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a  b  s  t  r  a  c  t

Sound  is an  important  part of  man’s  contact  with  the environment  and has served  as  critical  means  for
survival  throughout  his  evolution.  As  a  result  of exposure  to  noise,  physiological  functions  such  as  those
involving  structures  of  the  auditory  and  non-auditory  systems  might  be damaged.

We  have  previously  reported  that  noise-exposed  developing  rats  elicited  hippocampal-related  histo-
logical,  biochemical  and  behavioral  changes.  However,  no data  about  the time  lapse  of  these  changes
were  reported.  Moreover,  measurements  of  auditory  pathway  function  were  not  performed  in  exposed
animals.  Therefore,  with  the  present  work,  we aim  to test  the  onset  and  the  persistence  of the different
extra-auditory  abnormalities  observed  in  noise-exposed  rats  and  to  evaluate  auditory  pathway  integrity.

Male  Wistar  rats  of  15  days  were  exposed  to  moderate  noise  levels  (95–97  dB  SPL,  2 h  a day)  during
one  day  (acute  noise  exposure,  ANE)  or during  15 days  (sub-acute  noise  exposure,  SANE).  Hippocampal
biochemical  determinations  as  well  as short  (ST)  and  long  term  (LT)  behavioral  assessments  were  per-
formed.  In  addition,  histological  and  functional  evaluations  of  the  auditory  pathway  were  carried  out in
exposed  animals.

Our  results  show  that hippocampal-related  behavioral  and  biochemical  changes  (impairments  in habit-
uation,  recognition  and associative  memories  as  well  as  distortion  of anxiety-related  behavior,  decreases
in reactive  oxygen  species  (ROS)  levels  and increases  in  antioxidant  enzymes  activities)  induced  by
noise  exposure  were  almost  completely  restored  by PND  90.  In  addition,  auditory  evaluation  shows  that
increased  cochlear  thresholds  observed  in exposed  rats  were  re-established  at  PND  90,  although  with  a

remarkable  supra-threshold  amplitude  reduction.

These  data  suggest  that  noise-induced  hippocampal  and  auditory-related  alterations  are  mostly  tran-
sient  and  that the  effects  of  noise  on  the  hippocampus  might  be,  at least  in part,  mediated  by  the damage
on  the  auditory  pathway.  However,  we  cannot  exclude  that  a different  mechanism  might  be responsible
for  the observed  hippocampal-related  changes.
Abbreviations: HC, hippocampus; ANE, acute noise exposure; SANE, sub-acute
oise exposure; Ct, control; CNS, Central Nervous System; PNS, Peripheral Nervous
ystem; PND, postnatal day; ROS, reactive oxygen species; Cat, catalase; SOD, super-
xide dismutase; OF, open field; OR, object recognition; ST, short term; LT, long
erm; IHC, inner hair cell; OHC, outer hair cell; ABRs, auditory brainstem responses;
POAEs, distortion product otoacoustic emissions.
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1. Introduction

Sound above a certain range of sound-pressure level (SPL),
referred to as “unwanted sound” or noise, can produce hearing loss
as well as different types of extra-auditory alterations (Trapanotto
et al., 2004; Fonseca et al., 2012). Although usually the effects of
noise on living organisms are reversible in the short term, some
can cause long-lasting or even permanent damage. However, the
consequences of noisy stimuli coming from the environment on

auditory and extra-auditory structures are largely underestimated
in the public health setting.

Different extra-auditory alterations can be found in the lit-
erature. It has been reported that noise can produce serious
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http://www.sciencedirect.com/science/journal/07365748
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ehavioral disturbances in eating (Krebs et al., 1996) and sleep
Rabat et al., 2004). Besides, a variety of CNS-related symptoms,
ncluding emotional stress, increase in social conflicts and general
sychiatric disorders (Rabat, 2007) were observed after noise expo-
ure, together with an increase in aggressive behavior and anxiety
Stansfeld and Matheson, 2003).

Previous results from our laboratory (Uran et al., 2010, 2012)
nd from others (Manikandan et al., 2006; Cui et al., 2009, 2013)
emonstrated that the Central Nervous System (CNS) might be a
arget for noise exposure damage. Specifically, several behavioral
nd biochemical extra-auditory abnormalities were observed in
oise-exposed animals. Manikandan et al. (2006) and Cui et al.
2009, 2013) showed a deficit in spatial memory in noise-exposed
nimals. In our previous work, we found alterations in a CNS
tructure, the hippocampus (HC), that include an oxidative imbal-
nce at PND 30 (decrease in hippocampal ROS levels, increase of
ntioxidant enzymes Cat and SOD activities) together with several
ehavioral abnormalities (including deficits in habituation, associa-
ive and recognition memories, mainly at LT in SANE rats, as well
s a decrease in anxiety-like behaviors) and histological changes
increase in the number of pyknotic cells in all hippocampal layers,
ee Uran et al., 2010, 2012).

In the cochlea, noise-induced injury typically includes struc-
ural damage to hair cells and supporting cells as well as swollen
ostsynaptic terminals of the spiral ganglion neurons (Saunders
t al., 1985). It has become increasingly evident that even occa-
ional exposure to loud sounds in occupational or recreational
ettings can cause irreversible damage to the cochlea, although
he resulting partial loss of hearing sensitivity could disappear
ithin hours or days after exposure (Bohne, 1977; Hamernik

t al., 1984; Hu and Zheng, 2008; Pienkowski and Eggermont,
012). Conversely, recent work has revealed that exposure to
oderate noise levels, causing transient threshold elevation, can

ause degeneration of afferent terminals, without loss of hair cells
Kujawa and Liberman, 2009; Chen et al., 2012; Maison et al.,
013).

Therefore, as different functions might be affected without caus-
ng evident auditory damage, studying the effect of moderate noise
evels on extra-auditory structures acquires relevance. Moreover,
ong-term reversal of moderate noise-induced damage could take
lace.

Unfortunately, few data are available concerning the different
xtra-auditory effects that result after exposure to noise of various
ntensities (Uran et al., 2010, 2012; Cui et al., 2013). In particular,

uch is still unknown about the effect of noise on extra-auditory
egions of the CNS, outside the classical auditory pathway. Since the
C is able to respond to auditory stimuli through a non-classical
athway (Xi et al., 1994; Sakurai, 2002), this structure could be

ndirectly affected by noise (Kraus et al., 2010). Alternatively, since
ifferent tissues might be affected by the vibration provoked by
oise, it should not be discarded that noise might impact the HC
hrough a direct mechanism. Recently, Säljö et al. (2011) concluded
hat the scalp, skull bone and cerebrospinal fluid, which separate
he brain from the surrounding air, do not constitute an appre-
iable protection for the brain against noise. In consequence, the
ransmission of sound into the brain appears to be highly efficient.
nterestingly, soldiers and other personnel exposed to extremely
igh-level noise (170 dB SPL, such as blast waves or explosions)
ften suffer cognitive and memory impairments. Similarly, rats
xposed to shock waves at 10 kPa (174 dB SPL) showed poor cogni-
ive function on the Morris water maze test, which seems to be most
ikely the result of a direct injury to the brain caused by acoustic

verpressure (Säljö et al., 2002).

The developing brain is in general considered more plastic than
he adult brain. Disruption of normal developmental trajectory can
e affected with a relatively short sound exposure period and with
oscience 37 (2014) 41–51

more lasting effects when compared with exposure of adult indi-
viduals.

Different structures within the Peripheral Nervous System (PNS)
and the CNS have overlapping developmental periods, such as the
rat auditory system (from PND 11 to PND 13, de Villers-Sidani et al.,
2008) and the HC (from GD 18 to PND 15, Winer and Lee, 2007;
Munoz-Lopez et al., 2010). For this reason, it resulted interesting to
analyze what happens to both structures when a developing animal
is exposed to a harmful agent at this critical developmental period
(Winer and Lee, 2007; de Villers-Sidani et al., 2008; Munoz-Lopez
et al., 2010). Therefore, since the maturation process of rat’ HC
occurs within a few weeks after birth, early chronic or intense expo-
sure to noxious events might affect hippocampal development.

In particular, the HC has been proposed to be a potential extra-
auditory target for the deleterious effects of noise. It has been
shown that chronic and/or intense exposure to noise has the
ability to impair hippocampus-dependent memory (Rabat, 2007;
Manikandan et al., 2006; Uran et al., 2010, 2012) and to reduce the
number of hippocampal neurons and their ramifications (Jáuregui-
Huerta et al., 2011).

Even though we have previously reported that developing rats
exposed to acute (ANE) or sub-acute (SANE) moderate white noise
levels elicited changes in the HC that take place after several weeks,
no data concerning the early changes that could be triggered by
noise were reported. Besides, the occurrence of a long-term recov-
ery from the disturbances induced after noise exposure has not
been explored yet. Since noise exposure started after the begin-
ning of rat hearing, verification of auditory pathway function was
necessary to discard possible effects of noise on auditory struc-
tures that might influence the extra-auditory effects. With the
present work, the onset and persistence of the different extra-
auditory abnormalities observed in noise-exposed rats were tested.
In addition, auditory pathway integrity through histological and
functional studies was evaluated.

2. Materials and methods

2.1. Animals

Healthy male and female albino Wistar rats were obtained from the animal facili-
ties of the Biochemistry and Pharmacy School, University of Buenos Aires, Argentina.
A  total of 20 females and 10 males were used for mating procedures. Pregnant rats
were isolated and left undisturbed until delivery. The day of birth was designated
as  postnatal day (PND) 0. Only male rats were used for the different experimental
procedures.

One hundred and eighty five PND 15 rats were used for the experiments, ran-
domly assigned into three groups: control (Ct), acute noise exposed (ANE) and
sub-acute noise exposed (SANE). In each experimental group, 4–7 animals were
used  for each parameter measured. Therefore, a subset of rats (n = 121) was exposed
to noise (71 to ANE and 50 to SANE) and another subset – the Ct, sham-exposed
rats  (n = 64) – was  placed in the same box as noise-exposed rats, but without being
exposed.

Animals were handled and sacrificed according to the Institutional Committee
for  the Use and Care of Laboratory Animal rules (CICUAL, School of Medicine, Uni-
versity of Buenos Aires, Argentina) and this Committee, under resolution 503/10,
approved our experimental protocol. The CICUAL adheres to the rules of the “Guide
for  the Care and Use of Laboratory Animals” (NIH) (2011 revision) and to the EC
Directive 86/609/EEC (2010 revision) for animal experiments.

To avoid circadian rhythm alterations, noise exposures were performed in the
intermediate phase of the light cycle, between 10 A.M. and 2 P.M. Moreover, behav-
ioral tests were performed at the same time in each session. Behavioral tests were
performed at PND 30 or 90.

2.2. Noise exposure

Animals were kept in their home wire-mesh cages (40 cm × 25 cm × 16 cm), so
that they were not handled throughout all noise exposure periods. The cages were
introduced in an “ad hoc” wooden sound chamber of 1 m × 1 m × 1 m fitted with

a  ventilated top as reported by Cui et al. (2009). 2–4 rats per cage were exposed
simultaneously.

Computer software (TrueRTA) was  chosen to produce white noise, using a band-
width from 20 Hz to 20,000 Hz in octave bands. For sound amplification, we used an
active 2 way monitor (SKP, SK150A, 40 W RMS  per channel) located 30 cm above the
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nimal cage placed in the sound chamber. We measured noise intensity using an
mnidirectional measurement condenser microphone (Behringer ECM 8000) each
ay  prior to animal exposure, by positioning the microphone in the sound chamber
t several locations, and taking an average of the different readings.

PND 15 animals were exposed to white noise at 95–97 dB SPL (20–20000 Hz),
 h a day, either in a single (ANE) or in multiple exposures (15 consecutive days,
ANE). Ct animals were placed in the same box of noise-exposed animals for the
ame period of time, but without being exposed to noise. Background noise level
anged from 50 to 55 dB SPL. This interval is the suggested as not harmful by the

HO  guidelines (NIOSH, 1998) and by different authors (Campeau, 2002; Sasse et al.,
008). Lighting was  provided by a 20 W lamp suspended above the sound chamber.

n  addition, to soundproof the exposure room, the chamber was  provided with a
ound attenuation system made with CelotexTM.

.3. Behavioral assessment

.3.1. Open field task (OF)
We  used repeated sessions in an open field device to analyze habituation mem-

ry.  Habituation to a novel environment is believed to be one of the forms of
on-associative learning, known to depend on the HC (Vianna et al., 2000; Barros
t al., 2006). In this task, the repeated exposure to the same environment induces a
eduction in the exploratory behavior. A decrease in the number of squares crossed
n the second session, when compared with the first session, was taken as a mea-
ure of habituation memory retention (Vianna et al., 2000; Pereira et al., 2011).
pen field device consisted of a 50 cm × 50 cm × 50 cm dimly illuminated wooden
ox,  with a floor divided into 25 equal squares by black lines. Prior to exposure, rats
ere allowed to habituate to the behavioral room for 3 min  in their home cages.
fter that, rats were withdrawn from the cage, placed on the left rear quadrant of

he OF box and allowed to freely explore the box for 6 min  (first session). The number
f  lines crossed was  recorded over the session. In a second session, either at ST (1 h
ntertrial interval) or at LT (24 h intertrial interval), animals were left to explore the
pparatus for another 6 min  and the number of lines crossed was  recorded again
o evaluate habituation to the device (Barros et al., 2006). Finally, we compared
etween the numbers of lines crossed by each group during the first session (maxi-
al  novelty) with the number of lines crossed during the second session (when the

nvironment became familiar). Activity was  recorded using a camcorder. To min-
mize the olfactory stimulus, the floor of the box was  cleaned with a 10% ethanol
olution between sessions.

.3.2. Object recognition task (OR)
The object recognition task was performed according to the protocol described

y Bevins and Besheer (2006). Object recognition task evaluates visual hippocampal
unctions (Ennaceur and Delacour, 1988; Bevins and Besheer, 2006) and is used to
ssess the non-spatial recognition memory performance of rodents (Heldt et al.,
007; Clark et al., 2000). The task was performed in the same wooden box used in
he OF task (50 cm × 50 cm × 50 cm). In the habituation session, the rat was placed
n  the box and allowed to freely explore the apparatus for 5 min. During the training
ession (first session), two identical objects were placed in the box. The session
tarted when the rat was placed in the apparatus facing the wall at the middle of the
ront segment and allowed to explore the box and the objects. At the end of session,
he rat was immediately put back in its home cage. In the testing session (second
ession), one object was replaced by a novel, non-familiar, object. Exploration time
as  assessed in training and testing sessions. Exploration was  defined as directing

he  nose to the object at a distance of no more than 2 cm and/or touching the object
ith the nose. Sitting on the object was not considered exploration. Testing session
as  performed either at ST or at LT after training. Total exploration time was  5 min

or  each session. Animals’ activity was recorded using a camcorder. As a convention,
ats were not allowed to displace the objects. Experiments made in a separate cohort
f  animals demonstrated that rats had no preference for either object or location in
he  box. To minimize the olfactory stimulus, the box and objects were cleaned with

 10% ethanol solution between sessions. Different groups of rats were used for each
ntertrial interval.

.3.3. Elevated plus maze (EPM)
This task is used to evaluate anxiety-related behaviors (Brenes et al., 2009).

he  wooden apparatus consisted of four arms of equal dimensions (50 cm × 10 cm)
nd  raised 50 cm above the floor. Two arms, enclosed by walls 40 cm high, were
erpendicular to the two other opposed open arms. To avoid falls, the open arms
ere surrounded by a Formica rim 0.5 cm high. The EPM was dimly illuminated with

 lamp located 200 cm above the maze. Rats were placed in the center of the maze,
acing one of the closed arms, and were recorded for 5 min  using a camcorder. The
ercent of time spent on each arm was scored. Maze was cleaned between sessions
ith a 10% alcohol solution. Some rats fell down when walking in open arms. These

nimals were excluded from the study.
.3.4. Inhibitory avoidance task (IA)
Inhibitory avoidance task measures the memory of an aversive experience

hrough the simple avoidance of a location in which the unpleasant experience
ccurred. This task depends heavily on the dorsal HC (Ennaceur and Delacour, 1988;
zquierdo and Medina, 1997).
science 37 (2014) 41–51 43

- Apparatus: we  used an inhibitory avoidance apparatus as described by Roozendaal
(2002). It consists of a box (60 cm × 60 cm × 40 cm), divided into two compart-
ments: one is illuminated, while the other is equipped with a removable cover
to  allow it to be dark. A removable partition divided the two compartments. The
floor of the dark compartment consisted of a stainless steel grid at the bottom,
through which a continuous current could be delivered.

-  Habituation session: the rat was placed into the lit box and allowed to freely
explore the apparatus. Either after passing 3 times to the dark side or after 3 min
spent in the dark side, the rat was  removed from the apparatus. After 10 min, the
rat  was  placed again in the lit side and when it entered the dark, the doors closed
and  the rat was retained for 10 s in this side.

-  Training session: each rat was placed in the lit compartment, facing away from
the  dark compartment and the latency to move into the dark compartment was
recorded. When the rat stepped with all four paws into the dark compartment, a
foot shock (1.2 mA, 2 s duration) was delivered. The rat was then removed from
the  apparatus and returned to its home cage.

-  Retention session: retention was tested after 24 h following a procedure similar to
the  training session, except that no shock was  delivered. The relationship between
the  latency of the rat to move into the dark compartment in the retention and
the  training sessions (T1 and T2) was taken as a measure of associative memory
retention.

To minimize the olfactory stimulus, the box and objects were cleaned with a
10%  ethanol solution between sessions.

2.4. Biochemical procedures

2.4.1. ROS determination
The levels of hippocampal and cerebellar ROS were determined by a method

described by Driver et al. (2000). Briefly, tissues were homogenized in ice Locke’s
solution (0.5 mg of tissue/ml). Aliquots of the homogenate were taken and left to
warm at room temperature for 5 min. After that, 10 �L of dichloro-fluorescein diac-
etate (0.97 mg DCFH/ml in methanol) was added (10 �M final concentration) and
the  mixture was incubated at room temperature for 15 minutes. Finally, fluores-
cence was measured at 485 nm (excitation) and 530 nm (emission). A standard curve
was  performed using oxidized dichloro-fluorescein (DCF). Results were calculated
as  pmol DCF/mg tissue/min and expressed as mean values ± SEM.

2.4.2. Antioxidant enzymes assays
2.4.2.1. SOD activity measurement. The activity of hippocampal and cerebellar SOD
was  determined according to McCord and Fridovich (1969). Briefly, tissues were
homogenized at 10% (w/v) in a 216 nM,  pH 7.8 phosphate buffer solution and were
centrifuged at 900 × g for 10 min. A supernatant aliquot was mixed with 216 nM,
pH  7.8 phosphate buffer, 10.7 mM EDTA, 1.1 mM C Cytochrome and 0.108 mM Xan-
thine at 25 ◦C. Reaction started with the addition of 0.1 ml  of xanthine oxidase (XO)
enzyme solution (2 U/ml). The increase in the absorbance at 550 nm for 5 min  was
registered. One unit of SOD is defined as the amount that inhibits the rate of reduc-
tion of cytochrome c by 50% in a coupled system, using xanthine and xanthine
oxidase at pH 7.8 at 25 ◦C in a 3.0 ml  reaction volume. Results were calculated as
SOD units/mg tissue and expressed as mean ± SEM.

2.4.2.2. Cat activity measurement. Cat activity was determined according to Beers
and Sizer (1952). Briefly, 10% (w/v) tissue homogenates were made in 50 mM phos-
phate buffer and were centrifuged at 42,000 × g for 15 min. A supernatant aliquot
was incubated with 0.036% (w/w) hydrogen peroxide solution (H2O2). The time
required to decrease the absorbance at 240 nm from 0.45 to 0.40 absorbance units
was  registered. One unit will decompose 1.0 �mole of H2O2 per minute at pH 7.0 at
25 ◦C. Results were calculated as Cat units/mg tissue and expressed as mean ± SEM.

2.5. Auditory pathway assessment

2.5.1. Cochlear function tests
We  used two different techniques for evaluating cochlear function and the

degree of noise-induced threshold shift. Together, they allow differential diagno-
sis  of outer hair cells (OHCs) versus inner hair cells (IHCs)/neuronal dysfunction
throughout the cochlea. The auditory brainstem responses (ABRs) are sound-evoked
potentials generated by neuronal circuits in the ascending auditory pathways and
consequently require functional integrity of hair cells, as well as their afferent neu-
rons. The first ABR peak represents the summed activity of the first cochlear synapse
between IHCs and afferent neurons (Melcher and Kiang, 1996). Distortion product
otoacoustic emissions (DPOAEs) can be measured in the ear-canal sound pressure
and  arise from normal cochlear nonlinearities generated by transduction in OHCs
(Shera and Guinan, 1999; Lukashkin et al., 2002). ABRs and DPOAEs can be recorded
noninvasively at different post-exposure times. The comparison of their threshold
shifts can give us important information about the site(s) of dysfunction.
Animals were anesthetized with ketamine (100 mg/kg, i.p.) and xylazine
(20  mg/kg, i.p.) and placed in an acoustically electrically shielded room maintained
at  30 ◦C. Methods for measuring ABRs and DPOAEs were essentially as described
in  Kujawa and Liberman (2009) and Maison et al. (2013). Briefly, acoustic stimuli
were delivered through an acoustic system consisting of two miniature dynamic
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arphones used as sound sources and an electret condenser microphone coupled
o  a probe tube to measure sound pressure near the eardrum. Digital stimulus gen-
ration and response processing were handled by digital I-O boards from National
nstruments driven by custom software written in LabVIEW. ABRs were recorded

ith needle electrodes inserted at vertex and pinna with a ground reference near the
ail.  Auditory responses were evoked with 5 ms  tone pips, amplified (10,000×), fil-
ered (0.1–3 kHz), and acquired on a computer. Sound level was raised in 5 dB steps
nd  ‘threshold’ was defined as the lowest SPL level at which a wave is detected.
or  DPOAEs, stimuli were two primary tones, f1 and f2 (f2/f1 = 1.2), with the f1
evel 10 dB above the f2 level. Primaries were swept in 5 dB steps from 20 to 80 dB
PL  (for f2). Measurements were performed using an ER-10C (Etymotics Research)
coustic system consisting of two  sound sources and one microphone. The ear-
anal sound pressure was  digitally sampled at 4-�s  intervals (16-bit DAQ boards, NI
052E; National Instruments), amplified and averaged (20 consecutive waveform
races), and spectrum was  computed by fast Fourier transform (FFT). The process
as  repeated four times, the resultant spectra averaged, and 2f1–f2 DPOAE ampli-

ude  and surrounding noise floor (six bins on each side of the 2f1–f2 DPOAE) were
xtracted. The frequency resolution of the FFT is 20 Hz. Threshold was  computed by
nterpolation as the primary level (f2) required to produce a DPOAE of 0 dB SPL.

.5.2. Cochlear histological preparation
After assessing the cochlear function, tissues were recovered from representa-

ive animals to characterize the histopathology.

.5.2.1. Plastic sections. Animals were perfused with 2.5% glutaraldehyde and 4%
araformaldehyde in 0.1 M PBS, pH 7.4. Cochleas were osmicated (1% OsO4 in dH2O),
ecalcified (0.1 M EDTA), dehydrated in ethanol and propylene oxide, embedded
sing EMBed-812 kit, and serially sectioned at 25 �m in a quasi-horizontal plane.
o  analyze the afferent innervation density, axonal counts were made in crossec-
ions through the osseous spiral lamina near the habenula perforata in tangential
ections through the upper basal turn. In each selected section, several fascicles of
he peripheral axons of auditory nerve fibers were cut in cross section. All neuronal
rofiles in all fascicles in each section were counted using an oil-immersion lens
100×)  with DIC optics.

.5.2.2. Immunostaining. Whole cochleae were dissected and immediately per-
used through the round window with 4% paraformaldehyde (PFA) in PBS, pH 7.4.
ochleae were fixed in 4% PFA overnight at 4 ◦C before rinsing with PBS. Apical turns
f  the organs of Corti were excised from the cochleae and blocked in blocking buffer
PBS with 5% normal goat serum and 0.3% Triton X-100) for 2 hr at room temperature.
ochlear apical turns were incubated with the primary antibody diluted in blocking
uffer overnight at 4 ◦C, rinsed three times for 20 min  in PBT (PBS with 0.3% Triton
-100), incubated with the secondary antibody diluted in blocking buffer overnight
t  4 ◦C, rinsed three times for 20 min  in PBT, and rinsed in PBS before mounting
n glass slides in Vectashield mounting medium (Vector Laboratories, CA, USA). A
aser scanning confocal microscope (Olympus Fluoroview, Tokyo, Japan) was used
o acquire images of the whole mounted organs of Corti. Cochleas were immuno-
tained with antibodies to (1) C-terminal binding protein 2 (mouse anti-CtBP2 from
D Biosciences used at 1:200), and (2) calbindin (from Millipore used at 1:2000).

.6. Statistical analysis

Significant differences between groups were analyzed through one or two way
NOVA statistical (SigmaStat, v. 3.5). For post hoc comparisons, Tukey or Bonferroni

ests were used. The correlation analysis was performed through linear regression
nalysis and the correlation Pearson r was calculated. Levene’ test of equal variances
as  applied for all tests. Results are expressed as mean values ± SEM. A probability

0.05 was accepted as significant, even when lower p values were found.

. Results

.1. Time course of biochemical changes

To analyze if noise-induced hippocampal biochemical changes
ere triggered at early stages, ROS, Cat and SOD levels were
easured 1 and 2 h after exposure. To evaluate if the observed

hanges were long-lasting, biochemical parameters were assessed
t PND 30 and PND 90. Fig. 1(a) shows that hippocampal ROS lev-
ls remained unaltered at early intervals after noise exposure; in
ontrast, a significant decrease was observed 15 days after expo-
ure (at PND 30) when compared to control values (F(2,22) = 110.5,

 < 0.05; Ct vs ANE, p < 0.05, Ct vs SANE, p < 0.05, Fig. 1(b)), being sim-

lar to control 75 days after exposure (at PND 90, F(2,21) = 0.38, NS).
onversely, hippocampal Cat levels show a fivefold increase with
espect to control as early as 1 h after exposure (F(2,22) = 80.55,

 < 0.05, Ct. vs noise, p < 0.05, Fig. 1(c)), returning to basal levels
oscience 37 (2014) 41–51

after 2 h; at PND 30, Cat levels were increased only in ANE rats
(F(2,21) = 16.29, p < 0.05; Ct vs ANE, p < 0.05; Ct vs SANE, NS) and
decreased after 75 days only in SANE rats when compared to con-
trols (F(2,17) = 4.37, p < 0.05, Ct vs SANE, p < 0.05, Fig. 1(d)). Finally,
Fig. 1(e) shows that whereas SOD levels dropped significantly 2 h
after exposure (F(2,23) = 27.3, p < 0.05, Ct vs noise, p < 0.05), a fur-
ther increase was  observed at PND 30 in ANE rats (F(2.31) = 5.09,
p < 0.05, Ct vs ANE, p < 0.05, Ct vs SANE, NS), which was followed
by a decrease at 90 days in ANE rats when compared to controls
(F(2,17) = 7.8, p < 0.05, Ct vs ANE, p < 0.05, Ct vs SANE, NS, Fig. 1(f)).

3.2. Time course of behavioral changes

To evaluate if behavioral changes induced by noise exposure
were modified over time, different tasks were carried out at PND
30 and 90.

Fig. 2(a) and (b) shows that a decrease in the number of lines
crossed in the second session in an open field task, was produced
at ST in Ct, ANE and SANE animals when compared to the first
session, both at PND 30 (F(1,36) = 28.17, p < 0.05; first session vs
second session: Ct: p < 0.05; ANE: 0.05; SANE: 0.05) and PND 90
(F(1,42) = 49.8, p < 0.05; first session vs second session: Ct: p < 0.05;
ANE: 0.05; SANE: 0.05), results which are comparable to controls.
In contrast, no difference between the number of crossed lines in
the first and second sessions was  found in exposed PND 30 rats at
LT (F(2,34) = 3.77, p < 0.05; Ct: p < 0.05; ANE, NS; SANE, NS, Fig. 2(c),
whereas a decrease in the number of lines crossed in the second
session was  observed in these animals at 90 days (F(1,42) = 52.09,
p < 0.05, Ct: p < 0.05, ANE: p < 0.05; SANE, p < 0.05, Fig. 2(d)).

On the other hand, Fig. 3(a) shows that SANE impaired
the capability of the PND 30 animals to distinguish between
novel and familiar object at ST in an object recognition task
(F(1,34) = 14.6, p < 0.05; novel vs familiar: Ct: p < 0.05; ANE: p < 0.05;
SANE, NS). However, this alteration was not observed at PND
90 (F(1,36) = 114.79, p < 0.05, novel vs familiar: Ct: p < 0.05; ANE:
p < 0.05; SANE: p < 0.05, Fig. 3(b)). At LT, both ANE and SANE ani-
mals undergo a deficit in recognizing the novel object at PND 30
(F(1,38) = 8.43, p < 0.05, novel vs familiar: Ct: p < 0.05; ANE: NS;
SANE, NS Fig. 3(c)), whereas this trouble was  not found at PND
90 (F(1,36) = 166.8, p < 0.05, novel vs familiar: Ct: p < 0.05; ANE:
p < 0.05; SANE, p < 0.05, Fig. 3(d)).

Inhibitory avoidance task performance was found to be signif-
icantly impaired in SANE rats, both after ST (F(2,21) = 8.3, p < 0.05;
Ct vs ANE, NS; Ct vs SANE, p < 0.05, Fig. 4(a)) and LT (F(2,23) = 7.3,
p < 0.05; Ct vs ANE, NS; Ct vs SANE, p < 0.05, Fig. 4(c)) at PND
30. Nevertheless, at PND 90 values of T2/T1 ratio were similar to
control values (Fig. 4(b) and (d) for ST (F(2,19) = 0.72, NS) and LT
(F(2,16) = 0.85, NS), respectively).

Finally, although an increase in the entries to the open arms in
the elevated plus maze task was  observed at PND 30 in SANE rats
(F(2,22) = 4.3, p < 0.05, Ct vs ANE, NS; Ct vs SANE, p < 0.05, Fig. 5(a)),
no changes were found at PND 90 (F(2,15) = 1.28, NS, Fig. 5(b)).

3.3. Time course of auditory changes

To examine if auditory function was affected by noise exposure,
we evaluated ABR and DPOAEs at PND 30 and 90. At PND 30, expo-
sure to SANE induced a 30–50 dB elevation in ABRs thresholds at
all frequencies tested (Fig. 6(a)), coupled with bigger threshold ele-
vations in DPOAEs (Fig. 6(b)), indicative of neuronal damage and
OHCs dysfunction. Similarly, ANE produced threshold elevations in

both ABRs and DPOAEs, but with a lesser magnitude. As shown in
Fig. 6(a), there is a 10–30 dB elevation in ABRs threshold starting at
frequencies higher than 8 kHz. In addition, after ANE we  observed
DPOAEs threshold elevations at all the frequencies tested (Fig. 6(b))
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Fig. 1. Hippocampal biochemical markers levels in control and noise-exposed animals. Filled bars: Ct; open bars: in (a) noise, in (b) ANE; dashed bars: SANE. Ct: control
rats;  noise: ANE or SANE exposed rats; ANE: acute noise exposed rats; SANE: sub-acute noise exposed rats. Reactive oxygen species (ROS): (a) no significant changes in
hippocampal ROS levels were observed shortly after noise-exposure; (b) a significant decrease in hippocampal ROS levels was found 15 days after the first noise exposure
(PND  30) in ANE and SANE animals and was  restored by PND 90. Catalase (Cat): (c) noise induced a significant increase in hippocampal Cat 1 h after exposure, that return to
control  at 2 h; (d) a significant increase in hippocampal Cat levels of ANE animals was found 15 days after the first noise exposure (at PND 30) and was restored by PND 90,
while  a decrease in hippocampal Cat levels was  found in SANE animals. Superoxide dismutase (SOD): (e) noise induced a significant decrease in hippocampal SOD  levels 2 h
after  exposure, that return to control at 24 h; (f) hippocampal SOD levels in ANE rats were increased at 15 days after exposure (PND 30) that remained increased at PND 45,
returning to control values at PND 90. A significant decrease in hippocampal SOD levels was  found at PND 90 in ANE animals. *p < 0.05 respect to Ct. Data are mean of the
c Cat) a
n

(
D

1
b
t
a
o
w
1
p
w

i
A
t
(
D
s
1
i
(

oncentration of pmol DCF/mg tissue/min ± SEM (ROS), Cat units/mg tissue ± SEM (
 = 7 rats per group.

F(2,55) = 92.22, p < 0.05 and F(2,49) = 75.92, p < 0.05, for ABRs and
POAEs, respectively).

We  next analyzed the amplitudes and latencies of the ABRs wave
, which reflects the summed activity of the auditory nerve at the
est frequency (in our case, 22.65 kHz). As it is shown in Fig. 6(c),
he mean amplitude of the ABR wave 1 was reduced after both ANE
nd SANE, being more pronounced after SANE, suggesting a loss
f cochlear nerve synapses (at 80 dB, p < 0.05). In contrast, there
as no difference in response latency (1.23 ± 0.06 �s for control;

.42 ± 0.07 �s after ANE and 1.54 ± 0.11 �s at 80 dB after SANE.
 = 0.11), indicating that conduction velocity in the auditory nerve
as unchanged.

At PND 90, namely 60 days after the end of noise exposure
n SANE animals and 75 days after the end of noise exposure in
NE rats, response threshold of both ABRs and DPOAEs returned

o normal pre-exposure values (Fig. 6(d) and (e), respectively)
F(2,63) = 2.07, p = 0.13 and F(2,47) = 9.62, p = 0.09, for ABRs and
POAEs, respectively). Although threshold sensitivity recovered,
upra-threshold response did not (Fig. 6(c)). The reduction in peak
 amplitude was similar to the one observed at PND 30 (Fig. 6(f)),

ndicating a loss of cochlear nerve synapses on surviving hair cells
at 80 dB, p < 0.05). Similarly, there was no difference in response
nd SOD units/mg tissue ± SEM (SOD).

latency (1.27 ± 0.05 �s for control; 1.25 ± 0.03 �s after ANE and
1.56 ± 0.06 �s at 80 dB after SANE p = 0.49), indicating that conduc-
tion velocity in the auditory nerve was unchanged.

To analyze the degree of inner ear damage after acoustic
trauma at PND 30, we used confocal immunohistochemistry and
light microscopy of the sensory epithelium. In noise-exposed
ears, as shown by whole mount calbindin immunostaining and
osmium stained plastic sections, there was no loss of hair cells,
either IHCs or OHCs (Ct: Fig. 7(a); ANE: Fig. 7(b); SANE: Fig. 7(c)).
Other cochlear structures, including supporting cells, the tectorial
membrane, spiral limbus and stria vascularis did not appear
affected. To evaluate the presence of primary neural degeneration,
ribbon synapses were rendered visible by immunostaining for
CtBP2, a component of the presynaptic machinery. As described
in Kujawa and Liberman (2009) and Liberman et al. (2011), ribbon
counts provide an accurate metric of the IHC afferent innervation.
Likewise, as previously shown by these authors, the numbers of
synapses were reduced after ANE and SANE (Ct: Fig. 7(d); ANE:

Fig. 7(e); SANE: Fig. 7(f)). Ribbons were counted at the mid-basal
half region of the cochlea (approximately 22.65 kHz) in controls
and noise-exposed ears. In this region of noise-exposed ears, where
acute threshold shifts were significant and where ABR amplitude
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Fig. 2. Number of lines crossed in the open field task by control and noise-exposed animals. Filled bars: first session; open bars: second session. Ct: control rats; ANE: acute
noise  exposed rats; SANE: sub-acute noise exposed rats. ST: short term (1 h intertrial interval). LT: long term (24 h intertrial interval). (a) A decrease in the number of lines
crossed was observed at PND 30 in the second session in all groups at ST. (b) Similar decreases in the number of lines crossed in the second session was observed at PND 90
in  all groups at ST. (c) No change in the number of lines crossed was observed at postnatal day PND 30 in the second session in exposed animals when compared with control
at  LT. (d) At PND 90, the number of crossed lines was  decreased again in the second session at LT in noise-exposed groups, similar to control. *p < 0.05 when compared with
the  first session. Data are mean of the number of lines crossed ± SEM. n = 7 for each group.

Fig. 3. Percentage of exploration time in the object recognition task of control and noise-exposed animals.
Filled bars: novel object; open bars: familiar object. Ct: control rats; ANE: acute noise exposed rats; SANE: sub-acute noise exposed rats. ST: short term (1 h intertrial interval).
LT:  long term (24 h intertrial interval). (a) At ST, Ct and ANE groups explored more time the novel than the familiar object at PND 30, whereas SANE rats explored the same
time  both objects. (b) All groups explored more the novel than the familiar object at PND 90 at ST. (c) At LT, only Ct group explored more the novel object at PND 30. (d) All
groups explored more the novel object at PND 90 at LT. *p < 0.05 when compared with the familiar object. Data are mean of the percent of time exploring objects ± SEM. n = 7
for  each group.
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Fig. 4. Latency to enter the dark compartment of control and noise-exposed animals in the IA task. Filled bars: first session; open bars: second session. Ct: control rats;
ANE:  acute noise exposed rats; SANE: sub-acute noise exposed rats. ST: short term (1 h intertrial interval). LT: long term (24 h intertrial interval). (a) A significant decrease
in  the latency to enter the dark compartment in the retention session was observed only in PND 30 SANE animals when compared with control rats at ST. (b) At PND 90,
the  latency to enter the dark compartment in the retention session equaled to control value at ST. (c) A significant decrease in the latency to enter the dark compartment in
the  retention session was observed only in PND 30 SANE animals when compared with control rats at LT. (d) At PND 90, the latency to enter the dark compartment in the
r imals.
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etention session equaled to control at LT.*p < 0.05 when compared with control an
ontrol  and noise-exposed animals in the IA task. n = 7 for each group.

ecrements suggested significant neuronal loss, ribbon counts
ere reduced from 20.50 ± 0.64 to 9.25 ± 0.48 and 8.00 ± 0.41 per

HC after ANE and SANE, respectively (F(2,12) = 175.0, p < 0.05).
Plastic sections were also used to examine the spiral ganglion

eurons, which make synaptic contact only with IHCs. As schema-
ized in Fig. 7(a)–(c), the unmyelinated terminals of type I afferent
eurons contact the IHC at the base, the periheral axons (myelin-

ted) are in the osseous spiral lamina, and their cell bodies are
n the spiral ganglion. The pictures in Fig. 7(b) and (c) show no
bvious loss of spiral ganglion neurons after acoustic trauma. More-
ver, close examination of the spiral ganglion showed no signs of

ig. 5. Percent of time spent in arms in EPM task by control and noise-exposed rats. Fille
xposed rats; SANE: sub-acute noise exposed rats. (a) A significant increase in the % of t
bserved in SANE rats when tested in EPM task at PND 30. (b) The percent of time spent
ith  control animals. Data are mean ± SEM of the percent of time spent in arms in EPM ta
 Data are mean ± SEM of the latency to enter the dark compartment (in minutes) of

neurodegeneration, such as nuclear condensation or demyelina-
tion. Peripheral axons can be clearly resolved and easily counted
in osmium-stained plastic sections oriented tangentially to the
cochlear spiral (Stankovic et al., 2004). After both ANE and SANE, the
neuronal counts were not significantly different (data not shown).

3.4. Correlation coefficients between biochemical, behavioral and

auditory parameters

Although r coefficient of correlations between ROS levels and
LT habituation, recognition and associative memories, as well as

d bars: first session; open bars: second session. Ct: control rats; ANE: acute noise
ime spent in open arms and a decrease in the % of time spent in closed arms was

 in arms in EPM task return to control values at PND 90. *p < 0.05 when compared
sk by control and noise-exposed animals. n = 7 for each group.



48 S.L. Uran et al. / Int. J. Devl Neuroscience 37 (2014) 41–51

Fig. 6. ABR thresholds in control and noise-exposed rats at PND 30 and 90. Ct: control rats; ANE: acute noise exposed rats; SANE: sub-acute noise exposed rats. Cochlear
thresholds were elevated and ABR response amplitudes were reduced after both ANE and SANE in PND rats, as measured by either ABRs (PND 30: a, c; PND 90: d, f) or DPOAEs
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PND  30: b; PND 90: e). (a, b, d, e) Mean thresholds vs test frequencies. (c, f) Mean
ontrol and noise-exposed animals or mean amplitude vs level functions (±SEM) fo
erve response). n = 4 for each group.

nxiety-like behavior were found to be not significant, their val-
es almost reach 0.9 (habituation:0.93, p = 0.07; recognition: 0.89,

 = 0.1; associative: 0.87, p = 0.12; anxiety: 0.6, p = 0.4).
In contrast, when SOD or Cat activities were analyzed vs behav-

oral parameters, r values were much lower (for SOD: habituation:
.34, p = 0.66; recognition: 0.76, p = 0.23; associative: 0.58, p = 0.41;
nxiety: 0.35, p = 0.65. for Cat: habituation: 0.71, p = 0.29; recog-
ition: 0.72, p = 0.27; associative: 0.62, p = 0.37; anxiety: 0.24,

 = 0.76).
On the other hand, when auditory parameters were com-

ared with hippocampal-related behavioral changes, we  found
 non significant correlation between ABR as well as DPOAEs

nd noise-induced behavioral changes (ABR: habituation: 0.67,

 = 0.33; recognition: 0.89, p = 0.1; associative: 0.93, p = 0.07; anxi-
ty: 0.97, p = 0.03. DPOAEs: habituation: 0.59, p = 0.4; recognition:
.85, p = 0.15; associative: 0.88, p = 0.11; anxiety: 0.97, p = 0.03).
itude vs level functions. Data are mean ± SEM of thresholds vs test frequencies for
onses evoked by 22.65 kHz tone pips. ABRs amplitudes are for wave 1 (i.e., cochlear

4. Discussion

Our results show that exposure to moderate levels of white
noise (95–97 dB SPL, 2 h daily), either through acute or a sub-acute
exposure, had the ability to trigger an early onset of different alter-
ations in hippocampal oxidative markers that oscillated over time,
some of which are long-lasting. On the other hand, an impairment
of hippocampal-related behaviors at PND 30 was induced after
noise exposure, being similar to control values 75 days after the
first exposure (at PND 90). Finally, whereas an auditory thresh-
old shift was  observed in ANE and SANE animals at PND 30 when
compared with controls, normal values were observed at PND

90. However, the decrease in peak I observed at PND 30, which
would be correlated with the observed loss of cochlear ribbon
synapses, remained unchanged at least until PND 90 in both expo-
sure schemes.
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Fig. 7. Cochlear histology in control and noise exposed animals. Noise exposed ears showed a rapid degeneration of cochlear synaptic terminals with no loss of hair cells,
supporting cells or cochlear neurons. Ct: control rats; ANE: acute noise exposed rats; SANE: sub-acute noise exposed rats. Sections through the upper basal turn of a control
(a),  SANE (b) and ANE (c) cochlea at PND 30 (∼22 kHz region, approximately the region of maximum normal sensitivity). Photomicrographs reveal neither loss of hair cells
n . Scal
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or  an obvious decrease in density of spiral ganglion neurons after acoustic trauma
air  cells (green, anti-calbindin) in control (d), SANE (e) and ANE (f) whole mount
ynapses. Scale bar 5 �m.

The decrease in hippocampal ROS levels observed in exposed
nimals at PND 30 when compared with control animals may  have
risen as a compensatory response of the former increase in Cat
nd SOD activities. Furthermore, it could be suggested that the
ersistent increase in hippocampal Cat levels might induce a nor-
alization of hippocampal ROS values, as observed at PND 90.
owever, the finding of a subsequent decrease in hippocampal
at and SOD levels at PND 90 when compared with control val-
es might suggest that an ongoing oxidative imbalance aimed to
tabilize oxidative state could be taking place (Valko et al., 2007;
ourova et al., 2010; Popa-Wagner et al., 2013; Pietraforte and
alorni 2014).
Data show that an analogous time course of hippocampal and

uditory-related alterations was produced, that seems to be tran-
ient. Considering the interconnections between auditory pathway
nd hippocampus, it could be proposed that the effects of noise
xposure on the hippocampus might be, at least in part, mediated
y the damage on the auditory pathway. It should be highlighted
hat a correlation between auditory and behavioral changes can
e observed, even though they were not statistically significant. It

s known that the HC receives sensory auditory input from audi-
ory associative cortices and from HC via parahippocampal cortex
r perirhinal cortex (Munoz-Lopez et al., 2010; Kraus and Canlon,
012; Goble et al., 2009). Based on this knowledge, it could be sug-
ested that the HC-related behavioral alterations reported in the
resent study would be triggered by an abnormal auditory input
o the brain (Kraus et al., 2010). However, it should not be dis-
arded that noise could be affecting the HC through a different,
ore direct mechanism, independent from the auditory pathway.

urther experiments should be done to address this point.
The present study shows that early exposure to acute and sub-

cute noise produced transient changes in both ABRs and DPOAEs
hresholds, without loss of hair cells. Other cochlear structures,

ncluding supporting cells, the tectorial membrane, spiral limbus
nd stria vascularis did not appear to be affected by the acoustic
verexposure. Moreover, our results show that spiral ganglion neu-
ons survive, and even maintain their peripheral axon projections
e bar 50 �m.  Immunostaining reveals synaptic ribbons (red, anti-CtBP2) and inner
n of Corti. Confocal analysis shows noise-induced loss of inner hair cells afferent

into the organ of Corti after noise exposure. However, we found an
irreversible loss of hair cells synapses, which is supported by the
corresponding observations of a reduction in presynaptic ribbons
and a decrease in neural response amplitudes (ABRs peak I ampli-
tudes) at PND 30, and a similar decrease in peak 1 amplitudes at
PND 90. Recent work (Kujawa and Liberman, 2009; Maison et al.,
2013; Lin et al., 2011) has shown that moderate acoustic overexpo-
sures can produce significant loss of cochlear nerve fibers without
auditory threshold elevations. In addition, it has been suggested
lately by Furman et al. (2013) that auditory thresholds can recover
because the neuropathy is selective for a subset of cochlear nerve
fibers with high threshold activation. It has been proposed that
these high-threshold auditory nerve fibers are essential for normal
hearing in noisy environments due to their resistance to masking
by continuous background noise (Costalupes et al., 1984).

An area of potential public concern is sound exposure during
early infancy. The most vulnerable group could be the premature
infants who  spend much time in noisy neonatal intensive care
units (Pienkowski and Eggermont, 2012). As reported by Kujawa
and Liberman (2006), young mice are more vulnerable to noise
damage than older animals (Zheng and Knudsen, 2001; Chang
and Merzenich, 2003). Interestingly, developing animals have the
ability of recover from various injuries. Since almost complete
restoration of hippocampal-related noise-induced changes as well
as auditory threshold shifts were observed in our developing ani-
mals, it could be suggested that HC together with auditory pathway
could counteract noise impact some time after the end of noise
exposure, probably due to their early developmental age. In the
present work, the recovery of most hippocampal-related behav-
ioral and biochemical alterations 75 days following the first noise
exposure support data of Chengzhi et al. (2011), which exposed
21-days-old pups to 80 or 100 dB SPL for 30 days and they were
recovered after 30 days from cessation of exposure.
Results from different authors show that noise levels similar to
those used in the present work (95–97 dB) did not induce perma-
nent hearing loss. Chen et al. (2012) reported that exposure to 92 dB
SPL of white noise induced only temporary threshold shifts whereas
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ith 106 dB SPL permanent threshold shifts were found. Moreover,
ienkowski and Eggermont (2012) reported that long-term occupa-
ional or recreational sound exposure at moderate levels can induce
ifferent problems with hearing ability, despite normal cochlear
nd lower brainstem function. In addition, Maison et al. (2013)
howed that although a transitory threshold shift was observed
fter moderate noise exposure, a 20% loss of inner hair cells was
ound in some cochlear areas. Therefore, it could be postulated
hat moderate noise exposure can lead to cochlear structure dam-
ge without necessarily producing permanent absolute threshold
hifts as observed in the present work.

From the correlation analysis, it could be suggested that
oise-induced hippocampal oxidative imbalance produced as a
onsequence of a decrease in hippocampal ROS levels, might be
ufficient for inducing different hippocampal-related behavioral
hanges, disregarding the antioxidant enzymes levels. Therefore,
ven a slight change in hippocampal oxidative status (e.g., a
ecrease in ROS levels) plays a crucial role for the development
f behavioral alterations, suggesting that these parameters might
e correlated: when ROS levels reach control value, the value of a
iven behavioral parameter is also close to control. In contrast, it
ppears to be no correlations between the antioxidant enzymes
nd the behavioral parameters, since an increase in antioxidant
nzymes activity might compromise many different hippocampal-
ependent behaviors, as observed at PND 30, while a decrease

n their levels seems to have little influence on the modification
f behavioral parameters. For this reason, although antioxidant
nzymes activities are still altered at PND 90, no behavioral alter-
tions were found at this age. On the other hand, functional
uditory changes might also be responsible for the generation
f hippocampal-related behavioral alterations. As hippocampal
unction was completely restored at PND 90, in parallel with audi-
ory parameters, it could be postulated that recovery of auditory
unction might drive, at least in part, recovery of hippocampal
lterations. Nevertheless, their values are close to 0.9 and nor-
alization of behavioral changes matched with normalization of

uditory alterations. The lack of recovery of ABR P1 amplitude cor-
elates with the permanent loss of ribbon synapses observed in
oise-exposed cochlea.

Therefore, it could be concluded that noise might affect auditory
athway that, in turn, can change hippocampal function. In addi-
ion, a direct effect of noise on hippocampus might be produced,
hat is not linked with auditory function.

. Conclusions

In conclusion, hippocampal and auditory-related alterations
eem to be mostly transient and the effects of noise exposure on the
ippocampus might be, at least in part, mediated by the damage to
he auditory pathway.

The moderate nature of the acoustic overexposure used in the
resent manuscript suggests that auditory and extra-auditory tis-
ues are at risk even in everyday acoustic environments. Moreover,
ince continuous high level exposures (100–120 dB for 1–4 h) are
are in the absence of man-made devices, the biological signifi-
ance of using these noise intensities could be questioned. For this
eason, present experiments were designed using moderate noise
evels (95–97 dB, 2 h) that are more common in natural world.
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