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Background: Age-related hearing impairment is one of the most common complaints among older
people. It was reported that central neural processing deficits contribute this deficit and improving
central auditory function might be beneficial for cognitive functions in elderly. In the present study, we
examined the effect of rosmarinic acid (RA) on auditory evoked oscillations and lipid peroxidation in D-
galactose induced rat aging model.
Methods: Wistar rats were randomly divided into four groups: sham (S); RA-treated (R); D-galactose-
treated (DG); D-galactose þ RA-treated (DGR). After eight weeks period, central auditory functions were
evaluated by measuring the auditory evoked oscillations over temporal cortex. Thiobarbituric acid
reactive substances (TBARS) assay was used to quantify lipid peroxidation levels of the temporal cortex.
Results: D-galactose treated rats exhibited attenuated auditory evoked delta, alpha and beta responses.
Moreover, increased lipid peroxidation levels were detected in the D-galactose treated rats. Eight weeks
RA (50 mg/kg) treatment significantly improved oscillatory alterations and lipid peroxidation as
compared to DG group.
Conclusion: Thus, present study shows D-galactose induced oscillatory changes in auditory processing
and highlights the protective effect of RA against D-galactose induced changes in auditory evoked os-
cillations and lipid peroxidation.
Copyright © 2018, Taiwan Society of Geriatric Emergency & Critical Care Medicine. Published by Elsevier
Taiwan LLC. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Aging is a slow and progressive biological process related with
complex physiological and biochemical alterations. Although the
exact cause of aging is not known, researches indicated that
oxidative damage caused by free radicals is an important
contributor of aging process.1,2 It is well known that brain is
particularly vulnerable to oxidative stress because of its high
content of polyunsaturated fatty acids, high metabolic rate and
low antioxidant defense. The accumulation of free radicals in ag-
ing progressively damages functional macromolecules and might
therefore be responsible for the age-related dysfunctions and
development of degenerative diseases.3 In addition, oxidative
stress plays a certain role in the pathology of age-related hearing
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impairment (ARHI) which is the most common sensory disorder
in the elderly.4 ARHI includes the reduction of hearing sensitivity
and perceptual difficulties in noisy environment. Although one
component of hearing impairment is partly related to peripheral
deficit, recent studies concluded that central auditory dysfunction
is a prominent component of presbycusis in aging.5,6 Electroen-
cephalography (EEG) studies investigating the auditory functions
in elderly reported a decrement in the amplitude of ERP compo-
nents, P300 and N200, and increment in their latencies.7,8 On the
other hand, there is only a few studies showing the changes in
spectral EEG markers.

Natural aging has been experimentally modeled by the chronic
administration of D-galactose (D-gal). Since oxidative stress is sug-
gested as one of the main mechanisms of naturally aging, D-gal
aging model has been frequently used to study the mechanisms of
brain aging and antiaging pharmacology studies.9,10 The key
mechanism of this animal model is induction of oxidative stress in
the course of D-gal metabolism that may account for the
icine. Published by Elsevier Taiwan LLC. This is an open access article under the CC
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acceleration of aging.11 Various studies have showed that long term
D-gal exposure lead to impairment in cognition, antioxidant sys-
tem,11 mitochondrial function,12 calcium homeostasis13 and cause
apoptosis14 in the brain. For the sensory system, a study has pre-
viously used D-gal to produce a mimetic aging effect in the auditory
system and measured the auditory brainstem response (ABR) and
middle latency response (MLR) to evaluate central auditory func-
tions in rats.15 They showed a significant delay in the ABR and MLR
latencies. However, the effects of D-gal on the auditory evoked
oscillatory dynamics remain poorly understood. In the current
work, our first aim is to determine the effects of D-gal-induced
aging on simple auditory processing as reflected by auditory
evoked EEG oscillations in rats.

In the recent years, naturel compounds with low toxic proper-
ties have been widely proposed to used as an alternative agents for
the prevention and treatment of various diseases. Rosmarinic acid
(RA) is a polyphenolic compound that has been shown to possess
many biological activities such as antioxidant,16 anti-apoptotic17

and neuroprotective18 activities. Previous studies demonstrated
that the RA is a potent antioxidant by improving antioxidant de-
fense in addition to its direct interaction with free radicals.16

However, as far as we know, there is no study examining the ef-
fects of RA on auditory functions in aging.

The purpose of the present study was to investigate possible
protective effect of RA on auditory evoked oscillations in the D-gal
injected rats. To date, there have been no studies investigating the
effect of RA on oscillatory dynamics of auditory processing. In order
to evaluate oxidative cell injury, thiobarbituric acid reactive sub-
stances (TBARS) levels of the brain tissue were determined in the
present research.

2. Methods

2.1. Animals

All experiments were approved by the Akdeniz University Ani-
mal Care and Use Committee and were performed in accordance
with the European Community directive. Thirty-two Wistar rats,
aged three months, were used. Animals were housed in stainless
steel cages in groups of 4 rats per cage at standard conditions
(24 ± 2 �C and 50 ± 5% humidity) with 12 h light-dark cycle and
given food and water ad libitum. The experiments were performed
between 9:00 and 17:00. Rats were randomly divided into four
groups (n ¼ 8 for each): Group 1: rats treated with saline (i.p. and
gavage) (S); Group 2: rats treated with saline (i.p.) and RA (gavage)
(R); Group 3: rats treated with D-gal (i.p.) and saline (gavage) (DG);
Group 4: rats treated concomitantly with D-gal (i.p.) and RA
(gavage) (DGR). D-ga:l (Sigma-Aldrich, St. Louis, MO, USA; 80 mg/
kg/day, 80 mg of D-gal dissolved in 0.9% saline solution, to a total
volume of 1 ml) was administered by i.p. injection and RA (Car-
bosynth, San Diego, CA, USA; 50 mg/kg/day, 50 mg of RA dissolved
in 0.9% saline solution, to a total volume of 1 ml) was given via
gavage for eight weeks.

2.2. AEP recordings

AEPs were recorded between 09:00 am and 02:00 p.m. Rats
were anesthetized (24 g/100 ml) with intraperitoneal injections of
urethane (1.2 g/kg, SigmaeAldrich, St Louis, MO, USA). The head of
the anesthetized animal was attached to the standard stereotaxic
frame and four small holes (1.5 mm diameter) were drilled for the
placement of the stainless steel electrodes. Recording electrodes
were placed bilaterally on temporal cortices and reference and
ground electrodes were placed on cerebellar skull. The rats were
confirmed to have normal external auditory canal and tympanic
Please cite this article in press as: Kantar Gok D, et al., Decrease of Audito
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membranes. The anesthetized animal was moved into a sound-
attenuated recording room. Mean background noise level of the
recording room measured 46 dB with a sound level meter (Testo
816 Sound Level Meter, Germany).

The EEG signal was amplified (Brainamp EEG/EP Amplifier,
Brain Products, Munich, Germany), band-pass filtered
(0.1e300 Hz) and digitized at a 1000 Hz sampling rate (Brainvision
Recorder, Brain Products, Munich, Germany). AEPs were recorded
using tones of 2000 Hz at the 85 dB SLP. A short inter-stimulus
interval (ISI) of 500 ms was used. The duration of the tones was
50 ms and the tones were presented through a loudspeaker at a
distance of 15 cm from the ear of the rat. The EEG data were
processed in 500 ms epochs. Data were filtered (0.1e150 Hz) and
baseline corrected. The averaging of 500 responses was per-
formed with a BrainVision Analyzer (Brain Products GmBH). The
data were digitally filtered in the delta (0.5e3.5 Hz), alpha
(8e15 Hz), and beta (15e30 Hz) frequency ranges. Subsequently,
we measured the maximum peak-to-peak amplitudes for each
rat's averaged response in terms of microvolts. Then, the digital
FFT-based power spectrum analysis was performed (10% Hanning
windowing function was evaluated in order to calculate the delta,
alpha and beta frequency power).

2.3. Tissue preparation

Animals were anesthetized with the diethyl ether and sacrificed
by exsanguination via cardiac puncture. Brain tissue was removed
immediately. All tissues were rapidly sonicated in a thermally
regulated sonicator (Branson Sonifier 250, G. Heinemann
Ultraschall-und Labortechnik, Germany) for 1 min. Sonicated
samples were centrifuged and supernatant of centrifuged samples
was used for the assay of TBARS measurements.

2.4. TBARS assay

Levels of TBARS were measured by a fluorimetric method
described by Wasowicz et al. (1993),19 using 1,1,3,3-tetraethox-
ypropane as a standard. Tissue samples were introduced into a tube
containing 29mmol/l thiobarbituric acid in acetic acid (8.75 mol/l),
and placed in a water bath and heated for 1 h at 95e100 �C. After
samples were cooled, 25 ml of 5 M HCl was added and reaction
mixture was extracted by agitation for 5 minwith 3.5 ml n-butanol.
After centrifugation, butanol phase was separated and fluorescence
of the butanol extract was measured in a spectrofluorometer
(Shimadzu RF-5500, Kyoto, Japan) using wavelengths of 525 nm for
excitation, and 547 nm for emission.

2.5. Determination of protein

Protein concentrations in brain tissues were spectrophotomet-
rically measured (Shimadzu RF-5500, Kyoto, Japan) by a protein
assay reagent kit (Pierce, Rockford, IL) via a modified Bradford
method.20 Bovine serum albumin was used as a standard.

2.6. Statistical analysis

The statistical analysis of the obtained data was performed by
SPSS (SPSS 18.0, SPSS Inc., Chicago, IL) software for Windows. Sta-
tistical comparisons between groups were performed by using the
analysis of variance test and post-hoc Tukey's test.

3. Results

Fig. 1A shows the grand averages of auditory evoked delta os-
cillations for the temporal electrode for all groups. Delta-band
ry Evoked Delta, Alpha and Beta Oscillatory Responses in D-galactose
f Gerontology (2018), https://doi.org/10.1016/j.ijge.2018.02.006



Fig. 1. A:Grand average of auditory evoked delta oscillations (0.5e3.5 Hz) in all experimental groups. B: The means and standard errors of auditory evoked delta oscillations. Results
are presented as mean ± SEM, n ¼ 8 for each group (*significant vs. S group; #significant vs. DG group).

Fig. 2. A:Grand average of auditory evoked alpha oscillations (8e15 Hz) in all experimental groups. B:The means and standard errors of auditory evoked alpha oscillations. Results
are presented as mean ± SEM, n ¼ 8 for each group (*significant vs. S group; #significant vs. DG group).
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power spectrum values of all groups are given in Fig. 4A. In the
present study, there was a significant difference between group in
terms of peak-to-peak auditory evoked delta oscillations
[F3.31 ¼ 27.66, p < 0.01] and delta-band power [F3.31 ¼ 6.67,
p < 0.05]. In post-hoc comparisons, it was found that the DG group
had significantly lower peak-to-peak amplitudes of delta oscillatory
responses and delta-band power compared with the sham group
over temporal locations (p < 0.05). The delta amplitudes and power
were significantly larger in the DGR group than the DG group
(p < 0.05). Fig. 1B shows the histogram of peak-to-peak amplitudes
of delta oscillatory responses of all groups.

Fig. 2A shows the grand averages of auditory evoked alpha
oscillations for the temporal electrodes for all groups. Alpha-
band power spectrum values of all groups are given in Fig. 4B.
In the present study, there was a significant difference between
group in terms of peak-to-peak auditory evoked alpha oscilla-
tions [F3.31 ¼ 6.96, p < 0.01] and alpha-band power [F3.31 ¼ 12.97,
p < 0.01]. In post-hoc comparisons, it was found that the DG
group had significantly lower peak-to-peak amplitudes of alpha
Please cite this article in press as: Kantar Gok D, et al., Decrease of Audito
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oscillatory responses and alpha-band power compared with the
sham group over temporal locations (p < 0.01). The alpha am-
plitudes and power were significantly larger in the DGR group
than the DG group (p < 0.05). Fig. 2B shows the histogram of
peak-to-peak amplitudes of alpha oscillatory responses of all
groups.

Fig. 3A shows the grand averages of auditory evoked beta
oscillations for the temporal electrodes of all groups. Beta-band
power spectrum values of all groups are given in Fig. 4C. There
was a significant difference among groups for peak-to-peak
amplitudes of auditory evoked beta oscillations [F3.31 ¼ 7.049,
p < 0.01] and beta-band power [F3.31 ¼ 14.69, p < 0.01]. Post-hoc
comparisons revealed that peak-to-peak amplitudes of beta oscil-
lations and beta-band power were significantly lower for the DG
group over the sham group at temporal locations (p < 0.01).
Further, beta amplitudes and power were significantly elevated in
the DGR group versus the DG group (p < 0.05). Fig. 3B shows the
histogram of peak-to-peak amplitudes of beta oscillatory responses
of all groups.
ry Evoked Delta, Alpha and Beta Oscillatory Responses in D-galactose
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Fig. 3. A:Grand average of auditory evoked beta oscillations (15e30 Hz) in all experimental groups. B:The means and standard errors of auditory evoked beta oscillations. Results
are presented as mean ± SEM, n ¼ 8 for each group (*significant vs. S group; #significant vs. DG group).

Fig. 4. The means and standard errors of delta, alpha and beta-band power values. Results are presented as mean ± SEM, n ¼ 8 for each group (*significant vs. S group; #significant
vs. DG group).

Fig. 5. TBARS levels of the temporal cortex of all experimental groups. Results are
presented as mean ± SEM, n ¼ 8 for each group.

D. Kantar Gok et al.4
Lipid peroxidation was measured as the amount of TBARS.
TBARS values of brain tissues of all experimental groups are given in
Fig. 5. There was a statistically significant difference between
groups [F3.31 ¼ 34.70, p < 0.001]. Brain TBARS levels were signifi-
cantly increased in the DG group with respect to the Sham group
(p < 0.001). Further TBARS levels were significantly decreased in
the DGR group versus the DG group (p < 0.01). No significant dif-
ference was observed in TBARS levels in the R group versus the
Sham group.
Please cite this article in press as: Kantar Gok D, et al., Decrease of Audito
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4. Discussion

ARHI, which is characterized with difficulty in speech under-
standing, is a prominent problem in elderly.4 It is known that ARHI
has also central component beside peripheral contribution.
Because the established link between ARHI with late life cognitive
disorders, improving central auditory function with an appropriate
treatment might be beneficial for cognitive functions in elderly.5,6

Increment of oxidative stress is the main point in the free radical
theory of aging. In this context, various antioxidants are widely
studied to develop efficient antiaging therapies. Hence, as a known
potent antioxidant polyphenol,21 we investigated the effect of RA
on central auditory functions by examining auditory evoked oscil-
lations in D-gal-injected rats. To the best of our knowledge, there
have been no studies done on the effects of D-gal and RA treatment
to auditory evoked oscillations at different frequency bands.

Sensory evoked oscillations generates following the presenta-
tion of a pure sensory stimulus. A simple auditory sensory stimulus
evokes predominantly the function of auditory sensory circuits, and
sensory evoked oscillations reflect sensory processes. Therefore, in
the current study, we have examined peak-to-peak amplitudes and
power of evoked oscillations to determine the altered dynamics in
the sensory system.

In the present study, D-gal treated rats showed significantly
lower sensory evoked delta responses than sham group rats at
temporal locations. Our result is in agreement with an earlier report
showing decrement in delta oscillatory responses during visual
oddball paradigm in aging22; even though event related responses
ry Evoked Delta, Alpha and Beta Oscillatory Responses in D-galactose
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reflect both sensory and cognitive networks. Delta oscillations are
generated from pyramidal neurons' long-lasting hyperpolarization
and thalamocortical currents. Previous reports have indicated that
delta oscillations reflect long distance synchronization in the
network.23 Dysfunction in certain networks might be related with
diverse factors in subcellular, cellular or tissue level (e.g., synaptic
transmission, axonal transfer, myelination), which can interfere
with connectivity.24,25 Thus, it could be concluded that decrement
in evoked delta synchronization could be partly related with axonal
degeneration and/or cellular damage caused by D-gal-induced
oxidative stress. This view is in accordance with previous studies
showing that D-gal exposure led to cellular damage evidenced with
lipofuscin deposition, synaptic degeneration and mitochondrial
dysfunction.11,26 In parallel, we found that D-gal-induced oxidative
damage in D-gal group which was evident with significant increase
in lipid peroxidation level.

Furthermore, we found significant reduction in sensory evoked
alpha responses. It was reported that alpha oscillations are mainly
generated by cortico-cortical and thalamo-cortical neuronal net-
works.27 Başar (2012)28 stated that time-locked alpha synchroni-
zation in specific cortices during sensory stimulation could be
considered a specific phenomenon linked with sensory processing.
From this point of view, it could be concluded that neuronal syn-
chronization in alpha band has functional importance for sensory
processing. Beside, a study showed that D-gal administration leads
to an impairment in auditory processing accompanying with lipid
peroxidation and neurodegeneration similar to naturel aging.15

Previous human studies also concluded that impaired temporal
and spectral coding in perception is resulted from age-related loss
in neural synchrony in elderly.29,30 These findings indicate that
alpha desynchronization may involve in the deficiency of auditory
processing in D-gal-induced aging model. Moreover, we deter-
mined significant reduction in sensory evoked beta responses. The
functional role of beta oscillatory responses seems to be less
analyzed in comparison to other frequency bands.31 Beside other
known functional correlates of beta oscillations, such as novelty
detection in the auditory system and sensory gating, beta rhythm
claimed to be involved in sensory integrative processes. Previous
studies indicated that regional resonances in beta and alpha reflect
multimodal synchronization between macrocolumns.32 While
short-distance synchronization tends to occur at higher frequencies
like gamma-band, long-distance synchronization manifests itself in
the beta and alpha frequency ranges.33,34 So it is conceivable to
suggest that D-gal-induced oxidative changes lead to long-distance
desynchronization in different dimension of the network. In sum,
integrative brain function that requires combined action of multi-
ple oscillations during performance of sensoryecognitive tasks,
affected in D-gal aging model.

A growing body of evidence indicates that oxidative damage
in degenerative conditions such as lipid peroxidation can be
prevented by antioxidant therapies.35 RA is known to be one of
the most potent antioxidant among other polyphenols.36 Our
current findings are in agreement with our lab and others results
which have showed that RA effectively inhibited lipid peroxida-
tion in different experimental designs.37,38 To the best of our
knowledge, this is the first study investigating the effect of RA on
auditory oscillatory dynamics in D-gal-induced changes. We
showed that RA administration lead to a significant increment in
peak-to-peak amplitudes of delta, alpha and beta oscillations in
comparison to DG group. Our results also confirm our recent
report showing that RA can efficiently improve brain network
activity at least in sensory level. Therefore, it can be concluded
that RA diminished the detrimental effects of D-gal on sensory
processes, most likely by decreasing the lipid peroxidation. On
the other hand, the role of other possible mechanisms of action of
Please cite this article in press as: Kantar Gok D, et al., Decrease of Audito
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RA, such as reported cholinergic enhancement, cannot be
completely excluded in the observed beneficial effects. So, con-
sumption of RA or RA containing naturel compounds as nutri-
tional supplement might prevent ARHI in elderly. In this context,
RA, as a potent candidate in the use of naturally occurring anti-
oxidants, could be studied for its therapeutic potential and
development of preventive cure for age-related changes in
auditory functions.
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