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ARTICLE INFO ABSTRACT

Keywords: The goal of the present study was to determine, through a detailed study of the auditory brain-
Presbycusis stem response (ABR) waves, the possible existence of an early functional marker for the onset of
Aging

presbycusis in an animal model. Toward this goal, Wistar rats were divided into four age groups:
3-month-old (3M, n = 6, control), 9-month-old (9M, n = 6), 14-month-old (14M, n = 6), and 20-
month-old (20M, n = 6). ABR recordings were performed at 0.5, 1, 2, 4, 8, 16, and 32 kHz. The
novel result reported here is that wave amplitudes, particularly wave II, were significantly
diminished in the 9M group, even though there was no evidence of significant age-related
threshold shift at that age. A significant increase in auditory thresholds with age was first
detected at 14M, which further progressed at 20M, confirming our previous findings. These
findings suggest that measurable alterations in ABR waves may precede age-related threshold
shift and could serve as early markers to detect the onset of age-related hearing loss. Upon
translation to humans, they could be used to implement early objective diagnosis, crucial to
prevent or mitigate the negative consequences of presbycusis, a common, progressive, and irre-
versible neurodegenerative age-related disorder. This may allow, for instance, a better preser-
vation of residual hearing, thus delaying the progression of the disease and minimizing the impact
of hearing loss, ultimately improving the quality of life for those who suffer from this neurode-
generative condition.

Auditory brainstem responses
Wave amplitude

Auditory threshold

Animal model

1. Introduction

Age-related hearing loss (ARHL), or presbycusis, is a common, progressive, and irreversible neurodegenerative disorder that affects
approximately between 30 and 40 % of the world’s population over 60 years-old [1-3]. Besides its profound generic impact in healthy
aging, it has been specifically linked to accelerated cognitive decline, impaired cognitive functioning, and higher incidence of de-
mentia [4-9], suggesting that it is an important risk factor for AD [4-11].

It is important to consider that when the diagnosis of presbycusis is confirmed, it is because there is already a significant increase in
auditory thresholds (loss of auditory sensitivity) and consequently, there will be alterations in one or more of the structures involved in
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hearing [12-15]. Unfortunately, despite the numerous scientific studies conducted and the significant efforts made in both experi-
mental and clinical areas, there is currently no cure or treatment available for presbycusis once it begins [14,16,17]. Hence, early
diagnosis and intervention of ARHL are crucial to prevent or mitigate its negative consequences.

In the study of presbycusis, animal models, such as mice and rats, have provided key information to understand this complex and
multifactorial condition [12,14,18-21]. In both research and clinical practice, physiological, morphological, molecular, and genetic
markers have been extensively employed for early diagnosis and monitoring of different pathologies. However, in the auditory field,
although some markers have been identified in animal models [15,22,23] as well as in humans [23-27], they are not well charac-
terized yet, and it is still unclear whether they could be used as early markers for the diagnosis of ARHL. The fact that ARHL could share
common etiopathogenic pathways with other pathologies that cause or are related to hearing impairment, such as noise-induced
hearing loss, drug-induced hearing loss, or even Alzheimer’s disease [28-31], makes the search for possible early markers quite
challenging.

Of the different methods available for diagnosing hearing loss, the most used in clinical practice and considered the gold standard is
pure-tone audiometry [32-35]. On the other hand, the Auditory Brainstem Response (ABR) is the primary tool in animal models of
deafness, but it is also widely used for clinical evaluations [32,35-39]. The ABR is an objective, easy to use and non-invasive technique
that provides additional functional information beyond the auditory threshold, including the amplitudes and latencies of the evoked
waves. Therefore, it provides critical information about both the peripheral and central auditory pathways, serving as a valuable tool
for characterizing auditory alterations such as those observed in ARHL [32,35-38,40].

In the absence of specific early markers for its diagnosis, the elevation of the auditory threshold is the first indication of the presence
of ARHL [1,12,15,16,26,41]. However, it is important to consider that biochemical and cellular alterations must first occur in the
cochlea, which alter the auditory function, observed as increases in auditory thresholds. Therefore, it is expected that there may be a
time window for earlier detection, during which some of these alterations could be reflected in the properties of ABR recordings before
any significant increase in auditory thresholds. For this reason, the goal of the present study was to determine, through a detailed study
of ABR waves, the possible existence of an early functional marker of the onset of presbycusis in the rat that would allow for the
detection of this neurodegenerative condition even before variations in the auditory threshold arise. Besides the primary goal of
providing a new tool for the early characterization of ARHL mechanisms in animal models, the results may spark the search for early
markers in human ABR, which will be useful to complement standard tonal and speech audiometry.

2. Material and methods
2.1. Animals

For this study, data were collected from twenty-four male Wistar rats (Charles River, Barcelona, Spain). Only male rats were used to
limit possible variations due to sex influences. The animals were kept and observed at the University of Castilla-La Mancha animal
facility in Albacete, Spain, under controlled conditions. The housing environment maintained a temperature of 22-23 °C, humidity at
60 + 5 %, and followed a 12:12-h light/dark cycle. The animals had unrestricted access to food and water. The size of the sample was
determined following the principle of the four R’s (replacement, reduction, refinement and responsibility) [42] and using the sample
size calculator offered by Boston University in its web page (https://www.bu.edu/research/forms-policies/iacuc-sample-size-
calculations/). The rats were divided, according to their age, into four groups: 3-month-old (3M, n = 6), 9-month-old (9M, n = 6),
14-month-old (14M, n = 6), and 20-month-old (20M, n = 6). The 3M group served as a control group. All experimental procedures
received approval from the Ethics Committee on Animal Experimentation at the University of Castilla-La Mancha (Permit Number:
PR-2019-02-05) and adhered to the regulations set forth by the European Union (Directive 2010/63/EU) and Spain (R.D. 53/2013;
Law 32/2007) regarding the care and use of animals in research.

2.2. Auditory brainstem response recordings

The ABR recordings were performed as described elsewhere [12,29,30,36,43-48]. The rats were anesthetized using isoflurane
inhalation (1 L/min O2 flow rate) for induction at 4 % and for maintenance at 1.5%-2%. During the experiments, the animals were
placed in a sound-attenuating and electrically shielded booth (EYMASA/INCOTRON S.L., Barcelona, Spain) located inside a
sound-attenuating room. The body temperature was maintained at 37.5 + 1 °C, using a non-electrical heating pad, and monitored with
a rectal probe. The responses were recorded using three subdermal needle electrodes (Rochester Electro-Medical, Tampa, FL, USA)
positioned at the vertex (non-inverting), the right mastoid (inverting), and the left mastoid (ground). The BioSig System III (Tuck-
er-Davis Technologies, Alachua, FL, USA) was utilized for stimulus presentation and auditory response recording. Calibration was
performed using SigCal software (Tucker-Davis Technologies) and an ER-10B + low-noise microphone system (Etymotic Research Inc.,
Elk Grove, IL, USA).

Digitally generated sounds from the SigGenRP software and the RX6 Piranha Multifunction Processor hardware were transmitted to
the external auditory meatus of the right ear using an EDC1 electrostatic speaker driver (Tucker-Davis Technologies) connected to an
EC-1 electrostatic speaker (Tucker-Davis Technologies). As auditory stimuli, pure tone burst sounds with a 5 ms rise/fall time (without
a plateau) and a cos? envelope [12,29,30,36,43-50] were delivered at seven different frequencies (0.5, 1, 2, 4, 8, 16, and 32 kHz).
Subsequently, the evoked responses were filtered within the 0.3-3.0 kHz range, averaged from five hundred waveforms, and stored for
offline analysis.


https://www.bu.edu/research/forms-policies/iacuc-sample-size-calculations/
https://www.bu.edu/research/forms-policies/iacuc-sample-size-calculations/

J.C. Alvarado et al. Heliyon 10 (2024) e40314
2.3. Auditory brainstem response data analysis

2.3.1. Auditory thresholds

The auditory threshold was defined as the stimulus intensity that evoked auditory responses with a peak-to-peak voltage exceeding
2 standard deviations (SD) of the background activity [12,29,30,36,43-47,51]. To determine the auditory threshold at each frequency
evaluated, the background activity before stimulus onset and the evoked responses were measured in 5 dB steps descending from 80 dB
SPL. The maximum level of stimulus intensity was established at 80 dB to avoid any possible noise overstimulation or trauma during
the recordings [12,29,30,36,43-47,51,52]. For statistical purposes, when no auditory evoked responses were obtained at 80 dB, the
auditory thresholds were set at that value [12,29,30,36,43-47,51,53,54].

2.3.2. Auditory threshold shift
For each frequency studied, the threshold shift was calculated by subtracting the auditory thresholds in the different groups of age
(9M, 14M and 20M) from the auditory thresholds in the 3M control rats [12,29,30,36,43-47,51].

2.3.3. Wave amplitudes
The evoked wave amplitudes were the peak-to-peak values from the positive peak to the subsequent negative trough of each one of
the five evoked waves obtained during the recording [12,36,55,56].

2.3.4. The percentage of variation of the wave amplitudes
The percentage of the variation in the wave amplitudes in the older groups (9M, 14M and 20M) compared to the 3M control group
were calculated for all frequencies using an enhancement index, according to the following formula [12,29]:

% of variation = [(WAO — WAC)/(WAC)] x 100

Where WAO represents the wave amplitude in the older groups (9M, 14M and 20M) and WAC, the wave amplitude in the 3M control
condition.

2.4. Statistical analysis
In the present study data are expressed as mean + SEM. Measurements of ABR parameters were performed at 80 dB SPL. Com-
parisons between groups were performed using a one-way analysis of variance (ANOVA). If the main analysis indicated a significant

effect, a Scheffé post hoc analysis was performed. The Pearson’s correlation coefficient r was used to assess the statistical correlation
between ABR parameters. The significance level («) was set to 0.05, and the statistical power () was set at 95 %.

2.5. Preparation of figures

Excel (Microsoft Office 365) and Canvas (Deneba v6.0) software packages were used for preparation of figures in this manuscript.
3. Results

Auditory thresholds showed a significant increase with age, first detected at 14M, which progressed further in the oldest group

tested at 20M. Results on auditory threshold variations with age in the Wistar rat are detailed below. They essentially confirm pre-
viously published findings [29,30,43-47,51]. The novel result reported here is that ABR wave amplitudes, specifically wave II, were
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Fig. 1. Line graphs illustrating auditory thresholds and the Pearson’s correlation coefficient between auditory thresholds and age at the different
frequencies studied in 3M, 9M, 14M and 20M rats. (A) In both 3M and 9M animals, the mean values of the auditory thresholds were similar and
consistent with those described previously. In 14M rats, the auditory thresholds were significantly higher than those found in the 3M and 9M rats. At
20M, the auditory thresholds continued to increase, being significantly higher than those at 3M, 9M and 14M animals. (B) The Pearson’s correlation
coefficient showed a strong positive correlation between auditory thresholds and age at all frequencies evaluated.
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significantly diminished in the 9M group, at which age there was no evidence of significant age-related threshold shift. Therefore,
significant changes in the amplitude of the ABR wave II precede detectable threshold shifts by several months, and therefore may
constitute an early marker of age-related hearing loss in the Wistar rat model, not reported previously.

3.1. Auditory thresholds

The evaluation of the auditory thresholds in the 3M control rats demonstrated a normal pattern, comparable to that described
previously in Wistar rats (Fig. 1A) [29,30,43,48,57]. Also, the ABR pattern found in the 9M group was normal and consistent with
those described previously in Wistar rats of the same age (Fig. 1A) [29,30,43,48,57]. The mean auditory thresholds in this age group
were like those observed in the 3M rats, with values between 35.36 4 1.33 and 46.29 4+ 1.80 dB SPL. At 14M, animals showed an
evident increase in the auditory thresholds at each frequency assessed (Fig. 1A), indicating ongoing ARHL [12,29,30]. The mean values
observed in this age group ranged from 61.88 + 3.89 to 68.13 + 3.13 dB SPL, with higher mean values at the lower frequency. By 20
months of age, auditory thresholds were further increased at all frequencies, with values similar to those reported previously for rats of
the same age (Fig. 1A) [12,29,30]. Shifts in auditory thresholds confirm the increase in the mean values of auditory thresholds in the
older rats. Whereas the mean value of the threshold shifts in the 9M animals, relative to the control 3M rats, ranged from —1.29 + 0.10
to 2.71 + 0.77 dB SPL in the older rats the mean values ranged from 23.63 + 0.83 to 29.50 + 2.59 dB SPL in the 14M group and from
30.50 + 2.29 to 43.88 + 1.18 dB SPL in the 20M animals.

The ANOVA demonstrated a significant interaction between age and auditory threshold at all frequencies (Table 1). While there
were no differences in thresholds between 3M and 9M animals, the mean values obtained in the older groups were statistically
significantly higher than those in the younger rats. Accordingly, the auditory thresholds at 20M were higher than those found in the 3M
and 9M groups at all frequencies evaluated (Table 1), and significantly higher than the mean auditory thresholds in the 14M rats at all
frequencies except for 0.5 kHz (Table 1). When compared to the younger rats (3M and 9M groups), the 14M animals also presented
statistically significantly higher auditory thresholds at all tested frequencies (Table 1). An analysis using Pearson’s correlation coef-
ficient showed a strong positive correlation between auditory thresholds and age (Fig. 1B, Table 1) at all frequencies tested. Taking
together, these data indicate that, as the animals age, their auditory threshold increase, confirming the time pattern of age-related
hearing loss previously described in this rat strain [12,29,30].

3.2. Waveform amplitudes

Consistent with previous findings, the ABR recordings of the younger groups (3M and 9M) displayed a distinctive pattern char-
acterized by four to five evoked waveforms following the stimulus onset (Fig. 2) [29,30,43,48,51,57]. Upon analysis, wave II was the
largest, followed by waves I, IV, V and wave III, being the smallest of the waves comprising the ABR (Fig. 2). In the older animals,
despite the fact of presenting a recognizable wave pattern, there was a decrease in wave amplitudes that was more evident in the 20M
rats (Fig. 2). For further evaluation, the wave amplitudes (see Methods), the percentage of variation of the amplitudes (see Methods)
and the Pearson’s correlation coefficient were calculated for each wave as function of all frequencies assessed in all groups of age.

Regarding wave I, when the mean amplitudes were plotted as function of frequency (Fig. 3A), it was evident that the values of the
oldest rats (20M) were the lowest of all groups, with no apparent differences among 3M, 9M and 14M animals. The ANOVA showed a
significant interaction between age and wave amplitudes (Table 2), confirming the absence of differences between the younger rats
(3M and 9M) and demonstrating a significant reduction in the values in the 20M group compared to the 3M, 9M and 14M animal
groups at all frequencies evaluated (Fig. 3A. Statistical power was higher than 99 % for all cases. However, there was also a significant
difference when the 14M group was compared with the 3M and 9M rats, but only at 16 (p < 0.05) and 32 (p < 0.05) kHz. These
differences were clearer when the percentage of variation in the wave amplitudes (see Methods), was calculated. Whereas mean values

Table 1
Analysis of the interaction between age and auditory thresholds.
ANOVA
0.5 kHz 1 kHz 2 kHz 4 kHz 8 kHz 16 kHz 32 kHz
Fi336)=p 54.23 52.88 44.79 81.69 64.86 46.48 57.82
Significance levels
3M vs OM NS NS NS NS NS NS NS
3M Vs 14M ek dededk Fededk dededk Fededk deded ek
3M vs 20M ek ok ok -
OM vs 14M ek wx . sk *x sk ok
gM Vs 20M ek dededk Fededk dededk Fedkedk deded ek
14M vs 20M NS * * * *
Pearson’s Correlation Coefficient
0.5 kHz 1 kHz 2 kHz 4 kHz 8 kHz 16 kHz 32 kHz

r(3g) = 0.81 0.8 0.78 0.81 0.80 0.78 0.79
p s e sk

*p < 0.05; **p < 0.01; ***p < 0.001; NS No significant differences.
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Fig. 2. Examples of ABR waveforms recordings during 10 ms to 0.5 kHz tone burst sounds, from representative 3M, 9M, 14M and 20M rats. Interval
was increased in 5 dB steps. Dashed line indicates the stimulus onset, and the arrows show the auditory threshold. The rats in the 3M group exhibit
the characteristic wave pattern, consisting of 4-5 waves evoked after the stimulus onset, which decrease in amplitude as the stimulus intensity
decreases. The auditory threshold was determined at 45 dB SPL (arrow). In 9M, 14M and 20M rats, there was an age-related decrease in wave
amplitudes compared to that in the 3M animals. However, while in 9M animals the auditory threshold was similar to that seen in 3M rats, in 14M
and 20M rats the recordings showed an elevation of auditory thresholds at 70 and 75 dB, respectively.

in the 9M rats ranged between —4.97 + 0.14 and 3.68 + 0.73 % close to the mean values of the 3M rats, mean values in the 14M
animals were lower, between —11.67 + 7.67 and —38.28 + 7.86 % relative to the younger rats and were even lower in the 20M
animals with mean values between —49.90 + 23.42 and —87.46 + 20.87 % regarding 3M rats. There is an evident reduction, greater at
higher frequencies, in wave amplitudes as the age of the animals increases, indicating an inverse relationship between amplitude and
age. To confirm this observation, the possible correlation between wave I amplitude and the main variables used in this study, age, and
auditory thresholds, were evaluated by means of Pearson’s correlation coefficient. The results showed that there was a significant
inverse correlation in most of the frequencies evaluated, except for 4 kHz, between wave I amplitude and age (Fig. 3B, Table 2) and
between wave I amplitude and auditory thresholds (Fig. 3C, Table 2).

For wave II, when the mean amplitudes of all groups were plotted as a function of frequencies (Fig. 4A), a consistent decrease in
wave amplitudes was observed across all evaluated frequencies in rats at 9, 14, and 20 months compared to the 3-month-old animals.
The ANOVA analysis revealed an interaction between wave II amplitudes and age (Table 2), confirming that the mean amplitude
values in the oldest animals (20 months) were significantly smaller than those in the 3 (p < 0.001 at all frequencies), 9 (p < 0.001 at all
frequencies), and 14 (p < 0.01 at low and medium frequencies, p < 0.05 at high frequencies) months-old rats. In the 14-month-old rats,
the values were significantly smaller at all frequencies (p < 0.01) compared to the 3-month-old group, and at 32 kHz (p < 0.05)
compared to the 9-month-old group. Finally, in the 9-month-old rats, the mean values were significantly smaller than those in the 3-
month-old animals at 0.5 (p < 0.05), 1 (p < 0.05), 2 (p < 0.05), 4 (p < 0.05), 8 (p < 0.05), and 16 kHz (p < 0.05), but not at 32 kHz
(Fig. 4A). The percentage of variation in the mean amplitudes of wave II in older rats relative to the 3-month-olds demonstrated the
magnitude of the progressive reduction in wave amplitudes as the animals aged. Specifically, the reduction exceeded 25 % at 9 months
(ranging from 25.94 % =+ 12.30 %-33.51 % + 11.78 %), 40 % at 14 months (ranging from 40.39 % + 19.14 %-56.18 % =+ 18.06 %),
and 70 % at 20 months (ranging from 71.50 % =+ 24.95 %-95.11 % =+ 20.35 %). The Pearson’s correlation coefficient showed a strong



J.C. Alvarado et al. Heliyon 10 (2024) e40314

A Wave | amplitude
4
33
[}
32 M
k= B —=— 9M
g1 "§!§.
£ \‘._M ——14M
0 T T T T T T ,  —=—20M
0.5 1 2 4 8 16 32
kHz
B Wave | amplitude and age c Wave | amplitude and auditory threshold
1.0 1q 1.0 q
0.8 A 0.8 A
0.6 0.6 1
0.4 A 0.4 A
g 02 8 02 1
w 0.0 T T T T T T 1 < 0.0 T T T T
702 1 7 0.2 A
0.4 ./.__/\_\-\‘ 0.4 -
-0.6 7 -0.6 A
-0.8 1 -0.8 A
-1.0 - -1.0 -
0:5: 1 2 4 8 16 32 0.5 1 2 4 8 16 32
kHz kHz

Fig. 3. Line graphs illustrating wave I amplitudes (in pV), as a function of the frequencies evaluated in animals at 3, 9, 14 and 20 months of age. (A)
The mean values at 3M, 9M and 14M animals were apparently similar without significant differences among them, while at 20M there was an
evident decrease in the mean amplitude values compared to the younger rats, indicating an age-related effect at least for 14- and 20-months rats. (B,
C) The Pearson’s correlation coefficient revealed a significant inverse correlation at all frequencies, except for 4 kHz, between wave I amplitude and
age (B) and between wave I amplitude and auditory thresholds (C).

Table 2
Analysis of the interaction between wave amplitudes, age and auditory thresholds.

ANOVA of the interaction between wave amplitudes and age

WAVES 0.5 kHz 1 kHz 2 kHz 4 kHz 8 kHz 16 kHz 32 kHz

I F3,36) = 11.04 il 5.68 il 10.01 el 5.28 o 11.38 i 12.28 el 16.21 el
I F336) = 28.97 ok 14.31 bl 18.92 el 15.94 i 18.41 21.59 20.82

11 F,36) = 2.57 NS 1.37 NS 1.56 NS 0.70 NS 6.46 4.38 7.08

v F336) = 6.37 o 5.37 ol 3.54 * 6.66 o 6.01 i 5.14 o 4.74 o
v F@3,36) = 23.05 bl 13.08 ol 15.29 b 9.48 ek 9.42 i 12.69 bl 8.43 il
Pearson’s Correlation Coefficient of the interaction between wave amplitudes and age

WAVES 0.5 kHz 1 kHz 2 kHz 4 kHz 8 kHz 16 kHz 32 kHz

1 ras) = —0.62 bl —0.49 o —0.47 o —-0.20 NS —-0.35 * —0.53 it —-0.59 bl
I rss) = —-0.81 bl —0.73 o —0.68 bl —0.65 ek —0.66 e —-0.74 el -0.73 el
11 rs) = -0.27 NS —-0.20 NS -0.13 NS -0.13 NS -0.39 —0.39 * -0.41 *
v s = —-0.50 bl —-0.51 i —0.32 * —0.43 o —-0.32 * —0.44 o —-0.37 *
\ Tas) = —-0.76 ek —0.68 e —0.56 bl —-0.50 o —0.42 * —0.61 bl —-0.54 el
Pearson’s Correlation Coefficient of the interaction between wave amplitudes and auditory thresholds

WAVES 0.5 kHz 1 kHz 2 kHz 4 kHz 8 kHz 16 kHz 32 kHz

I Tas) = —0.66 el —0.54 i —0.54 bl —-0.31 NS —-0.37 * —0.54 bl —0.64 bl
I sy = -0.71 bl —0.60 i —-0.67 i —0.66 ek —0.56 o —-0.70 bl —-0.72 ok
11 ras) = —0.24 NS —-0.28 NS —0.30 NS -0.19 NS -0.19 NS —0.32 * —0.40 *
v rag) = —0.52 bl —-0.49 o —0.50 it —-0.51 o —-0.54 il —-0.54 bl —-0.49 o
\ Tas) = —0.60 bl —0.59 o —0.58 bl —0.50 o —0.47 i —0.63 bl —0.52 o

*p < 0.05; **p < 0.01; ***p < 0.001; NS No significant differences

negative correlation between wave II amplitudes and age (Fig. 4B, Table 2), as well as auditory thresholds (Fig. 4C, Table 2) at all
evaluated frequencies, with p < 0.001 in all cases.

In Wistar rats, wave III is the smallest and most irregular of the five that comprise the ABR recordings. Nevertheless, there was also a
discernible effect of age on the amplitude of wave III when mean amplitudes were plotted as a function of frequency (Fig. 5A). The
ANOVA test indicated that this effect was primarily observed at higher frequencies (Table 2) and in older animals (14 months and 20
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Fig. 4. Line graphs illustrating wave II amplitudes (in pV), as a function of the frequencies evaluated in rats at 3, 9, 14 and 20 months of age. (A)
The figure shows a consistent age-related reduction in mean wave amplitudes at all evaluated frequencies in 9M, 14M and 20M rats compared to
that in 3M animals. (B, C) The Pearson’s correlation coefficient revealed a strong inverse correlation at all frequencies between wave II amplitude
and age (B) and between wave II amplitude and auditory thresholds (C).
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Fig. 5. Line graphs illustrating wave III amplitudes (in pV) as a function of the frequencies evaluated in 3M, 9M, 14M and 20M animals. (A) Even
though wave III is the most irregular and small of all waves in rats, there was an age-related effect in the mean amplitude values in 14M and 20M
animals, particularly at the higher frequencies compared to that at 3M and 9M. (B, C) The Pearson’s correlation coefficient showed a weak inverse
correlation for the higher frequencies, between wave III amplitude and age (B) and between wave III amplitude and auditory thresholds (C).
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months). Meanwhile, no significant differences were observed between the 3 and 9-month-old groups, or between the 14 and 20-
month-old rats. The mean amplitude values of wave III in the older rats (14 months and 20 months) were significantly lower than
those in the younger animals (3 months and 9 months) at 8, 16, and 32 kHz (p < 0.05). The percentage of variation in amplitudes
(Fig. 5B) ranged from —14.57 % + 0.94 %-13.21 % + 2.83 % in the 9-month-old animals. In older animals, the reduction was more
pronounced at lower frequencies, ranging from —16.67 % + 16.25 % to —47.50 % + 14.22 % at 14 months and from —66.25 % +
29.89 % to —91.22 % + 26.16 % at 20 months. Pearson’s correlation coefficient demonstrated a weak inverse correlation between the
wave III amplitudes and age (Fig. 5B, Table 2), as well as the auditory thresholds (Fig. 5C, Table 2), but only at the higher frequencies
evaluated. For instance, there was a weak negative correlation between the amplitude of wave III and age at 8 kHz (r = —0.39, p <
0.05), 16 kHz (r = —0.39, p < 0.05), and 32 kHz (r = —0.41, p < 0.05), as well as with auditory thresholds at 16 kHz (r = —0.32, p <
0.05) and 32 kHz (r = —0.40, p < 0.05) (Fig. 5C and D, Table 2).

In the context of wave IV, as shown in Fig. 6A which depicts mean amplitudes as a function of frequency, there was a decrease in
amplitudes, particularly in the oldest animals (20 months), when compared to the 3-, 9-, and 14-month-old-animals. Further analysis
using ANOVA demonstrated a significant interaction between amplitude and age (Table 2), confirming that mean amplitude values of
wave IV in the 20-month-old animals were significantly smaller than those observed at 3 (p < 0.01 at all frequencies) and 9 (p < 0.01 at
0.5, 1, 4, 8, and 32 kHz, and p < 0.05 at 2 and 16 kHz) month-old animals. Compared to the 14-month-old group, the 20-month-olds
were also significantly smaller at 0.5 kHz (p < 0.05) and 1 kHz (p < 0.05), without differences observed at the remaining frequencies.
No other significant differences were observed when comparing the 14-month-old rats with the 3- and 9-month-olds, or between the 3-
and 9-month-olds. Regarding the percentage of variation in wave IV amplitude, in the 9-month-old group, the values ranged from
—13.99 % + 1.47 %-8.35 % =+ 0.06 %, showing no significant differences when compared to the 3-month-old rats. In the 14-month-old
group, although no significant differences were observed compared to younger rats, the mean amplitudes were reduced, ranging from
—3.85% + 12.19 % to —44.47 % + 9.43 %. Finally, in the 20-month-old rats, the percentage of reduction in the amplitudes was more
evident, with values ranging from —65.95 % =+ 27.83 % to —96.89 % =+ 15.73 % relative to the 3-month-olds. The evaluation of the
correlation between wave IV amplitude and age or auditory thresholds using Pearson’s correlation coefficient demonstrated a mod-
erate but significant negative correlation in age (Fig. 6B, Table 2) and auditory thresholds (Fig. 6C, Table 2), confirming the inverse
correlation between these two parameters of the ABRs.

Regarding wave V, the mean amplitudes plotted as a function of the studied frequencies also revealed a significant age-related
effect on the amplitude of this wave. This effect was particularly pronounced in the 20M group (Fig. 7A), with no discernible dif-
ferences between the 3M and 9M animals. The 14M rats exhibited similarities to the younger rats in the low and medium frequencies
but showed a more substantial reduction in the higher frequencies (7A). An ANOVA test confirmed a statistically significant interaction
between wave V amplitude and age (Table 2). Further analysis using post-hoc tests revealed that the 20M had the smallest mean
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Fig. 6. Line graphs illustrating wave IV amplitudes (in pV), as a function of the frequencies evaluated in animals at 3, 9, 14 and 20 months of age.
(A) Similar to wave I amplitude, the mean amplitude values at 3M, 9M and 14M rats were similar, while at 20M there was an age-related decrease in
the mean amplitude values compared to the younger rats. (B, C) The Pearson’s correlation coefficient revealed a moderate significant inverse
correlation at all frequencies, between wave IV amplitude and age (B) and between wave IV amplitude and auditory threshold (C).
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Fig. 7. Line graphs illustrating wave V amplitudes (in pV) as a function of the frequencies evaluated at 3M, 9M, 14M and 20M animals. (A) There
were no noticeable differences between mean values in the 3M and 9M rats. At 14M, there was an age-related reduction in the mean amplitude
values for the higher frequencies compared to the 3M and 9M rats. However, the age-relate decrease was particularly evident at all frequencies at
20M when compared to the other animal groups. (B, C) The Pearson’s correlation coefficient showed a moderate to strong inverse correlation at all
frequencies between wave V amplitude and age (B) and between wave V amplitude and auditory threshold (C).

amplitude values for wave V compared to the 3M (p < 0.01 for all frequencies) and 9M (p < 0.01 for all frequencies) rats. Additionally,
at 0.5 kHz (p < 0.05), 1 kHz (p < 0.05), and 2 kHz (p < 0.05), the 20M rats had significantly smaller mean amplitudes compared to the
14M rats. Furthermore, the 14M rats exhibited reduced mean amplitudes at 16 kHz and 32 kHz compared to the 3M (p < 0.01) and 9M
(p < 0.01) animals. Notably, no significant differences were found between the 3M and 9M rats. The percentage of variation relative to
the 3M control group indicated that the 9M rats closely approximated the 3M values, ranging from —19.22 + 0.84 % to 8.73 + 2.74 %.
In contrast, the 14M rats exhibited greater variability, with mean values ranging from —23.17 + 19.95 % in the low and medium
frequencies to —82.34 + 15.15 % in the higher frequencies. Like other waveforms, the reduction in wave V amplitude at 20 months
was more pronounced, with mean values ranging from —75.10 + 27.33 % to —95.94 + 17.91 %. Pearson’s correlation coefficient
demonstrated a moderate to strong negative correlation between wave V amplitude and age (Fig. 7B, Table 2), as well as between wave
V amplitude and auditory thresholds (Fig. 7C, Table 2).

4. Discussion

The results obtained in the present study demonstrate that, as Wistar rats age, there are alterations in the evoked waves obtained in
the ABR even before the first significant auditory threshold shift can be detected. Specifically, a decrease in the amplitude of all evoked
waves was observed, which was more evident in wave II, with a strong inverse correlation with both age and auditory threshold, at all
evaluated frequencies. The fact that there are decreases in the amplitudes of the ABR waves prior to the increase in the auditory
threshold, which is the hallmark of presbycusis [1,12,15,16,26,41], indicates that, at least in the Wistar rat model, there are elec-
trophysiological events, both in the auditory periphery and central pathways, which are recordable significantly earlier than
aging-related auditory threshold shifts, and which may anticipate symptomatic ARHL. If comparable early functional alterations are
found in the huma clinic, with the appropriate techniques, they could serve as early markers to anticipate onset of ARHL and can be
used to implement preventative and future therapeutic strategies earlier than they are currently applied.

The ABR is a recording technique that measures the electrical activity of the brainstem in response to sound stimulation. Typically,
in humans, it consists of 5-7 evoked waves that appear within the first 10 ms after the stimulus [32,36,58-60]. This widely used and
well-characterized technique provides functional information beyond the objective auditory threshold of the subject under study. It
also includes additional details about the amplitudes and latencies of these evoked waves, which could help localize possible pe-
ripheral and/or central auditory alterations [32,36,58-60]. The ABR is an indispensable tool for studying animal models of auditory
pathologies and it is highly valuable in clinical practice. For instance, ABRs have provided significant ground information for the study
of ARHL in rodent models, including both mice and rats, which has contributed to elucidating etiopathogenic aspects of this disease
[12,14,19,20,29,30,51,61-63].
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The analysis of data obtained in the present study, using electrophysiological ABR recordings in an animal model of presbycusis, the
Wistar rat, confirms that, like in humans, there is a gradual and irreversible increase in auditory thresholds as the animal ages. As
previously described in Wistar rats and Fischer 344 rats [12,20,29,30,511], this increase is already evident at 12-14 months of age and
persists and increases until at least 20 months. The alteration in the auditory function arises from underlying morphological changes
within the auditory system, particularly affecting the cochlea. With advancing age, there is a progressive loss of hair cells, alterations in
the structure of the stria vascularis, and a reduction in the number of fibrocytes within the spiral ligament. These changes, whether
occurring individually or collectively, significantly contribute to the hearing loss observed in presbycusis [13-16,20,26,51,64,65]. The
loss of hair cells leads to a decrease in excitatory afferent transmission from the cochlea to the spiral ganglion. This, combined with
alterations in the endocochlear potential due to damage in the stria vascularis and the spiral ligament, and a reduction in synaptic
efficacy in central auditory nuclei, results in impaired signal propagation along the entire auditory pathway [12,64,66-69]. This leads
to diminished evoked responses from the structures comprising the auditory pathway, and a decrease in the amplitude of the waves
recorded in the ABR [12,29,65,70,71]. In the specific case of wave II in the Wistar rat, it has been shown that in the cochlear nuclei, the
generator of this wave [36,72-74], there is a concomitant decrease in both excitatory and inhibitory synaptic vesicular transporters
suggesting altered synaptic efficacy that will be reflected in decreases in wave II amplitude [12]. It is important to note that there are
differences in wave generators between rats and humans [36,59,72,73]. Consequently, although both exhibit an ABR pattern con-
sisting of 4-5 waves, in rats, the dominant wave is wave II, as previously indicated, whereas in humans, the dominant waves are V and
III [59]. In fact, wave V is the most used for electrophysiological evaluations in humans. These differences should be considered when
extrapolating these results, as changes in humans are likely to be more discernible in waves V and III than in wave II.

Our findings also demonstrate a reduction in the amplitude of all evoked waves with age which is consistent with results in humans
[26,60,65,71] and other animal models including Fischer 344 rats, mice, guinea pigs and cats [14,70,71,75]. In Wistar rats, the
significant reductions in wave amplitudes have been observed between 12 and 14 months becoming even more pronounced between
18 and 20 months [12,29,30]. Considering that the objective measurement of auditory threshold is based on the relationship between
the amplitudes of the largest evoked wave and the baseline noise recorded in the ABR, hearing loss is determined when there are no
significant differences between these two amplitudes at a specific frequency and intensity [12,29,30,36,43-47,51]. Given that this
reduction in wave amplitude should be gradual and progressive, unless it is accelerated due to conditions such as vascular pathologies,
noise overexposure, or the use of ototoxic medication, it would be logical to expect that significant reductions in wave amplitude could
be observed without significant changes in auditory threshold. Unfortunately, there are no detailed studies in the Wistar rat strain on
the wave amplitudes at intermediate age when hearing is apparently normal without evidence of significant age-related threshold
shift. For that reason, in this study the electrophysiological hearing evaluation was conducted at 9 months, which falls between the
group of 3-6 months old rats, when auditory threshold and wave amplitude values are normal, and that of 12-14 months, during which
these values are clearly altered in Wistar rats [12,29,30]. The data demonstrated that, when compared to younger animals, there is a
significant decrease in all recorded ABR waveforms across all studied frequencies, while auditory thresholds at that age were not
significantly different from those found in younger rats. These findings suggest the presence of cochlear alterations months before
significant increases in auditory threshold are detected. These alterations may be substantial enough to impact the synaptic efficacy of
the system, as evidenced by a significant decrease in the amplitude of the ABR waveforms. However, they are not sufficient to
significantly raise the auditory threshold in rats. It is important to note that, although latencies are an additional parameter provided
by the ABR recordings, they cannot be used as potential early electrophysiological markers of presbycusis. As previously described,
latencies in Wistar rats are altered beyond 14 months, and only at the medium and high frequencies of waves IV and V [12].

That period during which significant alterations in the amplitudes of evoked waves can be observed without significant loss of
auditory threshold can be considered a “critical early window” for detection of presbycusis. This critical early window serves the
important purpose of using this electrophysiological parameter as an early indicator of ARHL in experimental studies in animal models.
In addition, if such window is found in humans it should enable the application of early tests to implement therapeutic and preventive
strategies on risk factors [15,26,64], long before open manifestations of the disease lead to diagnosis based on increase in the auditory
threshold. It is reasonable to expect that any preventative/therapeutic interventions carried out during the initial stages of presbycusis,
when cochlear alterations do not significantly impact hearing, will yield far greater benefits than those performed when hearing is
already severely affected.

Despite growing evidence of the impact of presbycusis on public health costs and several studies highlighting the cost-effectiveness
of implementing screening for hearing loss detection, especially in individuals over 50 [76-78], there are currently no early detection
programs for this condition worldwide. Many individuals with ARHL remain unaware of their condition or delay seeking medical
assistance due to stigma, lack of awareness, or limited access to healthcare services. Unfortunately, professional help is often sought
only when the affected person or a family member notices the hearing loss, by which time presbycusis is already present. The gold
standard for diagnosing hearing loss in most adults is pure-tone audiometry [32-34,79]. This quick and easy test generates a graph of
auditory thresholds for each frequency studied, indicating where there may be a decrease in hearing [32-34,79]. Despite its usefulness,
pure-tone audiometry has limitations, such as being a subjective test that requires patient cooperation and not providing enough
information about central auditory problems. Other tests, like auditory effort tests and central auditory processing tests, can also detect
early hearing alterations [80-84] but are similarly subjective. Ideally, these tests should be complemented by more objective,
easy-to-use, and non-invasive assessments, such as ABR test [32,36,58-60]. While considerable progress has been made in studying
presbycusis, our mechanistic understanding remains limited. Animal models are extremely valuable for unraveling etiopathogenic
mechanisms and allowing for quicker evaluations, which would take much longer in humans. The use of animal models has signifi-
cantly contributed to a better understanding of the effect of ARHL on auditory function, primarily through the study of variations in
evoked responses in ABRs according to age. The results of these studies could spark the search for similar markers in humans, helping
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to overcome the limitations of tonal audiometry.
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