (Church et al., 2010, 2012b;
Alvarado et al., 2012, 2014, 2016, 2018; Fuentes-Santamaría et al.,
2012, 2013, 2014; Melgar-Rojas et al., 2015a), all parameter
measurements related to the evoked responses were performed
on these three waveforms. The wave amplitude was defined as the
sum of the absolute values of the positive peak and the subsequent
negative trough of the waves (Popelar et al., 2008; Church et al.,
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2010, 2012b; Alvarado et al., 2012, 2014, 2016, 2018; Fuentes-
Santamaría et al., 2012, 2013, 2014; Melgar-Rojas et al., 2015a).

Wave Amplitude Ratio
In order to normalize the measurement of the waves, the
amplitudes were analyzed as absolute amplitudes and also as
relative amplitudes using the wave amplitude ratio (Boettcher
et al., 1996). The wave amplitude ratio was calculated as follows:

Ratio = (WATP/WACC)

Where WATP is the amplitude of the wave at each time-point
and WACC is the wave amplitude in the control condition before
the noise exposure.

Wave Latencies
As reported previously (Chiappa et al., 1979; Chen and Chen,
1991; Gourévitch et al., 2009; Alvarado et al., 2012, 2014, 2016,
2018), two wave latencies were evaluated: (1) the absolute positive
latency (time in ms between the stimulus onset and the positive
peak), and (2) the absolute negative latency (time between

FIGURE 2 | Line graphs illustrating auditory thresholds and threshold shifts at the different frequencies evaluated in NE and E rats at 3, 6, 12, and 18 months. In
both NE3 and E3 animals, previous any noise exposure, the mean values of the auditory thresholds were similar (A). At 6 months, the auditory thresholds (B) and the
threshold shifts (E) in E6 rats were significantly higher than those found in the NE6 rats. Although, auditory thresholds (C) and threshold shifts (F) were elevated in
both NE12 and E12 groups, these values were still statistically significantly higher in the E12 rats when compared to NE12 animals. At 18 months of age, no
significant differences were detected between noise exposed and non-exposed rats (D,G). ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.
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FIGURE 3 | Examples of ABR waveforms from NE (A–D) and E (E–H) rats at all ages and frequencies evaluated. The NE3 (A), NE6 (B), and E3 © animals, previous
any noise exposure, showed typical waveform patterns which consisted of 4 to 5 evoked waves after stimulus onset. At 12 (C) and 18 (D) months of age, NE rats
had an age-related decrease in wave amplitudes at all frequencies. However, in the exposed animals such a reduction was already apparent at 6 months (F) and it
was more evident at 12 (G) and 18 (H) months of age for the higher frequencies when compared to NE rats.

the stimulus onset and the negative trough). Furthermore, the
positive and negative interpeak intervals between the waves I-II,
II-IV, and I-IV were calculated. An acoustic transit time of
0.5 ms between the speaker’s diaphragm and the rat’s tympanic
membrane was added to the positive and negative latencies.

Statistical Analysis and Preparation of Figures
All data are expressed as mean ± SEM. The measurements of
the waves amplitudes and latencies were performed at 80 dB SPL
unless otherwise indicated. Comparisons among the different
groups were performed using two-way repeated measures
analysis of variance (ANOVA) with noise overstimulation (non-
exposed vs. exposed), as an independent variable and age (3, 6, 12,
and 18 months), as a repeated independent variable. All the ABR
parameters measured in the present study were the dependent
variables. For each of the frequencies, the possible statistically

significant main effect of the noise overstimulation and age was
also evaluated. If the main analysis indicated a significant effect
of one factor or an interaction between factors, a Scheffé post hoc
analysis was made. Significance levels (α) and power (β) were
set to 0.05 and 95%, respectively. Canvas (Deneba v6.0) software
package was used for the preparation of figures.

RESULTS

Auditory Thresholds
ABR recordings in 3 month-old rats in both the NE and E
groups (Figure 2A) showed normal auditory thresholds, similar
to those reported previously in the Wistar rat (Jamesdaniel et al.,
2008; Church et al., 2010, 2012b; Alvarado et al., 2012, 2014,
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2016, 2018; Fuentes-Santamaría et al., 2012, 2013, 2014; Pilati
et al., 2012; Melgar-Rojas et al., 2015a). In the NE rats, no
differences were observed in average threshold values between
3 (NE3) and 6 months (NE6). However, both in NE12 and
NE18, there was a significant increase in auditory thresholds
at all frequencies analyzed as a function of age (Figures 2A–
D), which was consistent with previous findings (Alvarado
et al., 2014, 2018). In contrast, in the E rats, an increase in
auditory thresholds was observed already at 6 months of age (E6)
(Figure 2B) and it persisted elevated in the E12 and E18 groups
(Figures 2C,D). ANOVA revealed a significant effect of noise
overstimulation and age on auditory thresholds [F(3, 258) = 64.49,
p < 0.0001]. Subsequent application of Scheffé´s post hoc test
demonstrated that auditory thresholds in the E6 (Figure 2B) and
E12 (Figure 2C) groups were statistically significantly higher at
all assessed frequencies, when compared to those in age-matched
NE rats and were similar to those observed in NE12 and NE18
rats, respectively (compare Figures 2B–D). In 18-month-old rats,
no statistical differences were detected (Figure 2D).

ANOVA also showed a significant effect of both noise
overstimulation and age on auditory thresholds shift [F(2,

190) = 6.27, p< 0.001]. Scheffé´s post hoc test indicated that values
in the E6 group were significantly higher when compared to the
NE6 group (Figure 2E). Despite that threshold shifts in the NE12
rats were elevated, values were significantly lower than those
found in E12 rats (Figure 2F). Finally, there were no significant
differences in auditory threshold shifts observed between NE18
and E18 animals (Figure 2G).

Wave Amplitudes
Illustrative examples of ABR recordings from NE
(Figures 3A–D) and E (Figures 3E–H) rats at the different
groups of age are depicted in Figure 3. The typical waveform
pattern described elsewhere for Wistar rats (Overbeck and
Church, 1992; Church et al., 2010, 2012b,a; Alvarado et al.,
2012, 2014, 2018) was observed in NE3 (Figure 3A) and NE6
(Figure 3B), as well as in E3 (Figure 3E) animals. Consistent
with previous studies (Alvarado et al., 2014, 2018), an age-related
decrease in wave amplitudes at all frequencies evaluated was
found at 12 (Figure 3C) and (Figure 3D) 18 months of age, both
in NE and E groups. However, in rats in the E group, the decrease
in wave amplitudes was already present at 6 months of age (E6)
(Figure 3F) and was more evident at the highest frequencies in
E12 (Figure 3G) and E18 (Figure 3H) animals.

Evaluation of mean amplitude values of the largest waves
in the ABRs (see MATERIALS AND METHODS, Figure 4)
with ANOVA, indicated that there was a significant effect of
noise overstimulation and age on the amplitudes of waves I
(F(3, 258) = 2fb.64, p < 0.05], II [F(3, 258) = 3.19, p < 0.01]
and IV [F(3, 258) = 2.54, p < 0.05], already evident as early
as 6 months in the exposed animals. In other words, at 3
months of age (Figure 4), the amplitudes of wave I (Figure 4A,
green), II (Figure 4B, red), and IV (Figure 4C, blue) were
similar between NE (solid lines) and E (dashed lines) animals.
However, in groups at older ages, comparison between exposed
and non-exposed animals at different time-points demonstrated
that at 6 months, the mean amplitudes in the NE rats were

still similar to those observed in 3-month-old rats whereas in
the E animals there was a significant decrease in the magnitude
of all waves at all frequencies studied (Figures 4D–F). In 12-
month-old rats, the mean values at 8, 16, and 32 kHz for
waves I (Figure 4G) and II (Figure 4H), but not for wave IV
(Figure 4I), were significantly lower in the E animals as compared
to NE animals. By 18 months (Figures 4J–L), the only significant
difference that persisted was that observed in wave II at 8, 16, and
32 kHz (Figure 4K).

ANOVA of the normalized waveform amplitude using the
wave amplitude ratio (see MATERIALS AND METHODS),
confirmed the above mentioned differences between exposed and
non-exposed groups, suggesting that there was a significant effect
of noise overstimulation and age on the amplitude ratio of waves
I [F(2, 190) = 3.39, p < 0.05], II [F(2, 190) = 5.75, p < 0.01] and
IV [F(2, 190) = 6.69, p < 0.01]. At 6 months of age, in NE rats,
ratios ranged from 0.87 to 1.11 in wave I (Figure 5A), from 0.87
to 0.99 in wave II (Figure 5B), and from 0.86 to 0.89 in wave IV
(Figure 5C). These ratios were significantly lower in E rats for
all waves and at all frequencies evaluated, not exceeding values
of 0.70, 0.59, and 0.58 in waves I (Figure 5A), II (Figure 5B),
and IV (Figure 5C), respectively. At 12 months of age, in the NE
animals, ratios ranged from 0.41 to 0.70 in wave I (Figure 5D),
from 0.38 to 0.61 in wave II (Figure 5E), and from 0.21 to 0.52 in
wave IV (Figure 5F); whereas in the E animals, the ratios ranged
from 0.14 to 0.62 in wave I (Figure 5D), from 0.15 to 0.65 in wave
II (Figure 5E), and from 0.07 to 0.49 in wave IV (Figure 5F).
These ratios were statistically significantly lower in wave I at 4,
8, 16, and 32 kHz, and in wave II at 8, 16, and 32 kHz. Finally, in
18-month-old animals, the wave amplitude ratios in the NE rats
were from 0.04 to 0.51 in wave I (Figure 5G), from 0.23 to 0.40 in
wave II (Figure 5H) and from 0.14 to 0.24 in wave IV (Figure 5I);
however, in the E rats, these values ranged from 0.01 to 0.51 in
wave I (Figure 5G), from 0.03 to 0.36 in wave II (Figure 5H),
and from 0.05 to 0.26 in wave IV (Figure 5I), with significant
differences only in wave II at 8, 16, and 32 kHz.

Wave Latencies
The mean values observed in NE3 and E3 rats, in both the
positive and negative (Figures 6A–C) absolute latencies, were
consistent with those previously reported (Jamesdaniel et al.,
2008; Church et al., 2010, 2012b; Alvarado et al., 2012, 2014,
2016, 2018; Fuentes-Santamaría et al., 2012, 2013, 2014; Pilati
et al., 2012; Melgar-Rojas et al., 2015a). However, in the
older animals, ANOVA demonstrated a significant effect of
noise overstimulation and age on the positive and negative
absolute latencies of wave I [F(3, 258) = 2.34, p < 0.05,
for the positive latency; F(3, 258) = 2.37, p < 0.05, for the
negative latency], II [F(3, 258) = 2.36, p < 0.05, for the positive
latency; F(3, 258) = 2.38, p < 0.05, for the negative latency]
and IV [F(3, 258) = 2.79, p < 0.05, for the positive latency;
F(3, 258) = 3.25, p < 0.05, for the negative latency]. In all
cases, there were longer latency times at higher frequencies
in the exposed rats as compared to non-exposed animals.
Nevertheless, the effect was more evident in wave IV than in
waves I and II. Accordingly, for the absolute positive latency,
significantly longer times in wave IV were present in E6 (8,
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FIGURE 4 | Line graphs illustrating wave amplitudes (in µV), as a function of the frequencies evaluated in NE (solid lines) and E (dashed lines) animals at 3, 6, 8, and
18 months of age. At 3 months (A–C), previous any noise exposure, the mean values of waves I, II and IV (the largest in the ABRs) were similar in both groups, while
in 6-month-old rats (D–F), the mean amplitudes of all waves in the exposed animals at all frequencies were significantly reduced when compared to non-exposed
rats. At 12 months (G–I), while there was a decrease in the mean amplitudes of all waves in both exposed and non-exposed rats, waves I (G) and II (H) at the
highest frequencies (H) in the E group were still smaller than those observed in NE animals. No differences were observed in wave IV (I). At 18 months, whereas no
differences were observed between groups in the waves I (J) and IV (L), the mean values in wave II in the E group remained reduced at the highest frequencies (K).
∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.

16, and 32 kHz), E12 (8, 16, and 32 kHz) and E18 (16 and
32 kHz) groups (blue lines in Figures 6F,I,L), and also in
the E18 group in wave 1 at 16 and 32 kHz (green lines in

Figures 6D,G,J) and in the E18 group in wave II at 32 kHz
(red lines in Figures 6E,H,K). As far as absolute negative
latencies are concerned, our data demonstrate that wave IV
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FIGURE 5 | Bar graphs illustrating wave amplitude ratios in noise-exposed animals at 6, 12, and 18 months of age relative to the control condition. In 6-month-old
exposed animals, (A–C), wave amplitude ratios for all waves and at all frequencies were significantly smaller when compared to the non-exposed rats. At 12 months,
while ratios decreased in both NE and E groups, in E animals the mean values were still significantly reduced at the highest frequencies for waves I (D) and II (E), but
not for wave IV (F). In the oldest animals (G–I), the mean values remained reduced in both groups and significant differences were observed only in wave II (H) at 8,
16, and 32 kHz. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.

showed statistically significantly longer times in the E6 (8,
16, and 32 kHz), E12 (4, 8, 16, and 32 kHz) and E18 (4,
8, 16, and 32 kHz) groups (black lines in Figures 6F,I,L),
whereas in waves I (black lines in Figures 6D,G,J) and II
(black lines in Figures 6E,H,K), significantly longer latencies
were observed in the E18 group at 32 kHz, and at 16 and
32 kHz, respectively.

Similar to the absolute latencies, the mean values in NE
and E rats at 3 months of age for the positive as well
as for the negative (Figures 7A–C) interpeak latencies, were
consistent with those observed previously (Jamesdaniel et al.,
2008; Church et al., 2010, 2012b; Alvarado et al., 2012, 2014,
2016, 2018; Fuentes-Santamaría et al., 2012, 2013, 2014; Pilati
et al., 2012; Melgar-Rojas et al., 2015a). ANOVA also revealed
a significant effect of noise overstimulation and age on the
positive interpeak latencies II-IV [F(3, 258) = 2.58, p < 0.05]
and I–IV [F(3, 258) = 2.73, p < 0.05], and in the negative
interpeak latencies I-II [F(3, 258) = 7.02, p < 0.001], II-
IV [F(3, 258) = 3.37, p < 0.05] and I-IV [F(3, 258) = 5.52,
p < 0.01]. In the positive interpeak latencies, the Scheffé
post hoc test indicated that, when compared to the non-exposed
rats, older exposed animals had significantly longer interpeak

times between waves II and IV in the E6 (8, 16, 32 kHz),
E12 (8, 16, 32 kHz) and E18 (32 kHz) groups (red lines in
Figures 7E,H,K). Also, statistically significantly longer interpeak
times were detected in the exposed rats, between waves I
and IV in the E6 (8, 16, 32 kHz), E12 (4, 8, 16, 32 kHz)
and E18 (32 kHz) groups (blue lines in Figures 7F,I,L). No
significant differences were observed in the interpeak times
between waves I and II (green lines in Figures 7D,G,J).
For the negative interpeak latencies, the Scheffé post hoc test
also demonstrated longer interpeak times in the exposed rats.
Actually, the interpeak times between waves I and II, did not
differ between 6 (black lines in Figure 7D) and 12-month
old (black lines in Figure 7G) rats. However, the mean values
were statistically significantly longer in E18 (8, 16, 32 kHz)
animals (black lines in Figure 7J). In the interpeak times
between waves II and IV, significantly longer latencies were
observed at 6 (8, 16, 32 kHz), 12 (4, 8, 16, 32 kHz) and 18
(16, 32 kHz) months of age (black lines in Figures 7E,H,K).
Finally, in the interpeak latencies between waves I and IV,
significant differences were found at 6 (16, 32 kHz), 12 (4, 8,
16, 32 kHz) and 18 (8, 16, 32 kHz) moths of age (black lines
in Figures 7F,I,L).
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FIGURE 6 | Line graphs depicting the absolute positive (colored lines) and negative (black lines) latency times (ms) of waves I, II, and IV, as a function of frequency in
NE and E rats. At 3 months (A–C) in both NE and E animals, previous any noise exposure, the mean values for the absolute latencies in waves I, II, and IV were
similar to those previously reported. At 6 and 12 months in the exposed rats these values were significantly longer at the highest frequencies for wave IV (F,I), but not
for wave I (D,G) or II (E,H). In 18-month-old rats, a significant lengthening of latency times was detected in the exposed animals for waves I (J), II (K), and IV (L) also
at the highest frequencies. PAL, Positive Absolute Latencies; NAL, Negative Absolute Latencies, ∗p < 0.05, ∗∗p < 0.01.

DISCUSSION

The findings in the present study suggest that repeated short-
duration loud sound overstimulation accelerates the time-
course of ARHL in an animal model of auditory aging.
Alterations in auditory function were present as early as 6

months of age following sound exposure and were characterized
by significant increases in auditory thresholds, decreases in
waveform amplitudes and longer latency times. All these ABR
parameters in the exposed animals showed variations in mean
values when compared to their corresponding age-matched non-
exposed rats. They were, however, comparable to those found
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FIGURE 7 | Line graphs illustrating the interpeak positive (colored lines) and negative (black lines) latency times (ms) plotted as a function of frequency in
non-exposed and exposed rats. In the 3-month-old group, previous any noise exposure, there were no differences between E and NE groups in any of the interpeak
positive latencies evaluated (A–C). However, there was a significant effect of sound stimulation and age on the interpeak positive latency times at 6 (D–F), 12 (G–I),
and 18 (J–L) months. Accordingly, in the I-II interpeak positive latency times whereas no differences were observed between NE and E rats, longer negative latencies
in the exposed animals were detected at the highest frequencies in 18-month-old (D–J) animals. In the II-IV (E,H,K) and I-IV (F,I,L) interpeak latencies, longer times
were detected in the exposed animals at the highest frequencies at 6, 12, and 18 months when compared to non-exposed rats. PIL, Positive Interpeak Latencies;
NAL, Negative Interpeak Latencies, ∗p < 0.05, ∗∗p < 0.01.

in older non-exposed animals. In this regard, threshold shifts,
reduced wave amplitudes and longer latency times in the E6
and E12 groups, all corresponded with those typically observed
in the NE12 and NE18 animals, respectively, suggesting that

changes in auditory function related to ARHL are accelerated
after prolonged repetitive sub-damaging noise exposure. To our
knowledge, this is the first study characterizing the effects of
a continuous long-term noise exposure in an animal model of
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ARHL. In summary, these results support that daily exposure
to short-duration loud sounds causes modifications in ABR
recordings indicative of early hearing loss. Such noise-induced
functional abnormalities in the usual auditory threshold and
wave patterns are similar to those seen in aged subjects as a
consequence of ARHL.

Noise exposure and aging have long been associated with
hearing impairment, either independently or coexisting (World
Health Organization, 1997, 2017a,b; Clark and Bohne, 1999;
Goelzer, 2001; Chisolm et al., 2003; Gordon-Salant, 2005; Daniel,
2007; Bielefeld et al., 2010; Basner et al., 2014). Although, the
nature of interactions between noise and auditory aging is still a
matter of debate, the prevailing view is that noise modifies the
onset and/or progression of ARHL (Turner and Willott, 1998;
Willott and Turner, 1999; Tanaka et al., 2009; Bielefeld et al.,
2010; Fetoni et al., 2011). Nevertheless, it is worth noting that
the outcome of noise exposure during aging will depend on
the properties of the sound, such as intensity and duration. For
instance, mice exposed to a non-traumatic 70 dB SPL broad-
band noise 12 h every night (augmented acoustic environment)
for a long time show an improvement in their hearing, reflected
in reduced threshold shift, enhancement of the central auditory
function and delayed onset of ARHL when compared to age-
matched non-exposed mice (Turner and Willott, 1998; Willott
and Turner, 1999; Willott et al., 2000; Tanaka et al., 2009; Bielefeld
et al., 2010). It has been proposed that the mechanisms derived
from the augmented acoustic environment that participate in
ameliorating ARHL could be similar to those observed during
auditory priming, which is a phenomenon that helps to protect
the auditory system from future exposures to damaging noise
(Canlon et al., 1988; Subramaniam et al., 1991; Canlon, 1997;
Pukkila et al., 1997; Brown et al., 1998; Attanasio et al., 1999;
Hamernik and Ahroon, 1999; Kujawa and Liberman, 1999;
Yamasoba et al., 1999; Niu and Canlon, 2002; Gourévitch et al.,
2009; Alvarado et al., 2016).

On the contrary, the consequences of the exposure to higher
intensity sounds during aging are the acceleration and / or
exacerbation of ARHL (Gates and Mills, 2005; Kujawa and
Liberman, 2006; Bielefeld et al., 2010; Fetoni et al., 2011;
Fernandez et al., 2015). Consistent with these observations, the
present findings demonstrate that repeated exposure to a short
duration loud sound (1 h/110 dB SPL) during a long time
period induces changes in ABR recording parameters suggestive
of an accelerated onset of ARHL. Under normal conditions,
ARHL onset in Wistar rats, occurs around 12 months of age
(Alvarado et al., 2014). However, following a repeated short-
duration loud sound exposure, it is accelerated in such a way
that it is already present at 6 months. As demonstrated in this
study, the mean values of auditory thresholds and the threshold
shifts in the exposed animals at 6 and 12 months of age showed
PTS with threshold shifts between 20 and 40 dB, similar to
those seen in the non-exposed control rats at 12 and 18 months,
respectively and to those reported previously for Wistar rats
at the same ages (Alvarado et al., 2014). At present, there are
very few reports evaluating the long-term effects of a single
exposure to high level noise stimulation. In this regard, studies
in CBA/CaJ mice exposed to 8–16 kHz, 100 dB SPL for 2 h have

demonstrated functional and histopathological alterations during
aging such as increases in auditory thresholds and threshold
shifts, loss of spiral ganglion neurons and degeneration of
synapses between inner hair cells and cochlear nerve terminals
(“cochlear synaptopathy”). All these are features compatible with
ARHL that are not present in age-matched unexposed mice
(Kujawa and Liberman, 2006; Sergeyenko et al., 2013; Fernandez
et al., 2015). Thus, it may be plausible that, in addition to
i4ncreased oxidative stress and reduced cochlear blood flow,
the above-mentioned abnormalities may also account for the
alterations in auditory thresholds described here for the Wistar
strain. In this study, Wistar rats were used as animal models
of ARHL as they show a progressive age-related decline in
the auditory thresholds that is more pronounced at higher
frequencies (Alvarado et al., 2014; Möhrle et al., 2016), which
represents a functional hallmark of presbycusis in humans and
ARHL in other animal models (Boettcher, 2002; Syka, 2002;
Bielefeld et al., 2010; Huang and Tang, 2010; Fetoni et al., 2011).
The Wistar strain also shares many of the peripheral and central
alterations of ARHL that have been previously described in
other animal models including the F344 rats, a frequently used
strain for the evaluation of ARHL (Popelar et al., 2006; Bielefeld
et al., 2008, 2010; Syka, 2010). However, as an animal model of
ARHL, Wistar rats have several advantages over other rat strains
such as Long-Evans, which show only subtle modifications in
auditory function in the oldest animals, and over F344, since this
strain exhibits a very high incidence of spontaneous tumors and
degenerative diseases that may interfere with the interpretation of
the results (Popelar et al., 2006; Syka, 2010; Rybalko et al., 2012).
Therefore, the Wistar strain represents an appropriate model
suitable for long-term experimental studies on ARHL.

Our results also demonstrate that modifications observed in
the noise-exposed Wistar rats were not restricted to auditory
thresholds, as there was a significant reduction in the magnitude
of the responses, reflected in a decrease in wave amplitudes
and lengthened latency times, both absolute and interpeak.
Such age-related modifications have been described elsewhere
for 12 and 18-month-old Wistar rats (Alvarado et al., 2014).
In this regard, our previous data suggest that these alterations
in evoked responses could be due to several factors such as
decreased excitatory cochlear inputs, impaired synaptic afferents
in auditory nuclei or impaired neurotransmission along the
auditory pathway (Popelar et al., 2006; Alvarado et al., 2014),
supporting the idea that in addition to “peripheral presbycusis,”
there is also a “central presbycusis” (Gates and Mills, 2005;
Humes et al., 2012) in the Wistar strain. In the noise-exposed rats,
reduction in wave amplitudes was already apparent at 6 months,
in all waves and at all frequencies evaluated. At 12 months, this
reduction persisted in wave I and II at the highest frequencies
and by 18 months, it remained at the highest frequencies in
wave II. The longest absolute latency times were observed mostly
for wave IV at 6, 12, and 18 months at the highest frequencies
evaluated, while lengthening of interpeak latencies was detected
between waves II-IV and I-IV. These results suggest that the
interaction between noise and aging not only takes place in
the peripheral auditory system but also in the central auditory
system, contributing to accelerating presbycusis.
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The findings in the present study, together with previous
reports, support the notion that the interplay between loud, but
sub-damaging noise and age may contribute to modify the onset
and/or progression of presbycusis. This fact is important for two
main reasons: (1) improvement in life quality and better health
care systems have led to longer life expectancy and consequently,
to a higher risk of suffering ARHL; (2) exposure to greater levels
of loud sound or excessive noise is increasing dramatically in
modern societies (World Health Organization, 1997). In this
regard, while occupational noise tends to reduction in developed
countries, it still remains a major public health problem
worldwide (World Health Organization, 1997, 2006, 2018;
Śliwińska-Kowalska and Davis, 2012; Śliwińska-Kowalska and
Davis, 2017). In addition, there is a growing concern about the
increasing exposure to noise related to social interactions, mainly
recreational and leisure noise. Leisure activities could generate
broadband sounds with sound levels that could reach and even
exceed 110 dB(A) (World Health Organization, 1997, 2006, 2018;
Śliwińska-Kowalska and Davis, 2012; Śliwińska-Kowalska and

Davis, 2017). Within these activities, the population groups at
risk are mostly children, teenagers and young adults, especially
due to the use of personal portable audio devices such as the
smartphones and MP3 (Daniel, 2007; European Commission,
2008; Kim et al., 2009; Śliwińska-Kowalska and Davis, 2012;
Basner et al., 2014; Śliwińska-Kowalska and Davis, 2017). It has
been estimated that the mean time exposure to music devices
ranges from 1 to 14 h per week (European Commission, 2008;
Śliwińska-Kowalska and Davis, 2012) which represents a long-

term potential health risk. It is worth noting that there seems
to be a “critical period” in which there is a greater interaction
between noise and age, and that such effect diminishes with aging,
being older subjects less vulnerable to noise (Henry, 1982; Kujawa

and Liberman, 2006). Hence, it could be assumed that the young
population exposed voluntarily to loud music for 1 h every day for
long time periods are at risk of developing premature presbycusis
with all its consequences. In support of this argument, our results
demonstrate that differences between noise-exposed and non-
exposed rats were maximal at 6 months of age decreasing steadily
until 18 months, suggesting a reduced effect of noise exposure
and age on hearing. In conclusion, we provide evidence of a
noise/age synergistic interaction in response to a repeated 1 h
exposure to a loud sound for a prolonged time period which may
contribute to accelerate the onset and progression of ARHL.
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