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Abstract
The pervasive use of listening devices has raised growing concerns about developmental and educational
difficulties following noise-induced hearing loss in children and adolescents. Recent human and rodent
studies have suggested a link between noise-induced mild hearing loss and cognitive impediments in
young adults that reach well beyond auditory and verbal working memory processes. To date, the exact
cognitive consequences following mild hearing loss caused by noise exposure in young adults remain
elusive. Therefore, the current study investigated the effects of mild hearing loss induced by noise
exposure on spatial, recognition, and social recognition memory in young male Wistar rats. Results
showed no significant differences in memory performances between rats with noise-induced mild hearing
loss and controls. The study’s findings, however, are limited by further analysis showing that behavioral
observations partially failed to exploit rodents' tendency for novelty over-familiarity. These results imply
that rats did either not remember the task or the task failed to measure memory performances due to
methodological drawbacks. Overall, findings suggest no significant impact of noise-induced mild hearing
loss on spatial, recognition and social recognition memory. However, follow-up studies should refine the

methodological limitations of the current study and assess the replicability of its findings.

Introduction

A growing body of literature has highlighted educational and developmental difficulties in children and
adolescents with hearing loss (Davidson et al., 2019; Marshall et al., 2015; Bess et al., 1998). In fact,
auditory deprivation in form of deafness has demonstrated lasting changes in verbal and auditory working
memory processes in young children, associated with white matter alterations in the auditory cortex
(Davidson et al., 2019, Simon et al., 2020). Specifically, children with hearing loss have shown
difficulties in working memory related to storing and processing verbal information (Davidson et al.,
2019). Moreover, deaf children’s non-verbal working memory has been demonstrated to be impacted by
their loss of auditory input, implying that auditory impairment may reach well beyond verbal and auditory

working memory processes (Marshall et al., 2015).

Working memory appears to be in the foreground of language processing affected by hearing deprivation,
however, processes such as recognition memory and spatial memory seem to be impacted as well
(Meister et al., 2016; Park et al., 2016; Liu et al., 2016: Chang et al., 2019). For instance, impaired
listeners exhibited difficulties in speech recognition related to word formation and word recall (Meister et
al., 2016). Similarly, a murine model has evidenced diminished recognition memory performances in the
novel object recognition task (NOR) in mice with moderate hearing loss (Park et al., 2016). Furthermore,

research has evidenced reduced spatial memory and hampered hippocampal neurogenesis in young
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rodents following noise-induced hearing loss (Park et al., 2016; Liu et al., 2016; Manohar et al., 2020;
Tao et al., 2015). These findings corroborate that hearing loss affects cognitive processes in considerably
greater complexity involving spatial and recognition memory processes.

Interestingly, hearing loss seems to affect episodic and semantic long-term memory differently from
short-term memory processes (Ronnberg et al., 2011; Rénneberg et al., 2014). Specifically, Rénneberg et
al. (2011) investigated the relationship between auditory acuity and various memory functions using a
language understanding model and found that hearing loss is negatively related to episodic and semantic
long-term memory but not to short-term memory. This was followed by a later study investigating non-
auditory encoding performances (Rénneberg et al., 2014). Their findings revealed that the effects of
functional hearing loss are more pronounced in episodic long-term memory than working memory or
short-term memory, also in non-auditory memory processes. The results of Ronneberg et al. (2014)
strongly implicate that long-term memory in form of episodic memory is affected to a greater extent than
short-term memory in both auditory and non-auditory encoding. However, previous studies highlighting
the role of verbal and non-verbal working memory difficulties in patients with hearing loss suggest
otherwise (Davidson et al., 2019; Marshall et al., 2015). In light of the inconclusive findings, further
research is needed to shed light on differences in short-term and long-term memory mechanisms affected
by hearing loss.

Communication difficulties associated with hearing loss and impaired cognitive processing have been
shown to place a burden on sociability. Specifically, hearing loss has been shown to result in increased
social isolation due to difficulties in emotional speech recognition (Meister et al., 2016; Lauer et al., 2018;
Arlinger S., 2003). Specifically, Meister et al. (2016) evidenced an interplay between hearing loss and
reduced speech recognition with regard to word object formation and word recall. A rodent study further
demonstrated that hearing loss resulted in reduced social interaction such as sniffing, following, and
grooming in 2-10 months young rats, possibly caused by impaired hearing of vocalizations in higher
frequencies (Lauer et al., 2018). Despite several studies underscoring the relevance of hearing loss in
deprived emotional speech processing and reduced social interaction, the relationship and cognitive
underpinnings between the two remain poorly understood. Therefore, further studies are warranted to

examine the social consequences of hearing loss.

Whilst a causal relationship between hearing loss and impaired cognition remains elusive, the association
of dementia with age-related hearing loss in older adults provides additional evidence supporting a link

between impaired cognitive function and hearing loss. Specifically, research has shown an increased risk
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of dementia in patients with hearing loss compared to healthy control (Lin et al., 2013). Moreover,
hearing loss has been shown to exaggerate symptoms of mild cognitive impairments and accelerate the
onset of dementia pathology (Bucholc et al., 2021). In turn, patients using hearing aids were at
significantly lower risk of developing symptoms of mild cognitive impairment and dementia compared to
those without a hearing aid (Bucholc et al., 2021). The findings suggest a potential causal relationship
between hearing loss and cognitive decline in the elderly. However, less is known about the younger
population. Therefore, it would be worthwhile to further investigate the question of correlation and

causality in the younger population.

Especially, the pervasive use of listening devices and their potential risk of noise-induced hearing loss in
young people raises concerns (Harrison et al., 2012; Daniel et al., 2007; Bess et al., 1998; Calcus et al.,
2019). In fact, an estimated 12.5% of children and adolescents and 17% of adults have reported hearing
damage that was caused by excessive noise exposure through the use of listening devices (Harrison et al.,
2012). A comparative study has reported children’s difficulty with a series of educational and functional
test measures following mild-sensorineural hearing loss (Bess et al., 1998). Moreover, mild-to-moderate
hearing loss during childhood has been shown to yield lasting changes in neural processing, as shown by
the delayed auditory evoked response to sounds (Calcus et al., 2019). These findings instigate the
developmental and educational complications of noise-induced auditory deprivation, especially in the
younger generation. A question remains, however, to what extent mild-hearing loss caused by
perpetuating noise exposure has an impact on cognition in the younger generation. Therefore, further
empirical evidence is needed to determine the severity of cognitive consequences in individuals with mild

sensorineural hearing loss caused by excessive noise exposure.

To fill the gaps in the current literature, the present study aimed at elucidating to what extent noise-
induced mild hearing loss affects memory processes at a young age. The study, therefore, employed a
rodent model using young male Wistar rats 3—11 weeks of age. Female rats were excluded from the
cohort to avoid hormonal/menstrual interferences during observational task performances. Based on
literature highlighting the relevance of noise exposure on sensorineural hearing loss and cognition, the
study induced mild hearing loss through noise exposure three weeks after birth, which was subsequently
examined by the auditory brainstem response at several time points (ABR) (Reijntjes et al., 2018).
Cognitive abilities of spatial memory (Liu et al., 2016; Chang et al., 2019) recognition memory (Meister
et al., 2016; Park et al., 2016), and social recognition memory (Lauer et al., 2018; Meister et al., 2016)

were examined by means of behavioral assessments. Findings on the relationship between noise-induced
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hearing loss and cognitive consequences in animal models will be essential to understand the trajectory of
cognitive deficits in children and young adults reporting mild hearing loss.

Obijectives and Hypotheses

To investigate the effects of noise-induced mild-hearing loss on memory processes in young male Wistar
rats, three distinct cognitive measures were performed. Firstly, the object location task served to
determine whether young male Wistar rats with mild auditory loss performed more poorly in spatial
memory compared to their healthy controls. Previous research by Liu et al. (2016), Manohar et al. (2020),
and Tao et al. (2015) has implicated the role of hearing loss in reduced spatial memory capacity. In line
with their findings, it is expected that rats with mild hearing loss perform less well in the spatial memory

task compared to controls.

Literature by Meister et al. (2016) and Park et al. (2016) has delineated the role of hearing loss in
impaired recognition memory. Correspondingly, the current study utilized the novel object recognition
task to examine object recognition memory in rats with mild hearing loss. In light of previous findings,

noised rats are expected to perform more poorly in recognition memory compared to controls.

According to studies highlighting the relevance of hearing loss in social isolation due to impaired speech
recognition and emotional processing (Meister et al., 2016; Lauer et al., 2018), the last behavioral
measure served to investigate social recognition through the social recognition task. Overall, rats with

mild hearing loss were expected to exhibit reduced social recognition compared to the healthy controls.

Findings by Ronneberg et al. (2014) highlighted differences in long-term and short-term memory
processes in individuals with hearing loss. Therefore, the current study aimed at elucidating whether long-
term or short-term memory processes are affected differently in rats with mild hearing loss compared to
healthy controls. In light of the controversies emerging from the literature, the current study’s expectation
remains explorative. Overall, it is expected that controls perform better in the short-term (1-hour time
interval) than in the long-term task (12-hour time interval), as memory might be more easily retrievable

following the short-term interval compared to the long-term interval.

Materials and Methods
Animals and Dam Housing
A total of 7 pregnant female Wistar rats were ordered from ENVIGO (HsdCphb:WU). The offspring were

housed together with their mothers until weaning on postnatal day 21. Male pups were separated from
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female pups on day 1 or 2 after parturition. Overall, male pups were housed in groups of four. To
discriminate within the litter, the animals were ear-clipped prior to the first ABR procedure with the
following combinations: left, right, left right, left left, right right. The pups were housed in standard cages
on a human light/dark cycle, starting at 7am-7pm. Standard food pellets, water, and nesting material were
available ad libitum. The cage was cleaned once a week. Rats were weighed once a week and after each
experimental procedure. Housing and care were in accordance with Annex I11 of Directive 2010/63/EU.
All experiments were approved by the animal ethics committee of the University of Groningen and
University Medical Center Groningen and complied with the guidelines for animal experiments from the
UG/UMCG and Netherlands animal welfare law.

Design

Initially, each cage consisted of four male rats, constituting two controls and two rats with mild hearing
loss. However, due to the early death of a male pub suffering from an anesthetic overdose, the total cohort
consisted of 23 rats. In addition, one cage consisted of two male rats used as stimulus animals in later

behavioral observation of the social recognition task.

Procedure

Prior to noising, ABR was performed 3 weeks after birth serving as the baseline condition (Figure 1).
This was followed by noising of 12 of the 23 rats 4 weeks after birth. The first behavioral examination
(object location task) was performed in week 5, and the ABR measure was followed in week 6. The novel
object recognition task took place in week 8, followed by the social recognition task in week 10. The
experimental procedure was finalized in week 11 with the last ABR examination and the subsequent

decapitation and preservation of the brains and inner ears.

Week 1 2 3 4 5 6 7 8 9 10 11
Pregnant ABR & Noising | Object ABR Nowel Object Social ABR +
females ear Location Recognition Recognition Brain
arriving clipping Task Task Task collection

Fig. 1. Timeline of the experimental procedure encompassing a total of 11 weeks.
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Auditory Brainstem Response

Calibration

The speaker was calibrated at an intensity of 114 dB at click and pure tones (2, 4, 8, 16, 32 kHz) at an
alternating phase. Calibration equipment was used in line with (Reijntjes et al., 2018). The high-pass filter
was set to 30 Hz whereas the low-pass filter was set to 3000 Hz. Electrode recordings were amplified
100x. Stimuli duration was set to 21.10/s rate on 100 u duration (click) and 5000 us (tone bursts). During
the ABR, the stimuli were presented starting at an intensity of 20 dB, increasing up to 90 dB with 5 dB

increments.

Preparation

Rats were first weighed, then anesthetized intraperitoneally with Ketamidor (375 pl/ml), Dexdomitor
(250 pl/ml), and saline (375 pl/ml). 2ul of the Ketamidor/Dexdomitor solution was injected per gram per
rat. If the procedure endured longer than two hours, animals received 1/4th of the original dose to remain
asleep. As an anesthesia antagonist, Antisedan (200 pl/ml) diluted in 800 pl/ml saline was administered
following completion of the ABR (approx. 20-45 minutes). Saline was further injected in most of the rats
to promote recovery. Rats were placed in a heating unit during recuperation.

Rats were checked by the toe pinch following anesthesia injection ~2-10 min. The animal's eyes were
covered with a protective ophthalmic ointment to keep the eyes moist during anesthesia. The rat was
placed in a soundproof chamber in front of an open open-field speaker (Visaton DHT 8 S). Each rat was
placed at an equal distance from the speaker. For hearing threshold evaluation, three electrodes were
positioned below the pinna of the left ear (reference electrode), subdermal at the forehead (active
electrode), and below the right ear (ground electrode) (Reijntjes et al., 2018). Channels were set to either
1,1 or 3,3. Impedance was checked through the channel device and ABR acquisition phase of the
hardware and software Intelligent Hearing Systems (IHS). Overall, the rejection rate of the sweeps was
supposed to be not higher than 10%. If the rejection rate of the sweeps was too high, the electrodes were

re-adjusted, and calibration was repeated.

Threshold Determination

The threshold in decibels was determined across the frequency range of 2, 4, 8, 16, 32 kHz and click
(Reijntjes et al., 2018). The absolute threshold was visually inspected and determined by the first
detectable waveform 1 starting at the lowest intensity, where the first peak was distinguishable from the
noise and persisted in higher intensities thereafter. The analysis was executed subjectively by two

observers. Threshold shift was defined by the difference between individual thresholds 2- and 7-weeks
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post-noising (PN) compared to baseline (Reijntjes et al., 2018).

Noising
At 4 weeks of age, hearing loss was induced via continuous white broadband noise exposure at 100 dB
SPL for two hours under anesthesia in a soundproofed chamber (Reijntjes et al., 2018). Controls were

anesthetized and placed in the sound-attenuated room for two hours without noise exposure.

Tissue Collection

Following the last ABR procedure at week 11, rats remained anesthetized for decapitation and subsequent
dissection of the brain and inner ear. Prior to decapitation, rats were placed in a chamber with isoflurane
to ensure insensitivity during the dissection procedure. The left and right hemispheres were dissected
apart from each other. The tissue was frozen in ethanol and dry ice, while the inner ear was fixed in 4%
paraformaldehyde (PFA) in PBS (pH 7.4) for two hours at degree room temperature. The tissue was

stored in an 80-degree freezer.

Behavioral Observation

Setup and Procedure

The arena was 100x100 cm large with objects placed at a 50 cm distance from each other (Figure 3).
Orientation marks were fixed on the inside of the wall at each side of the square (Figure 3). Object
location (OL), novel object recognition (NOR), and social recognition test (SR) were following a similar
procedure as described elsewhere (Sik et al., 2003; Olivier et al., 2008). First, the animals were habituated
for 5 minutes to an open-field environment as shown in Figure 3. The following day, rats were tested
twice during two separate trials. In the first trial (familiarization trial), rats were introduced to two
identical objects in symmetrical positions in the OL and NOR (Figure 4,5), while in the SR, rats were
introduced to a single rat (Figure 6). Following completion of the first trial, animals were reintroduced to
the arena (trial 2) after one hour (short-term inter-trial interval (ST ITI)) or 12 hours (long-term inter-trial
interval (ST ITI)). Thereby, the environment has changed through the replacement of one of the two
objects with either its location (OL), characteristic (NOR), or an addition of another stimulus animal (SR).
Every trial of the OL and NOR consisted of a duration of 3 minutes, whereas the duration of each trial in
the SR was 10 minutes. Rats were exposed to the object combinations in balanced positions to avoid

biased tendencies for a particular location or object.
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Fig. 3 Schematic representation of behavioral observation environment of the object location task and

novel object recognition task. Created with Biorender.com.

Object Location Task

The experimentation of the object location (OL) task was performed 1 week PN (week 5 after birth).
Following habituation, animals were placed in the arena with two identical objects (trial 1). During the
second trial of either short-term or long-term ITI, rats were reintroduced to the identical objects with one
object placed on a different location (diagonally from the familiar object). Overall, object combinations
consisted of 2x4 variations: two different objects on four varying positions (1,2,3,4) (Figure 4).

After 1 hour (ST ITI) or 8 hours ( LT A

ITI)

»
>

A A A

Fig. 4 Schematic representation of the object location test with an inter-trial interval of either 1 hour

(short-term) or 8 hours (long-term). Created with Biorender.com.

Novel Object Recognition Test

The novel object recognition task was executed in week 5 PN (week 8 after birth) and followed a similar
procedure as described in the object location task, despite the replacement of a different object instead of
a different location in trial 2 (Figure 5). Overall, rats were exposed to a variation of four different object

characteristics in balanced positions (1,2 or 3,4).
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After 1 hour (ST ITI) or 8 hours ( LT
ITI)

»
L

A A ® A

Fig. 5 Schematic representation of the object location test with an inter-trial interval of either 1 hour

(short-term) or 8 hours (long-term) in between. Created with Biorender.com.

Social Recognition Test

The SR was performed 5 weeks PN (week 10 after birth). Alike the OL and NOR, the familiarization trial
consisted of a single stimulus rat, whereas trial 2 consisted of the familiar rat of trial 1 and a novel
stimulus rat (Figure 6). For the experimental procedure, two stimulus rats were used that did not

encounter the animal before.

After 1 hour
M B m M
- 5

Fig. 6 Schematic representation of the social recognition test with an inter-trial interval of either 1 hour

(short-term) or 8 hours (long-term). Created with Biorender.com.

Recording

The behavioral observations were video recorded from above the arena. The behavioral measures
occurred under constant bright light illumination. Exploring behavior was defined as sniffing, touching
the object with the nose, and leaning onto the object/subject with no more than 2 cm distance, while
turning around or sitting next to the object was not considered explorative (Antunes et al., 2012; Sik et al.,
2003). To avoid any olfactory disturbance, objects were cleaned with a 10% ethanol solution between

each of the subject’s trials.

Scoring

Behavioral observations were scored manually using the Behavioral Observation Interactive Software
version 8.7. Scoring of the video started at the time when the door of the observation room was closed.
The scoring was completed after 3 minutes for the OL and NOR tasks and after 10 min for the SR task.

The corresponding key was pressed when the animal was actively exploring the object (i.e. sniffing the
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object, leaning on the object) and stopped immediately after exploration. Start and stop events were
defined as state events. The cumulative value of the state events determined the total exploration time for
each object/location/stimulus animal.

Measures of Interest

Measures of interest were the exploration time of the novel object/subject (en) and familiar object/subject
(ef), as well as the total exploration time (E) of both novel and familiar objects/subjects (Table 1). If rats
explored for less than 5 seconds both objects, or only explored one of the two objects, these trials were
removed from the analysis to avoid confounded data (Sik et al. 2003; Olivier et al., 2008). The
discrimination index (d2) was calculated by subtracting the exploration time of the familiar object (ef)
from the exploration time of the novel object (en) during trial 2, divided by the total exploration time (E)
during trial 2 (Table 1) (Rutten et al. 2007; Sik et al. 2003; Olivier et al., 2008). The discrimination index
(d2) is a measure to determine rodents’ intrinsic preference for novelty over-familiarity while correcting
for the total exploration time. A positive value implies more time spent exploring the novel object,
whereas a discrimination index of zero implies equal time spent with both objects. Conversely, a negative
value implies more time spent exploring the familiar object over the novel one. All behavioral
observations exploit the rodents’ preference for novelty over-familiarity if they remember the initial

exposure of trial 1.

Table 1. Measures involved in the Behavioral Observations

e = total observation time of object
en = novel object

ef = familiar object

E = total observation time of en + ef
dl=en—ef

d2 = d1/E

Data Preparation and Statistical Analysis
The homogeneity assumption of the variance was tested with Lavene’s test (p>0.5). Data with p < .05 was
analyzed non-parametrically with the Mann-Whitney U test for simple group comparison. The normality

assumption was examined using the Shapiro-Wilk test and g-q plot.
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ABR

The design of the ABR analysis consisted of a two-way ANOVA. The variable of interest was hearing
threshold (dB) subjected to three factors, namely, treatment (noised vs controls) time (baseline, 2 weeks
PN, 7 weeks PN), and frequency (kHz). The aim was to confirm that noised rats exhibited hearing loss.
Therefore, noised rats were expected to exhibit higher thresholds (dB) in higher frequencies compared to
the control group (Reijntjes et al., 2019).

Behavioral Observations

To test whether noise mild-induced hearing loss affects memory performance in young male Wistar rats,
simple group comparison was performed using a student sample t-test for each, ST and LT ITI. The
variables of interest were total exploration time (E), and the discrimination index (d2) for each of the
treatment groups (noised vs controls). Total exploration time (E) served as a control variable to test
whether noised and control rats differed in total exploration time. The discrimination index served as a

preference index for novelty over-familiarity (Sik et al., 2003).

Controlling for Rodents’ Novelty Over-Familiarity Preference

To interpret the data in correct manner, further analysis was necessary to examine whether the behavioral
tasks did exploit the rodents’ tendency for exploring novel objects/subjects over familiar ones. If the tasks
did not exploit the inherent preference for novelty over-familiarity, the behavioral measure might not
have been sufficiently robust to measure memory function. Thus, further analysis was necessary to test
whether rats, particularly, the control group, exhibited indeed a bias for novelty. The variable of interest
was the total observation time for each, novel (en), and familiar object/subject (ef). Two-way ANOVA
served to determine whether there was a significant difference in exploration time between the novel vs
familiar object (preference) within each treatment group (noised vs controls), while controlling for short-
term (ST) vs long-term (LT) ITI.
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Results
Rats exposed to Noise have elevated High-Frequency ABR Thresholds
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Fig.7. Graph summarizing the overall threshold shift (y-axis) across tested frequencies (x-axis) in both,

noised and control rats.

Comparing Baseline and 2 Weeks PN

Timewise comparison between the baseline and 2 weeks PN was performed across factors treatment
(noised vs controls) and frequency (kHz). Analysis of variances revealed significant differences between
baseline and 2 weeks PN in hearing threshold (dB) F(1, 156) =28.708, p < 0.001, np2 = .0061. Moreover,
analysis of variance revealed a main effect of treatment F(1, 156) = 4.789, p= 0.030, np2 = 0.010,
implying that there are differences in hearing threshold (dB) between noised and control rats. Moreover,
there were differences in hearing threshold (dB) between frequencies presented (2, 4, 8, 16, 32 kHz and
click) F(5, 156) = 41.746, p< 0.001, np2 = 0.442.

Further analysis of simple main effects of factor time revealed differences in 16 kHz (p< 0.001) and 32
kHz (p< 0.001) between baseline and 2 weeks PN in both, noised and control rats. When looking at factor
treatment as simple main effect, noised and control rats differed in hearing threshold of 16 kHz (p<
0.001), but not 32 kHz (p = 0.580) (Figure 8). In other words, noised and control rats showed a positive
threshold (dB) shift from baseline to 2 weeks PN in 16 kHz and 32 kHz frequency. However, between-
subject comparisons of noised vs control rats showed only a difference in the hearing threshold at 16 kHz

but not in 32 kHz frequency 2 weeks PN compared to baseline.
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Fig. 8. Graphs depicting a shift in absolute threshold (dB) from baseline to 2 weeks PN in both noised and
control treatment conditions in 16 kHz and 32 kHz.

Comparing Baseline and 7 Weeks PN

Seven weeks PN to baseline comparison revealed significant differences with respect to hearing threshold
(dB) F(1, 192) = 78.986, p < 0.001, np2 = .145. Results further indicated main effects of the treatment
condition (noised vs controls) F(1, 192) = 7.680, p = 0.006, np2 = 0.014, and frequency (kHz) F(5, 192) =
40.458, p < 0.001, np2 = 0.372. Moreover, there were significant interaction effects between frequency
(kHz) and treatment F(5, 192) = 2.535, p = 0.030, np2 = 0.023 as well as frequency (kHz) and time F(5,
192) = 6.433, p < 0.001, np2 = 0.059.

When looking at the simple main effects with respect to factor time, noised and control rats showed an
increase in absolute threshold (dB) from baseline to 7 weeks PN in frequencies of 16 kHz (p < 0.001), 32
kHz (p < 0.001), and 2 kHz (p < 0.001). However, differences in threshold (dB) between noised and
control rats were only seen at 16 kHz (p < 0.001), not at 32 kHz (p = 0.199), or 2 kHz (p = 1.00) (Figure
9).
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Fig. 9. Graphs depicting a shift in absolute threshold (dB) from baseline to 7 weeks PN in both noised and
control rats in 2 kHz, 16 kHz, and 32 kHz.

Hearing Loss does not affect Memory Performance in the OL, NOR, and SR task

Object Location

Noised and control rats did not differ in total exploration time spent on the objects (t = -0.218, p = 0.830,

d =-0.096) or in preference for novelty over-familiarity (d2), (U = 58.00, p = .808, r = 0.074) in the ST
ITI (Fig. 10 A). Similarly, noised and control rats did not differ in the LT ITI in total exploration time (t =
-0.336, p = 0.741, d = - 0.151) or discrimination index (d2) (t = -0.053, p = 0.958, d = -0.024), (Figure 10

B).
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Fig. 10 A. Total exploration time (sec) and discrimination index in noised and control rats in the ST ITI.
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Fig. 10 B. Total exploration time (sec) and discrimination index in noised and control rats in LT ITI.

Novel Object Recognition

Data analysis of the novel object recognition task revealed no differences between the noised and control
rats with respect to total exploration time (t = 0.206, p = 0.6829, d = 0.086) or discrimination index (t =
0.864, p = 0.397,d = 0.364) in the ST ITI. Similarly, noised and control rats did not differ in total

exploration time (U = 66.00, p =.722, r = 0.10) or in preference for novelty over-familiarity (t = 0.634, p
=0.533,d=0.271) in the LT ITI (Figure 11).
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Fig. 11 B. Total exploration time (sec) and discrimination index in noised and control rats in LT ITI.

Social Recognition

Simple group comparison between the noised and control rats in the social recognition task revealed no
differences in total exploration (t = -0.847, p = 0.407, d = -0.354) or discrimination index in the ST ITI (t
=0.887, p = 0.385, d = 0.370) (Figure 12 A). Similarly, there were no differences between the noised and

control rats in the LT ITI in exploration time (t = -0.885, p = 0.386, d = -0.369) or discrimination index (t
=-0.907, p =0.374, d = -0.374), respectively (Figure 12 B).
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Behavioral Measures only partially exploit Rodents’ Novelty Over-Familiarity Preference

Obiject Location Test

Analysis of Variance including the factors preference, treatment, and ITI indicated no main effects. In
other words, there was no difference in exploration time between familiar and novel objects F(1, 74) =
3.246, p=0.076, np2 = 0.038, nor was there a difference in exploration time with regard to treatment
group F(1, 74) = 0.126, p=0.724, np2 = 0.001 or between ST and LT ITI F(1, 74) = 0.923, p = 0.340,
np2 = 0.011. Results have shown an interaction effect between Preference and ITI F(1, 74) =5.847, p =
0.018, np2 = 0.069, suggesting that time spent on a familiar vs novel object depended on whether the ITI
was short-term (1 hour) or long-term (12 hours) (Figure 13).

Simple main effects revealed that the preference for a novel object depended on LT ITI (p= 0.004), but
not on ST ITI (p= 0.661). In other words, both, noised (p = 0.038) and control animals (p = 0.041)
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preferred the novel over the familiar object in the LT ITI session (12 hours), but not in the ST ITI session
(1 hour) (p =0.974), (p = 0.581), respectively.
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[ 1 I 1
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Fig. 13. Group comparison of the OL task between total exploration time (sec) for familiar vs novel

object while controlling for treatment group in ST ITI and LT ITI.

Novel Object Recognition Test

Analysis of variance revealed significant main effects in both, preference F(1, 84) = 8.886, p = 0.004, np2
=0.086, and ITI F(1, 84) = 4.295, p=0.041, np2 = 0.041, despite no significant difference between the
treatment conditions (noised vs control) F(1, 84) = 0.096, p = 0.758, np2 = 9.222x10™.

Further analysis of simple main effects showed that noised rats exhibited a preference for novelty in ST
ITI (p< 0.001), but not in the LT ITI (p= 0.219). Contrary, control rats exhibited no difference in
exploration time between the novel (p= 2.212) vs familiar objects (p= 0.214), in either ST or LT ITI
(Figure 14).
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Social Recognition test

Analysis of variance did not reveal any significant main or interaction effects of factor preference F(1, 84)
=0.025, p = 0.875, np2 = 2.838x10*, treatment F(1, 84) = 0.965, p = 0.329, np2 = 0.011 or ITI F(1, 84) =

1.430, p = 0.235, np2 = 0.016, suggesting that the prior assumption of rodents’ tendency for novelty could

not be met (Figure 15).
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Discussion

The current study investigated whether mild noise-induced hearing loss leads to reduced memory
performance in young male Wistar rats. Findings revealed that mild induced hearing loss does not result
in reduced memory performance in spatial memory, object recognition, and social recognition memory in
young male Wistar rats, thus, contradicting previous findings by Meister et al. (2016), Park et al. (2016)
Liu et al. (2016) Chang et al. (2019). A question remains, however, whether these outcomes are valid
considering that the behavioral experiments might not have sufficiently exploited the rodents’ intrinsic

preference for novelty over-familiarity (Sik et al., 2003).

The ABR analysis confirmed that noise-exposed rats indeed exhibited mild hearing loss, specifically at 16
kHz frequency. Although these findings are in line with previous literature by Reijntjes et al. (2018),
further analysis has revealed no differences between noised and control rats in the higher frequency of 32
kHz after 2 or 7 weeks PN. However, it is worth mentioning that there has been a general threshold shift
in both, noised and control rats in 32 kHz and 2 kHz 7 weeks PN compared to baseline. These findings
suggest that the highest (32 kHz) and lowest (2 kHz) frequencies lay in the outer range of hearing acuity
in healthy rats at an age of 11 weeks. Specifically, the threshold shift from baseline to 7 weeks PN
suggests that the hearing range narrows with time, and that age might be a relevant factor playing a role in

hearing acuity in young male Wistar rats (Bielefeld et al., 2010).

With regard to the OL, it is worth noting that results of the ST ITI have shown a discrimination index
below a positive value (around zero) in noised and control rats, despite indicating a positive value in the
LT ITI in both treatment groups. These findings suggest that rats did not remember the initial trial 1 after
one hour (ST ITI), despite being able to memorize the initial trial 1 after 8 hours (LT ITI) which is in
parallel with findings by Ronneberg et al. (2014). However, the results beg the question of whether the
time interval of 1 hour (ST ITI) might have been too short for sufficient memory consolidation and
retrieval. In light of this notion, it is worth noting that rats performed the memory tasks during the human
circadian rhythm. Presumably, sleep deprivation might have, therefore, interfered with memory
consolidation to a greater extent during the ST ITI (performed in the morning after 1 hour) than the LT
ITI (performed in the afternoon 8 hours later). Furthermore, the ST ITI of the OL has been the first
memory task which the rats performed. Therefore, despite prior habituation to the arena, the task
environment may have been too novel to yield adequate attention to the actual task. Lastly, rats were only
five weeks old during the first observational task of the OL, possibly further influencing the attention
capacity during the memory tasks. To this end, the OL might have been less suitable for testing spatial

memory cognition in Wistar rats at an early age of 5 weeks and against their natural sleep cycle.
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Despite positive discrimination indexes in both noised and control rats during the ST and LT ITI of the
NOR, results of further analysis of rodents’ novelty preference have shown that the differences in
exploration time between the novel vs familiar objects were neither significant in control rats in the ST
and LT ITI, nor in the noised rats in the LT ITI. These findings suggest that the preference for novelty
over-familiarity and the resulting positive discrimination index might be due to chance. Particularly,
noised rats have only shown a preference for novel objects in the ST ITI but not LT ITI, whereas the
control rats exhibited no novelty preference in either ST or LT ITI. Similarly, in the SR, noised and
control rats have shown no differences in exploration time between the novel and familiar stimulus
animals. These findings raise the question of whether the behavioral measures, specifically, the NOR and
SR were sufficiently robust to measuring object and social recognition memory, or whether the rats

simply did not remember the initial trial.

Implications and Future Suggestion

Considering the outcomes of the behavioral observations, alternative memory tasks such as the Morris
water maze, or the delayed radial arm memory task might be more applicable for testing memory
cognition in young male Wistar rats (Liu et al., 2016). Furthermore, performing the tasks during the
rodent nocturnal rhythm might reduce the risk of sleep deprivation and, therefore, possible interference
with memory performance (Colavito et al., 2013). Moreover, the repeated administration of anesthesia
involving ketamine might have influenced the animal’s cognitive performance, as exemplified in a study
by Pitsikas et al. (2020). Lastly, mild-induced hearing loss might result in only subtle changes in the
auditory-sensual processing, and impact memory processes to a lesser extent than moderate hearing loss
or deafness (Liu et al., 2016). Accordingly, there might be greater differences in recognition memory in
the event of moderate-to-absolute hearing loss. Overall, the experimental setup in this model needs to be
carefully considered when interpreting the results of the behavioral observations. Moreover, amendments
are necessary to avoid the limitations of the current design in follow-up studies and future behavioral

observations.

Conclusion

In light of the study’s findings, rats with noise-induced mild hearing loss did not seem to differ in their
memory performance compared to the controls. Despite epidemiological studies highlighting children’s
difficulties in education following mild-hearing loss, the overall link between noise-induced mild hearing
loss and memory cognition remains elusive and may imply to be rather correlational than causational.
However, a conclusion stating no link between the two cannot be drawn as the behavioral measures

appear to be partially invalid. Instead, future studies should employ alternative behavioral tests that might
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prove greater robustness in measuring memory cognition.
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