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Repeated noise exposure induces in ammation and cellular@aptations in the peripheral
and central auditory system resulting in pathophysiologyfdiearing loss. In this study, we
analyzed the mechanisms by which noise-induced in ammatoy-related events in the
cochlea activate glial-mediated cellular responses in theochlear nucleus (CN), the rst
relay station of the auditory pathway. The auditory functig glial activation, modi cations
in gene expression and protein levels of in ammatory mediats and ultrastructural
changes in glial-neuronal interactions were assessed in t& exposed to broadband

noise (0.5-32 kHz, 118 dB SPL) for 4 h/day during 4 consecut®& days to induce
long-lasting hearing damage. Noise-exposed rats developt a permanent threshold
shift which was associated with hair cell loss and reactivel@. Noise-induced microglial
activation peaked in the cochlea between 1 and 10D post-lesin; their activation
in the CN was more prolonged reaching maximum levels at 30D pgi-exposure.

RT-PCR analyses of in ammatory-related genes expressiomithe cochlea demonstrated
signi cant increases in the mRNA expression levels of pro- r&d anti-in ammatory

cytokines, inducible nitric oxide synthase, intercellutaadhesion molecule and tissue
inhibitor of metalloproteinase-1 at 1 and 10D post-exposte&. In noise-exposed cochleae,
interleukin-1b (IL-1b), and tumor necrosis factora (TNFa) were upregulated by reactive
microglia, brocytes, and neurons at all time points examiad. In the CN, however,
neurons were the sole source of these cytokines. These obsgations suggest that noise
exposure causes peripheral and central in ammatory reaabins in which TNFa and IL-1b

are implicated in regulating the initiation and progressioof noise-induced hearing loss.

Keywords: in ammation, cochlear nucleus, inner ear, cytokin es, auditory system

INTRODUCTION

Prolonged exposure to excessive noise causes permanemtiaiterin peripheral and central
components of the auditory pathway that may induce progressemsorineural hearing loss
(Saunders et al., 1991; Le Prell et al., 2003, 2007; Abi-Haebal., 2010; Fetoni et al., 2015
High-level noise damages the auditory receptor, decreasbdsar blood supply, a ects peripheral
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synapses, and survival of spiral ganglion (SG) neurons (SGiN) aact jointly to regulate brain in ammation and minimize brai
the integrity of brocytes in the spiral limbus (SLB) and tha@l  injury (Bruce-Keller, 1999; Mrak and Grin, 2005; Cullheim
ligament (SLBohne and Harding, 2000; Nordmann et al., 2000and Thams, 2007; Hanisch and Kettenmann, 2007; Skaper,
Ou et al., 2000; Wang et al., 2002; Hirose and Liberman, 2003007. Treatment of microglia with astrocyte culture-conditied
Park et al., 2013; Kujawa and Liberman, 2015; Sanz et ab),20Imedia reveals that soluble factor(s) released from astescyt
resulting in acute and long-term remodeling of central gody  modulate the production of reactive oxygen and nitrogen
connections Bilak et al., 1997; Morest et al., 1998; Muly, 2002species (ROS/RNS) by microglia, leading to the suggestiohs tha
Kim et al., 2004; Muly et al., 20D4ne 2 h exposure to harmful astrocyte-microglial interactions contribute to regudat of brain
noise (118-124 dB) is su cient to induce in the rodents inrear  in ammation (Min et al., 2006; Shih et al., 2006; Kim et al., 2010;
an early upregulation of proin ammatory cytokines/chemoks Luo and Chen, 2012 In addition, cytokines and downstream
and intercellular mediators along with downregulation oatrix ~ mediators of the in ammatory cascade have modulatory e ects
metalloproteinases and in Itration of macrophages duringeth on neuronal excitability, acting directly through recepbinding
acute phase of in ammationHirose et al., 2005; Fujioka et al., or indirectly by stimulating the release of other neuroweti
2006; Tornabene et al., 2006; Hu et al., 3012 moleculesRasmussen et al., 2007; Vezzani et al., 2008; Madinier
From animal studies of noise-induced hearing loss (NIHL)et al., 200
it has been postulated that brocytes in the cochlear lateral In the cochlear nucleus (CN), immunohistochemical studies
wall are major modulators of acute in ammation processeshave demonstrated that damage to the inner ear, by cochlear
as they are primarily aected by noise and can produceablation or noise-exposure, induces an activated micrbglia
in ammatory signaling moleculesTagn et al., 2013; Okano, phenotype Campos-Torres et al., 1999; Janz and llling, 2014;
2019. Previousin vitro studies demonstrating that cultured Baizer et al., 20)5and rapid and long-lasting interactions
murine SL brocytes respond to pro-in ammatory triggers by between microglial cells and injured auditory neuroisiéntes-
secreting soluble mediators associated with the immurgorese Santamaria et al., 200L.2Such neuronal-microglial signaling
support this view {oshida et al., 1999; Ichimiya et al., 2000js critical to intercellular communication and facilitates
2003; Moriyama et al., 2007Thus, brocytes could release extracellular chemical signaling. Deprivation of a erentisity
proin ammatory cytokines such as interleukin (IL)bl tumor also leads to protracted and persistent reactive gliosis in thie C
necrosis factor (TNF}, inducible nitric oxide (NO), monocyte (Lurie and Rubel, 1994; de Waele et al., 1996; Fredrich et al.,
chemoattractant protein-1 (MCP-1), macrophage in ammatory2013; Fuentes-Santamaria et al., J8ich may contribute to
protein (MIP), intercellular adhesion molecule-1 (ICAM-1p&  synaptic regrowth or repair following dea erentatiorBénson
vascular endothelial growth factor (VEGF), which colleely, et al., 1997; Muly, 2002; Hildebrandt et al., 201Although
mediate intercellular communication in the immune systenda microglial cells and astrocytes release a variety of ayéski
contribute to prolong in ammation. In addition to brocytes and growth factors upon activationMason et al., 2001;
and in ltrating leukocytes, other cell types such as micialgl Hanisch, 2002; Fogal and Hewett, 2)0the upregulation of
like cells (MLC) may be crucial in triggering peripheral proin ammatory molecules and growth factors in the CN after
in ammatory events Qkano et al., 2003 as modi cations in  bilateral cochlear ablation in rats, occurred only withiaurons
their expression and/or signaling regulate degenerativd/@an and not in reactive astrocytes or microgliauentes-Santamaria
regenerative events. etal., 201R These observations indicate that additional synthesis
MLC are bone marrow-derived cells, which act as residenf these soluble mediators by glial cells might not be esdeatia
tissue macrophages in the inner ear under physiologicalestore central auditory processing in response to neuroseiso
conditions Bhave et al., 1998; Lang et al., 2006; Okano et aleafness.
2009§. Upregulation of MLC in response to local cochlear damage In this study, adult Wistar rats were exposed to broadband
induced by aminoglycoside ototoxicity or noise exposure hasoise (0.5-32 kHz, 118 dB SPL) for 4 h/day during 4 consecutive
been reported previously in rodents and birdsh@ve et al., days to induce permanent auditory damage. The spatiotemporal
1998; Wang and Li, 2000; Ladrech et al., 2007; Sun et axpression pro le and activation of glial cells as well as the gene
2015. While the role that MLC play in the inner ear remains expression pro le of proin ammatory cytokines, cell adhesion
elusive, a prevailing view is that microglial over-actigatis molecules, neurotoxic mediators, and metalloproteinasesew
an early detrimental event that precedes cell damage. Curreassessed in the inamed cochlea. Speci cally, the sources of
evidence supporting this view is mixed. Thus, inhibition ofthe in ammatory mediators, TNR, and IL-Ib, which are
MLC activation minimizes hair cell loss and improves hearingcrucial in triggering in ammatory gene cascades and motota
function following cochlear damagesS(n et al., 2005 while  neuronal function in injured tissue, were evaluated in trase-
ultrastructural observations have demonstrated that ML@ caexposed cochlea and in the anteroventral cochlear nucleus
replace degenerating OHC in the neomycin-damaged organ ¢AVCN). In addition, glial-neuronal interactions were euated
Corti, which indicates that e cient cell debris clearanceg/ b in the CN using electron microscopy. These results suggest
microglia is bene cial to promote regeneration in the a ected that following noise overexposure there is a complex interplay
cochlea\(Vang and Li, 2000 between peripheral and central signaling events involvingl gli
In the central auditory pathway reactive microglia andcell responses and release of newly synthesized neuroactive
astrocytes seem to play a more active role following injury asiolecules such as TNFand IL-1b, which might be essential to
they are far more numerous than in the peripheral system andestore glial-neuronal signaling.
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MATERIALS AND METHODS During the procedure, animals were awake, move freely around
Animals the chamber and had access to water. Noise-exposed rats of each

) ) ___group were either perfused or sacri ced at 1 (1D), 10 (10DY an
Adult Wistar rats 6 D 48; 3 months, female, Charles Rlver:?10 (30D) days post-exposure (PE).

Laboratories, Barcelona, Spain) were maintained on a 12
light/dark cycle with food and waterad libitum at the pata Analysis

Universidad of Castilla-La Mancha Animal house (Albaceteyhe assessment of the “auditory threshold” was conducted by
Spain). The procedures involving the use and care of thgscording evoked responses in 5 dB steps descending from 80 dB
animals were approved by the corresponding Institutionak,ng pressure level (SPL). For each of the frequenciesaed|u
Animal Care and Use Committee (Permit Number: PR-2013-02¢he auditory threshold was de ned as the stimulus intensity
03). These protocols were in accordance with the guidelifies @5t evoked waveforms with a peak-to-peak voltagestandard

the European Communities Council (Directive 2010/63/EU) antyeviations 8D from the background activity measured before

current national legislation (R.D. 53/2013; Law 32/2007). the stimulus onsetediel et al., 2006; Garcia-Pino et al., 2009;
Alvarado et al., 2012, 2014; Fuentes-Santamaria et aR).201

Auditory Function Evaluation The maximum intensity level was 80 dBsgurévitch et al.,

Auditory Brainstem Responses (ABR) 2009; Alvarado et al., 2012, 2014; Fuentes-Santamaria, et al

ABR testing was conducted as described elsewh@rarado  2013; Melgar-Rojas et al., 2010 reduce the possibility of

et al., 201p Only animal subjects that exhibited a normal inducing acoustic trauma in unexposed animals and additional
hearing function were included in this study. Testing tookoverstimulation in noise-exposed rats during the recordings
place in a sound-attenuating, electrically shielded boottrollowing the noise stimulation protocol, if no evoked respes
(EYMASA/INCOTRON S.L., Barcelona, Spain) placed inside were obtained during the recording at 80 dB, the auditory
sound-attenuating room. Rats were anesthetized with isan@  thresholds were set at that value for statistical analysi$ an
(1 L/min O2 ow rate) at 4% for induction and 1.5-2% for comparisons $ubramaniam et al., 1992; Trowe et al., 2008;
maintenance and during recordings, their temperature waglvarado et al., 2012, 2014; Fuentes-Santamaria et al4; 201
monitored with a rectal probe and maintained at 37.51 C  Melgar-Rojas et al., 20).5"The threshold shiftwas de ned
using a non-electrical heating pad. Subdermal needle eldesro as the dierence between the auditory thresholds following
(Rochester Electro-Medical, Tampa, FL, USA) were positioneaverstimulation, minus the auditory thresholds in the upesed

at the vertex (non-inverting) and in the right (inverting)nd  condition, for each animal at each of the frequencies tested
the left (ground) mastoids. Sound stimulation and recogin (Alvarado et al., 2012, 2014; Fuentes-Santamaria et aR, 201
were performed using a BioSig System Il (Tucker-Davig013, 2014; Melgar-Rojas et al., 2015

Technologies, Alachua, FL, USA). The acoustic stimuli were pu

tone bursts sounds (5 ms rise/fall time without a plateau veith Cochlear Immunohistochemistry

cos2 envelope delivered at 20/s) at seven di erent frequenci®&Jnexposed if D 5) and noise-exposedn(D 15) rats were
(0.5, 1, 2, 4, 8, 16, and 32 kHz). The sounds were generatadesthetized with an intraperitoneal injection of pentokhtab
digitally by the SigGenRP software (Tucker-Davis Techrielg (200 mg/Kg) and transcardially perfused with 0.9% saline wash
Alachua, FL, USA) and the RX6 Piranha Multifunction followed by 4% paraformaldehyde solution in 0.1 M phosphate
Processor (Tucker-Davis Technologies, Alachua, FL, USHA), abuer (PB, pH 7.3). Left cochleae were removed from the
were delivered into the right ear using an EDCL1 electrostatitemporal bone and decalci ed in 50% RDO rapid decalci er
speaker driver (Tucker-Davis Technologies) through an EC-%olution (Apex Engineering Products Corporation, lllindisSA)
electrostatic speaker (Tucker-Davis Technologies). @dldn  for 2 h. Then, they were embedded in a solution of 15%
was performed prior to the experiments using SigCal softwarsucrose and 10% gelatin, frozen af0 C by immersion in 2-
(Tucker-Davis Technologies) and an ER-TBlow noise propanol/dry ice bath and sectioned at2fh on a cryostat. After
microphone system (Etymotic Research Inc., Elk, Groove, llseveral rinses in phosphate-bu ered saline (PBS) containing
USA). Evoked responses were lItered (0.3-3.0 kHz), averag®2% Triton X-100 (Tx), cochlear sections were blocked for 1
(500 waveforms) stored for o ine analysis. The ABR recoghn in PBS-Tx (0.2%) containing 10% normal goat serum (NGS)
were evaluated the day before sound stimulation and at tlie erand incubated overnight in a humid chamber atC} with

of each survival time. ionized calcium-binding adaptor 1 (lbal) primary antibody
(Supplementary Table 1) diluted in a solution containing PBS-
Noise Exposure Protocol Tx (0.2%), pH 7.4. The following day, after four 15 min rinses in

This noise stimulation paradigm consisted of exposure tdBS-Tx (0.2%), sections were incubated for 2 h in biotinglate
broadband noise at 118 dB SPL, for 4 h a day during 4 consecutigoat anti-rabbit (1:200, Vector Laboratories, Burlingar@,
days. The sound was delivered inside of a methacrylaldSA) secondary antibody and for 1 h in the avidin-biotin
reverberating chamber with 60 70 40 (length width -peroxidase complex solution (ABC) to visualize the bound
height) cm with tilted and non-parallel walls with the purpose antibody. The DAB-treated sections were counterstaineth wi
to avoid standing waves and ensure a more homogeneousesyl violet staining and coverslipped using Cytoseal (Stephe
sound eld. The chamber was placed into a double wall soundScienti c). Immuno uorescent sections were processed awap
attenuating booth located inside a sound-attenuating roombut incubated in goat anti-rabbit conjugated to Alexa 594
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(Molecular Probes, Eugene, OR, USA) and counterstained witRrimer Design and Reverse
DAPI. Transcriptase-Quantitative Polymerase

Cochlear Whole-Mount Surface Chain Reaction (RT-gPCR) o .
RT-qPCRs were performed using specic primer pairs for

Preparatlons amplifying transcripts of genes of interest (GOIs) that were
The right cochleae from the same rats were processed for Who'ﬁesigned using the Primer3 Plus software (http:/Avww.

mount surface preparationd\/(elgar—Rojgs e.t al., 20).5After bioinformatics.nl/cgi—bin/primer3plus/primer3plus.cgi/;

cochlear decalci cation, the sensory epitheliums wereectdld, Supplementary Table 2). Gene speci cities were tested by
and microdissected into individual turns that were incueator BLAST analysis (NCBI) and every primer was matched against
24 h at4Cin prestin antibody (Supplementary Table 1) diluted genomic sequence (Ensembl Data Base) to check its genomi

in PBS-Tx (0.2%). After several rinses in PBS-Tx (0.2%), eagly a4ion and to avoid false-positive ampli cation in the casfe
organ of Corti was incubated in donkey anti-goat conjugatied enomic DNA contamination.

Alexa 594 secondary antibody for 2 h, rinsed in PBS, mounted e RT.qpCR ampli cation was performed in a One Step Plus
on glass slides, counterstained with DAPI nuclear staiind  pos1-Time PCR System machine (Applied Biosystems) using Fast

coverglipped. Immunp uorescence was examined with a Ias%YBR Green Master Mix (Applied Biosystems) as dye reagent.
scanning confocal microscope (LSM 710; Zeiss, Germany) Wltﬁ.'e reaction mix per well-consisted of 28 of sterile HO

excitation laser lines at 405 and 594 nm. Z-stack series®ifr+ MilliQ, 0.1 m of forward and reverse primer ( nal concentration

thickness were acquired as images of 1024024 pixels recorded of 100 M), 5mi of Fast SYBR Green Master Mix andr2of 10-

at .intefrvals of 0.5mm with a 40X Plan Apo oil-immersion {54 jjyted cDNA. The RT-gPCR program and the melting curve
objective (1.4 NA). generation were carried out as previously describettl(ar-
Rojas et al., 20)5and con rmed that the primers ampli ed

Quanti cation Of Survwmg OHC . only one speci ¢ PCR product. The ampli cation e ciencie&{
Cells were counted in segments 0250mm in length each along . . .
values) and correlation coe cientsRe-values) of each primer

the basilar membrane by using the public domain image analysis_. . - .
software Scion Image for Windows (version beta 4.0.2; dpeel pair were obtained also as previously re_port Gar-Rojas
by Scion Corp). Dark spots and/or the phalangeal scars o(?t al,, 201pSupplementary Table 2). Speci calizvalues were

supporting cells in the spaces previously occupied by OHC Wercalculated by the following formula: E ciency (%) [-1 C 10(~
pp g cel P P y P y f’/slope)] 100. All the RT-gPCR plates included non-template
used as criteria to assess sensory cell ldssaphd Henderson,

1997; Minami et al., 2007; Fetoni et al., 2DThe results were controls (NTC) which generatedq > 35. The experiments

expressed as percentage of remaining OHC compared to controf < performed  technically in triplicate and biologically in

i - . quadruplicate.
condition, over the length of the basilar membranei{er o .
and Canlon, 2004; Fet(?ni et al.,, 2018nage acquisitiog V\?as Quanti cation of expression (fold change) from the Cq data

performed with a laser scanning confocal microscope (LS,\xvas calculate using Step One Software v2.3 (Applied Biosystems)

710; Zeiss, Germany). By using the ZEN 2009 Light Editioand following thell Cq method Gchmittgen and Livak, 2008

software (Zeiss, Germany), the images of each dye were edptur’éne y, the expression level of GOIs were rst normalized to

. - S . - the average level (the geometric mean as recommended in
sequentially with a 40X Plan Apo oil-immersion objective4(1. .
NA), merged and saved as TIFF les. Vandesompele et al., 200af Hprtl and Tbp which were the

most stably expressed along time in the rat cochlea in response
Cochlear Dissection. RNA Extraction. and to noise exposure. After obtaining th& Cq, the 11 Cq of
: ' ' each GOI was calculated dsCq (noise-exposed group)1 Cq
CDNA Synthesis (control group). Relative expression (fold change) was catled|
s: 211 Ca_ All RT-gPCR experiments were compliant with the
IQE guidelines Bustin et al., 2009

Tissue collection from controlnD 4) and experimental animals
(n D 12), RNA extraction and cDNA synthesis were performe
as previously describedViglgar-Rojas et al., 20).5Briey,
the whole cochlea was dissected from the temporal bone of
euthanized animals, quickly frozen in dry ice and stored aCN Immunohistochemistry

80 C. Total RNA was extracted from frozen samples byBrains obtained from the same animals used for cochlear
following the TRIzol (Invitrogen) standard protocol and pwit  histology were removed from the cranium, and sucrose-
Integrity and concentration of each RNA sample was measurectyoprotected for 48h. Frozen sections #@n thick were
by electrophotometric (Nanodrop ND-1000, Thermo Scien}ic cut on a sliding microtome in the coronal plane. The
and electrophoretic methods (agarose gels). The synthésis immunohistochemistry procedure followed was the same as
single-strand cDNAs was performed by using the RevertAid Firdndicated earlier for cochlear sections excepting that CN
Strand cDNA Synthesis Kit (Thermo Scienti c) from rhg of  sections were also incubated with GFAP primary antibody
RNA. The reactions were carried out in a DNA Engfh@eltier (Supplementary Table 1). To evaluate the specicity of the
Thermal Cycler (BioRad) and in a nal volume of 28. Reaction immunohistochemistry detection system the following sets
conditions were as previously publishetfi€lgar-Rojas et al., of control experiments were assessed: (1) omission of the
2015. After the reaction, cDNAs were diluted 1:10 in sterile®  primary antibody by replacement with TBS-BSA; (2) omission
MilliQ. of secondary antibodies; and (3) omission of ABC reagent.
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Under these conditions, no immunostaining was detectedlmmunostained Indexes and Percentage of Variation
Boundaries between CN subdivisions were de ned in accotdan of the Immunostaining

with previous studies in rats describing the distributiondan For quantitative analysis of the immunostaining, the foliog
cytoarchitecture of auditory neurons in these cellular dimsa indexes were calculated: (ihe mean gray level of the

(Mugnaini et al., 1980; Cant and Benson, 2003 immunostaining which was used as an indirect indicator of
] protein levels within cells and (2)e percentage of variation of the
Double Immuno uorescence Labeling immunostainingwhich was calculated by using an enhancement

Adjacent sections from these same animals were used fol@oubindex, according to the following formulaeredith and Stein,
labeling studies. Both cochlear and CN sections were rinsetb83; Alvarado et al., 2007a,b, 2009b, Y016

several times in 0.2% TBS-Tx and blocked for 1 h in the same

bu er solution containing 10% normal goat serum. Cochlear % of variationD [(IEC  IUC)=(IUC)] 100

sections were incubated overnight in a solution contairgitger

lbal or TNFa/lbal, or IL-Io-/Ibal or calretinin (CR)/Ibal Where IEC and IUC represent the mean gray level in the noise-
primary antibodies. Meanwhile, brain sections were double€Xposed and unexposed conditions; respectively.

labeled with either TNFa-/Ibal, or TNFa/glial brillary acidic

protein (GFAP) or IL-Db/lbal or IL-1Ib/GFAP or triple-labele C L -
with NeuN/Ibal/GFAP primary antibodies (SupplementaryFor quanti cation of presumptive interactions among neurons,
astrocytes, and microglia, four sections (4367 2#i7) from ve

Table 1). After several rinses in TBS-Tx 0.2%, sections Ve himals were selected from each group. For each sectiore thre
incubated in the corresponding cocktail of uorescently |bdae group. e

secondary antibodies [1:200, donkey anti-goat conjugated microscopic elds extending through t_he rostrocauda!dlrr_]xems

. - . of the nucleus were sampled using a 40X objective. The
Alexa 488 and donkey anti-rabbit conjugated to Alexa 594 fOE:olocalization area (NeuN/lbal or NeuN/GFAP) was estirdate
TNF-a/lbal, IL-1b-/lbal, calretinin (CR)/Ibal, and goat anti- ¢ " resentativei- stack confocal microsco) images b
rabbit conjugated to Alexa 488 and goat anti-mouse congdat . P . S . py Imag y

. sing the public domain image analysis software Scion Image

to Alexa 594 for NeuN/GFAP; Molecular Probes, Eugene, O dr Windows (version beta 4.0.2: developed by Scion Corp)
USA] for 2h at room temperature and coverslipped with DAPI. N P Y P),

Fluorescent sections were examined with confocal micigco as prewougly described-(entes-Santamaria et al." mehe
. . . : - immunostained pro les above the threshold were identi eddan
(Zeiss LSM710 multichannel laser scanning confocal imagi

nl%e resultant images were converted into binary. To detasmi
system). . . . .
the degree of colocalization, the binary images correspantt
a given antibody were pseudocolored (green for Ibal or red for
Quanti cation of the Immunostainin GFAP) and then merged with the other pseudocolored image
9 (blue for NeuN). The resultant image was used to quanti ed the

Ibal immunostaining was examined using a 40bjective on a overlapped area (putative region of interaction). Tercentage
Nikon Eclipse 80i photomicroscope (Nikon Instruments Europe PP P 9 ' 9

B.V.) and images were captured using a DXM 1200C digitacff variationwas calculated as above mentioned:
camera (Nikon Instruments Europe B.V.) that was attached to % of variationD [[AEC ~ AUC)=AUC)] 100
the microscope. The color images of each eld were digitized,

and the resultant 8-bit red channelimages, containing gggale  \where AEC and AUC represent the immunostained colocalized

of pixel intensities from 0 (white) to 255 (black), were usedarea in the noise-exposed and unexposed conditions,
for analysis. In the cochlea, the analysis was performed omspectively.

equally spaced (80nmm apart) mid-modiolar sections. Two

microscopic 60 elds (dorsal and ventral) per section were Pre-embedding Electron Microscopy

sampled in the spiral ganglion and the spiral ligament. InAfter intracardial perfusion with 0.9% saline wash followed
the AVCN, the immunostaining was measured on equalljby a xative solution of 4% paraformaldehyde and 0.5%
spaced (160nm apart) coronal sections. For each section, threglutaraldehyde (0.1 M PB, pH 7.3), unexposed D 3)
microscopic 60 elds (dorsal, middle, and ventral) extending and noise-exposedn(D 9) brains were removed, and cut
through the rostrocaudal dimension of the nucleus werectete at 70 mm on a vibratome. After several rinses in PBS-
photographed and analyzed. As described elsewhearenfes- Tx (0.2%), transverse sections were processed for lbal or
Santamaria et al., 2003, 2005, 2007a,b; Alvarado et all, 206FAP immunohistochemistry as previously described with the
20099, the immunostaining was evaluated by using the publiexception that no detergent was used in any step after the
domain image analysis software Scion Image for Windowaitial permeabilization. Peroxidase activity was viszetdi with
(version beta 4.0.2; developed by Scion Corp). For suitabkenickel-intensi ed DAB reaction in bu er solution to produce a
comparisons of the staining across samples, a macro was udaeck reaction product. CN sections were post xed with osmium
to process and analyze the captured imagelsarado et al., tetraoxide (1% in 0.1 M PB) for 1 h, block-stained with 1%
2009. Then, the images were normalized, the threshold level waganyl acetate for 30 min, dehydrated in graded series Gireth

set at twoSD above the mean gray level of the eld, and theand embedded in Durcupan (Fluka) resiRuentes-Santamaria
immunostained elements above this threshold were idedtas et al., 201}t Ultrathin sections ( 75 nm) in the silver-gold
labeled. range were cut on an ultramicrotome (Reichert Ultracut E, beic

d Quanti cation of Glial-Neuronal Interactions

Data Analysis
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Austria), collected on 200-mesh copper grids and examinel witrows indicating a widespread cell damage, consistent with sever

a Jeol-1010 electron microscope. cochlear dysfunctionKigures 2G,H Supplementary Table 4).
Note that a few hair cells with swollen nuclei were evident

Preparation of Figures and Statistical (yellow arrow inFigure 2G). Quanti cation of the percentage

Analysis of surviving OHC following noise-exposure demonstrated that

Photoshop (Adobe v5.5) and Canvas (Deneba v6.0) softwafé€ll death was m.ostly.localized in the middle and basal eachl

packages were used to adjust the size, brightness and dopitrasturns at all surwva_l times after the exposure (Supplementary
the images for the preparation of gures. All data are expresset@Ple 3). In the apical turn, however, the cell death was only
as means SEM. The measurements of the ABRs paramete@bserved at the longest t_lme pomt_ studled'(Sup_plementaryeTabI
were performed at 80 dB SPL unless otherwise indicated. Ond)- UPregulation of prestin levels in OHC in noise-exposed rats
way analysis of variance (ANOVA) with Schepést-ho@nalysis Was con rmed by quantifying the mean gray level intensities

as necessary was used for comparisons between groyps. A of the immunostaining Figure 2I; Supplementary Table 4). The
0.05 was considered statistically signi cant. percentage of variation of the immunostaining indicated ttha

these increases ranged from 15.21 to 51.Z3%ute 2J.

RESULTS Effects of Noise Exposure on MLC in the
Physiological Assessment of Cochlea
Noise-Induced Cochlear Damage As microglial cells are very sensitive indicators of alierst

To determine hearing dysfunction following exposure to ahhig in tissue homeostasis and the main contributors to post-tesio

level of noise, ABR recordings were conducted in noise-esgpos 2daPtive immune responses, their temporal expression and
rats at 1, 10, and 30D post-exposure. When compared tBctivation in the cochlea were investigated following réjvet

unexposed rats which had a distinctive pattern of 4-5 wave%ound stimulation by using Ibal, a macrophage/microglia-

after the stimulus onset~jgure 1A), the recordings in exposed szc' ¢ calqum-bmdmg p'rotem. Ilt()a; MRNA in th(‘f c(())chlea
rats showed an almost complete elimination of the wavelad @ maximum expression peak between 1 and 10D post-

at all frequencies and time points evaluatédggres 1B-D). exposure as compislredI to the c_cl)lntr_ol _condiltioﬁliqure 3A).
Regarding the absolute hearing threshold in experimentad, ratO" daly 3?’ mR.NA e:\)’/e S \l;verg still signi gapty € evatetlj abo(;/e
they were higher than in unexposed animals and very simila?og.tro va uesrﬁlgure A. | a1-|rr?n:]unoslia|n|ng W?)S evzla :lat%
across frequenciesigure 18. The mean thresholds in noise- " d! erent cocd ear structuresdvg Ic ge nown to be vulnelel
exposed animals were above 75 dB SPL while in unexposed rigPermanent damage caused by no gre 3B).
the average thrgsholds were _hlgher at the lowest frequenmespiral Ganglion
reduced at medium frequencies and augmented again at tt]e . .
- . . . N unexposed rats, scarce Ibal-stained cells with small cell
highest frequencies-{gure 1B. At all post-exposure time points . . .
: odies and rami ed long processes were distributed among SGN
evaluated, the threshold shift ranged from 32 to 42 dB and_. . . )
. . Figures 3C-B. On day 1 following noise-exposure, reactive
showed no sign of recovery between day 1 and 30 following t . ; . :
2 ) - LC were enlarged and intensely stained with thick or no
exposure, indicating that experimental animals had permanen . .

: o .processes that were closely associated with S&@&Nies 3H-).
hearing loss at all frequencies in response to repeated nm%e hat th . lial cells had boid oh
exposure Figure 19 ote that these microglial cells had an amoeboid phenotype

' that resemble active macrophageégyres 311-13). With longer
. . . time points post-lesion, the response of microglial activatio
Histological Assessment of Noise-Induced diminished progressively as re ected by cells with smallenaia
Cochlear Damage . . and highly branched processe&iqures 3M—O,R=] when
Loss of OHC and Upregulation of Prestin ~ compared to the control conditionRigures 3C-§. In noise-
Evidence of OHC damage was assessed by determiniegposed animals, the frequency of SGN-glial contacts deetea
the percentage of cell loss and the expression of prestivertime as did the degree of microglial activation and nimaf
protein, which is highly sensitive to noise overstimulatiand  activated microglial cells. In this regard, early actidgpendent
essential for OHC electromotilityigure 2). When compared increases in CR levels within SGN were correlated with iwee
to unexposed ratsFjgure 2A), there was a high percentage of microglial activation. These interactions are indicatetsrows
surviving OHC at 1D post-exposur&igure 2B Supplementary in Figures 3€,J,0,TOn days 1 and 10 post-exposure, CR levels
_Table 3)_ Whlch was concomitant with a signi cant increasewere upregulated Figures 3J,Q in comparison with longer
|n_ prestin staining in the basolateral memt_Jrane _of OHCtime points (Figure 3T) and unexposed Rigure 36 animals.
(Figures 2E,F-Supplementary Table 4). At later time points afteribal upregulation within the SG was con rmed by signi cant
overstimulation, OHC integrity in the rst and second rows increases in the mean gray level of the immunostaining that
was mostly compromised, as the proportion of missing OHGranged from 56.12 to 42.88% (Supplementary Table 5).
(asterisks inFigure 2C Supplementary Table 3) and prestin
levels in the surviving ones progressively increased owee ti Spiral Limbus and Cochlear Nerve
(Supplementary Table 4). On day 30 post-trauma, the majoritBimilar to what occurs in the SG, there were signi cant irases
of prestin-stained OHC were disrupted and/or degraded in alin the intensity of Ibal-immunostaining in the SLB and

Frontiers in Neuroanatomy | www.frontiersin.org 6 February 2017 | Volume 11 | Article 9


http://www.frontiersin.org/Neuroanatomy
http://www.frontiersin.org
http://www.frontiersin.org/Neuroanatomy/archive

Fuentes-Santamaria et al.

Glia and Hearing Loss

A Control B 1D
32 KHz b\ /\ e BIKHE, it e s
16 KHZ ~mer [\ e 16 KHZ e
8KHz ot/ \f\ A~ Bk et s
4 KHz —~~"\/\ "\ 4 KHZ i~
2KHz "‘\-\/*/\/\/\’\/\ 1 (1 T . Y
1 KHz \,\/:_.J\/\/\/v\ 1 KHZ Ao
0.5 KHz \p/\j\/\/‘\/\/\ 0.5 KHz ~mr e
c 10D D . 30D
32 KHz ~~mm e 32 KHZ o e
16 KHz ~— o — 16 KHZ et~
8 KHZ ~me e~ 8 KHz i~
4 KHz 7 T 4 KHz ~ s
2 KHz 2 KHZ —~ ot
1 KHZ ~ e e 1KHz
0.5 KHz A nm 0.5 KHz e
2 |
microV 1
ms
E F
85
60
s | =
= g 50
g8 65 -=—Control 2 3
-] =l
A -=-1D + 40
=55 £
£ -=-10D &
c °
gas -=-30D s 30 -=-1D
£ =
g -=-10D
35 ) : £ 20 -=-30D
25 T T T T T T 1 10 T T T T T T 1
0.5 1 2 4 8 16 32 0.5 1 2 4 8 16 32
kHz kHz
FIGURE 1 | Line graphs showing ABR recordings (A-D) in contro | (n D 12) and noise-exposed ( n D 36) rats at 80 dB SPL for frequencies between 0.5
and 32 kHz. When compared to the ABR pattern of unexposed ratgA), noise exposure (118 dB SPL) for 4 h/day during 4 consecutiveays resulted in an almost
complete absence of the typical ABR waves at all frequencieand time points assessed following the exposur€B—D). Progression of the auditory thresholdqE,F)
indicated that noise-exposed rats at all survival timehad higher values than those observed in unexposed animal&). The threshold shift values uctuated between
32 and 42 dB (F). Recordings in(A-D) are represented at 80 dB SPL.

cochlear nerve following noise exposukégures 3K,L,P,Q,U,y  Spiral Ligament
when compared to unexposedrigures 3F,G rats. At the

In the control condition, Iba-immunostaining was located ity

earliest time point post-exposure, MLC in the cochlearin the dorsolateral part of the SL, which corresponds to type
nerve were higher in number and had phenotypic feature$ brocytes region Figures 4A-D. On day 1, noise-exposure
that resembled that of activated microgliaFigure 3L). triggered a microglial activation response characterizgcab
This cellular response gradually decreased over timecreased number of microglial cells, which were intensely
(Figure3Q) and cells recovered their resting phenotypestained, hypertrophic, and with widened short processes {@ro
(Figure 3V). in Figures 4E—H. Immunostaining remained elevated on day 10
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FIGURE 2 | Surface preparation images illustrating double-la  beling of prestin (red) and DAPI (blue) in the middle cochlear turn in control (A) and
noise-exposed (B—H) rats. The survival of OHC was signi cantly decreased with longerrtie points post-exposure. Loss of OHC are indicated by yellovasterisks.
Arrows in (E,G) indicate disrupted OHC stained with prestin protein. The yiow arrow in(G) indicates a swollen nucleus. Quanti cation of the mean grayelvels
indicated noise-induced increases in prestin staining whecompared to control cochleae(l). The percentage of variation of the immunostaining in noisexposed (h D
5 for each group) animals relative to contro(D 5) is shown in(J). The time of sacri ce following exposure (PE) is indicated ithe upper left of each image. Signi cant
differences in prestin immunostaining among animal groupf) are indicated by asterisks ( < 0.05; **p < 0.01, ***p < 0.001). Scale bars: 20nm in (D,H).
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FIGURE 3 | Ibal mRNA expression and protein levels in the cochl  ea of control and noise-exposed rats. = mRNA levels in the noise-exposed cochleae were
elevated at all time points post-exposurg/A). The time course of MLC activation was examined in noise-voiérable cochlear regions including the spiral ganglio(B1),
the spiral limbus and cochlear nervgB2), and the spiral ligament(B3) at 1, 10, and 30D post-exposure. As compared to control rats(C—G), noise produced increases
in MLC activation were observable on day 1, when cells had Iger cell bodies and thickened and shortened processegH—-L). Although these cells remained active by
10D post-exposure (M—Q), with longer time points (30D) Ibal-stained cells recoveretheir rami ed appearance (R-V) Confocal images showing close appositions
between microglia (green) and SGN (red) are indicated by aws in E,J,0,T; n D 5 for each group). Signi cant differences in Ibal mRNA levelsraong control and
noise-exposed animals(A) are indicated by asterisks (5 < 0.05; **p < 0.01, ***p < 0.001). Scale bars: 200mm in (B); 50 mm in (R); 10 mm in (S4,V)and 25 mmin (T).
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FIGURE 4 | Digital images showing Ibal-immunostaining in the sp iral ligament of control ( n D 5) and noise-exposed ( n D 5 for each group) rats. When
compared to the control condition (A—C), Ibal-immunostaining at all time points post-exposure evabted was markedly increase in MLC located in type | and IV
brocytes regions (white arrows inE-G,|-K,M-0). Particularly on day 1, cells were darkly stained and had @anded cell bodies and thickened processes (arrows in
F,G). Asterisks indicate the association of MLC with blood vessds. Yellow arrows in(H,L) point to noise-decreases in blood vessels diameter at 1 and @D after the
exposure in comparison to 30D post-exposure (arrows if?) and control (arrows inD) rats. Scale bars: 100mm in M; 20 mm in O; and 25 mm in (P).

(Figures 41-1) but this enhanced activated phenotype decreaseiCAM-1), tissue inhibitor of metalloproteinases 1 (TIMP-1),
in intensity as function of time Kigures 4M—-B. At all time and inducible NO synthase (INOS) were analyzed by RT-
points evaluated, activated microglial cells extended &dtea gPCR. The analysis showed that all the in ammatory cytokines
where type IV brocytes were distributed-igures 4E-). The and in ammatory factors evaluated were upregulated by 1D
quanti cation of Ibal immunostaining and the percentagetsfi and 10D post-stimulation and slowly decreased at longer time
variation in the SL con rmed the signi cant increases in the points when compared to the control conditionFigure 5
mean gray level (Supplementary Table 5). In the stria vaseular Supplementary Table 6). While the upregulation of TGF-
blood ow modi cations were re ected as a decrease in theiNOS, and ICAM-1 expression peaked at the earliest time point
diameter of blood vessels at earlier time points after noiseevaluated Figures 5C-E,G Supplementary Table 6), that of
stimulation (yellow arrows irrigures 4H,L) and partial recovery TNF-a and IL-l1b augmented on day 10 after the exposure
on day 30 (yellow arrows ifrigures 4B when compared to the (Figures 5A,B,G Supplementary Table 6). Particularly, TIMP-1
control condition (yellow arrows irrigures 4D). Microglial cells  expression was transiently upregulated by 1D post-exposure as

attached to blood vessel are indicated by asteriskigare 4. it decreased markedly on day 10 to remain signi cantly eleda
over control levels on day 30Figures 5F,H Supplementary

Noise-Induced Upregulation in the Table 6).

Expression Levels of Cytokines, Adhesion TNF-a and IL-1 b-Expressing Cells in the

Molecules, Tissue Inhibitor of Noise_Exposed Cochlea

Metalloproteinases, and iINOS At the protein level, signi cant increases in TNE{Figure 6)

To evaluate the in ammatory status in noise-exposed co@leaand IL-1b (Figure 7) staining were predominantly observed in
the mRNA expression levels of pro-inammatory cytokinesthe SG and the SL from noise-exposed rats when compared
(TNF-a, IL-1b, and TGFb), intercellular adhesion molecule-1 to unexposed rats. Immunohistochemically analysis of these
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FIGURE 5 | Quantitative RT-gPCR analyses of in ammatory-rela

ted genes expression in the noise-exposed cochlea (
elevations in the mRNA expression levels afNF- (A), IL-1 (B), TGF- (C), iNOS (D), and ICAM-1 (E) were detected after noise-exposure at all time points
evaluated. TIMP-1 expression levels(F) were increased transiently on day 1 and quickly downregulat at longer time points post-exposure but without reaching
normal levels. The overlapping distribution of genes expssed in response to noise exposure is shown ifG) while the particular progression ofTIMP-1 expression is
shown in (H). Signi cant differences among animal groups are indicated ¥ asterisks (p < 0.05; **p < 0.01, ***p < 0.001).
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. e
C

FIGURE 6 | Confocal images depicting the colocalization betwe en TNF-a (green) and the microglial marker, Ibal (red), in the SG (A-L), and SL (M-Z1)

in control ( n D 5) and noise-exposed ( n D 5 for each group) rats. In the SG, TNFa producing cells in response to noise-exposure were neuron¢D,G,J) and
MLC (E,H,K) while in the SL, TNFa protein was synthesized by MLC(Q,T,W,Z) and brocytes (yellow arrows inP,S,V,Y). White arrows point to double-stained cells in
the SG and SL. Scale bars: 10mm in (K,Z).

tissues on day 1 and 10 post-exposure revealed an increasdows inFigures § 7). Note that cytokine levels in the control
synthesis of these proin ammatory cytokines by neurons ¢gre condition were very low in both the SG-igures 6A-C 7A-C)

in Figures 6 7) and activated MLC (red ifrigures § 7) inthe SG  and SL Figures 6M—Q 7P-R.

(arrows inFigures 6D—|, 7D-I1). Although these increases in the . . L

SG were still present by 30D post-lesion, they were evidentiynos Effécts of Noise Exposure on Microglia in

in MLC and barely detectable in neuronBigures 6J-.7J-0. the AVCN

In the noise-exposed SL, the sources of these cytokines wefe determine how central auditory neurons respond to cochlea
brocytes (yellow arrows inFigures § 7) and activated MLC in ammation and subsequent sensorineural hearing loss, the
(Figures 6Q,T,W,Z 7T,W,Z,Z3,Z6). Although the majority of contribution of microglia to maintain functional integnt, and
reactive MLC produced TNE or IL-1b in the SG and in preventfurther damage was investigated in the CN. In unexposed
the SL (white arrows inFigures§ 7), many TNFa and rats, microglial cells were faintly stained and had multgol
IL-1b-expressing brocytes did not colocalize with Ibal (yellowand bipolar morphologies with long dynamic processes,
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CONTROL
A

IL-1B + Iba1

FIGURE 7 | Confocal images depicting the colocalization betwe en IL-1b (green) and Ibal (red) in the SG (A-O) and SL (P-Z7) in control (n D 5) and
noise-exposed ( n D 5 for each group) rats. In the SG, IL-1b producing cells in response to noise-exposure were neuron¢D,G,J,M) and MLC (E,H,K,N) while in
the SL, IL-1b producing cell types were MLC(T,W,Z,Z3,Z6) and brocytes (yellow arrows inS,V,Y,Z2,Z5). White arrows point to double-stained cells in the SG and
SL. Scale bars: 10nm in (N,Z).

which were indicative of the resting fornFigures 8A,B, as state when compared to earlier time pointsigures 8C—fy
previously describedFuentes-Santamaria et al., 2012, 3014and unexposed Higures 8A,B rats. Upregulation of Ibal-
High-noise exposure led to progressive microglial activatio inmunostaining at all time points evaluated was corrobodate
and proliferation in the AVCN Figure 8). Between 1D and by signi cant increases in the mean gray levels of Ibal in
10D post-exposure, microglial cells turned into an alerteatest comparison with unexposed rats (Supplementary Table 7). To
characterized by larger cell bodies and cytoplasmic prosessarovide additional details of microglial phenotype following
that were shorter and thickerH{gures 8C—ff when compared noise-exposure, the ultrastructural modi cations of these
to unexposed rats Higures 8A,B. On day 30, there was a cells were also evaluatedFigure9. In the unexposed
heterogeneous population of microglia in which some ofcondition, proximal and distal microglial processes were
them had a bushy-like morphology characterized by enlargeftequently seen contacting multiple neuropil-associated eleis
cell bodies and thickened processésg(re 8G and arrows (Figures 9A,B. Between 1 and 10D post-lesion, microglia
in Figure 8H) which were suggestive of increased activatiorwas preferentially contacting presumptive lesioned axons and
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FIGURE 8 | Digital images showing the time course of glial activ ation in the AVCN in control ( n D 5) and noise-exposed ( n D 5 for each group) rats.
Microglial (A—H) and astroglial(I-L) activation responses increased progressively over time aehing maximum levels on day 30 post-exposurgH,L). Microglia are
indicated by arrows in(A-H) while appositions between cochlear nucleus neurons (red)ral astrocytes (green) are designated by arrows ifi—L). The inset in(A)
shows the location of the AVCN, and the square box indicateshie approximate locations of the elds represented in(A-L). Scale bars: 50mm in (A; inset); 100mm in
(E); 50 mm in (FL; inset); and 40mm in (1).

terminals Figures 9C-B On day 30, a few microglial cells with longer time points after the exposure, there was an in@éas
had a very reactive phenotype characterized by enlarged celicurrence of appositions between glia and AVCN neurons
bodies with multiple inclusions (small asterisks Figure 95  (arrows and asterisks ifrigures 8J—I. 9H). Upregulation of

and remnants of engulfed membrane fragments (large akterisSFAP-immunostaining was con rmed by quantifying the mean

in Figure 9F in the cytoplasm, presumably from degeneratinggray levels in noise-exposed and unexposed (Supplementary
terminals. Note cell-cell direct interactions betweeregular Table 7) rats. Note that synaptic terminals showing signs of
appearance microglia (Mg ifrigure 9F, auditory terminals degeneration (T1-T3 ifrigure 9H) are making synaptic contacts
(T1 and T2 in Figure 9F and astrocytic (As inFigure 95  (asterisks) with a dendrite (D2 irFigure 9H). One of the
processes, suggesting noise-induced microglial remagledin astrocytic processes (P4kigure 9H) is in close apposition with

compromised synaptic connections. one of these terminals (T2 iRigure 9H).
Effects of Noise Exposure on Astrocytes in Interactions among CN Neurons and Glia
the AVCN Following Noise-Exposure

Given the role of astrocytes in the generation of trophic aign To further evaluate noise-induced alterations in neurenal
that stimulate recovery of auditory function, their tempbra glial communication, the spatial relationship among midiag
expression pattern in the CN was also assessed in responsen&urons, and astrocytes was also examined by confocal and
noise overstimulation. In unexposed rats, astrocytes hadldyn  electron microscopy Higures 1Q 11). On day 1, microglial
rami ed appearance, and were distributed through the nucleusells had shorter and thicker processes that came into close
contacting other structural elements of the neuropil (areoand  proximity with auditory neurons and astrocytes (arrows in
asterisks inFigures 8l 9G). Following noise stimulation, along Figures 10B,E,r when compared to the unexposed condition
with an astrocytes proliferation response that was more persis (arrows in Figure 10A). By 10 and 30D post-exposure,
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FIGURE 9 | Ultrastructure of microglia (A—F) and astrocytes ( G,H) in the AVCN in control ( n D 4) and noise-exposed ( n D 4 for each group) rats. In the
control condition, microglial processes spread through tk neuropil contacting multiple cellular element$A). Between 1 and 10D post-exposure(C—E), dynamic
microglia quickly associated with nearby elements prefergially axons and terminals in the vicinity. On day 30, a few ieroglial cells transformed into a phagocytic
phenotype in which inclusion bodies (small asterisks) andngulfed material (large asterisk) were observef). Note that this microglial cell was in close association
with terminals, axons, dendrites and astrocytic processesWhen compared to the control condition(G), reactive astrocytic processes (P1-P4) on day 10 juxtaposk
synapses (asterisks irH) and axons and terminals in the adjacent neuropil. As, astayte; Ax, Axon; D, D1-D5, dendrites; Mg, microglia, P1-P6, ricroglial/astroglial
processes; T1-T6, terminals. Scale bars: Trm in (A,H); 2 nm in (B,D-G); 5 mm in (C).
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CONTROL

FIGURE 10 | Interactions between glia and neurons in the AVCN in control (A; n D 5) and noise-exposed ( n D 5 for each group) rats (B—G). Microglial
processes (green) and astrocytes (red) made multiple contés simultaneously with cochlear nucleus neurons (blue) vigh increase in occurrence with longer time
points post-exposure. Appositions between glial element@and neurons are indicated by arrows. Scale bars: 2%mm in (D); 20 nm in (FG).

there was a higher incidence of microglial contacts withexpression (day 30), the occurrence of glial-synapse contacts
other cellular elements (arrows iRigures 10C,D,G including increased substantiallyFigures 11B,B]l. Note as irregular
astrocytes (As, large asterisks igures 11A,B, axons (Ax, microglial appearance cell bodies were often juxtaposed with
Figures 11A,B, synaptic terminals (T,Figures 11A,B, and synapse-associated elements (pre- and post-synaptic elements
dendrites (DFigures 11A,B. Around the peak of glialmaximum and perisynaptic astrocyte). These glial direct interactions
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FIGURE 11 | Ultrastructural interactions among microglia, as trocytes and neurons in the AVCN are regulated by noise ( n D 4 for each group). In
response to noise-exposure, reactive microglial processecame into close proximity with astrocytes, terminals, andynapse-associated elements at all time points
evaluated(A,B). Note that the perivascular microglial cell ifB,B1) is in close contact with an astrocyte (large asterisk) and iwrapping around a dendrite making
synapses with multiple terminals (small asterisks). Althgh interactions among microglia, astrocytes and neuronatlements were observed at all time points
post-exposure (A—A3), they increased in frequency particularly on day 30B,B1). Appositions between microglia and astrocytes are indicad by large asterisks while
the small asterisks in(B1) point to synapses. Higher magni cation images of(A,B) are represented in(A1-A3, B1); respectively. As, astrocyte; Ax, axon; D1-D3,
dendrites; Mg, microglia, P1-P2, microglial processes; T4T3, terminals. Scale bars: 5rm in (A, B1); 2.5 mm in (A3; it also applies toA1,A2); 2 mm in (B).

with synapses are suggestive of noise-induced microglidR.78 to 37.24% for NeuN/GFAP staining (Supplementary
remodeling of synaptic connections. Note the close assoniat Table 8).

between glial cells and blood capillariefigures 11B,B].

Quantitative analysis of these presumptive interactiongeaéd . .

an increase in the colocalized area of both neurons and NF-a@ and IL-1 b-Expressing Cells in the

microglia and neurons and astrocytes at all time pointdNoise-Exposed CN

post-exposure (Supplementary Table 8). This increase rangéa the AVCN, TNF-a (Figures 12 13), and IL-1b (Figures 14
from 30.84 to 92.73% for NeuN/lbal staining, and from15) levels were increased within neurons at 1 (asterisks

Frontiers in Neuroanatomy | www.frontiersin.org 17 February 2017 | Volume 11 | Article 9


http://www.frontiersin.org/Neuroanatomy
http://www.frontiersin.org
http://www.frontiersin.org/Neuroanatomy/archive

Fuentes-Santamaria et al. Glia and Hearing Loss

CONTROL TNFo+ Iba1

FIGURE 12 | Confocal images depicting the lack of colocalizati on between TNF- a and Ibal in control (A—F) and noise-exposed (G-R) AVCN. Note that
TNF-a (red) was only expressed by auditory neurons (asterisks) dmot by activated microglia (green) at all time points poséxposure g D 5 for each group). Asterisks
indicate TNFa-containing neurons while arrows point to microglia. Scaldar: 25 mm in (R).

in Figures 12G 13D, 14D, 15D) and 10D (asterisks in studiedthrough the literature, much less attention hastgeen
Figures 12) 13G, 14G, 15G post-lesion although they to the way that these noise-induced peripheral modi cations
diminished progressively by day 30 (asterisk&igures 12M,R  translate into central changes. In this study, we have iiyat®d

13J 14J 15) post-exposure. The absence of colocalizatiorthe contribution of glial cells in regulating in ammation
between TNFa and microglia (arrows irFigure 12, TNF-aand and resolution at peripheral and central levels in response
astrocytes (arrows ifrigure 13, IL-1b and microglia (arrows to repetitive high-level noise exposure. Our results indicate
in Figure 14, and IL-1b and astrocytes (arrows iRigure 15 at  that following such high intensity noise exposure there is
any of the time points evaluated indicated that neurons whee t a permanent hearing threshold shift of about 40 dB, which
only cell type overexpressing proin ammatory cytokines in theoccurs concomitantly with OHC loss, prestin upregulationdan

AVCN after noise-exposure. microglial activation in the cochlear structures most vubige
to the lesion. Gene and protein expression levels of Ibal in the
DISCUSSION SL and the SG were upregulated at 1 and 10D post-exposure and

declined to basal levels at the longest time point (30D) asses
Although the underlying mechanisms responsible for coahleaA peripheral in ammatory response characterized by excessive
damage resulting from noise exposure have been extensivélynthesis of TNF, IL-1b, TGFb, iNOS, and ICAM-1 was also
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FIGURE 13 | Confocal images depicting the lack of colocalizati on between TNF- a and the astroglial marker, GFAP, in control (A—C) and noise-e  xposed
(D-L) AVCN. TNF-a (green) neither colocalized with GFAP (red) at any of the #npoints analyzed D 5 for each group). Asterisks indicate TNFa-containing neurons
while arrows point to astrocytes. Scale bar: 25mm in (L).

observed on days 1 and 10 after noise exposure. Interestinglye noise-exposed CN, microglial and astroglial responses we
TIMP-1 expression peaked transiently at 1D post-lesion andnuch more protracted reaching a maximum peak on day 30
quickly decreased between 10 and 30 days post-exposure.vitich was associated with a signi cant increase in glialroeal
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FIGURE 14 | Absence of colocalization between IL-1 b and Ibal in the AVCN in control rats (A—C) and following noise-  exposure (D-L). Microglial (green)
production of IL-1b (red) was not observed at any of the time points post-exposw (h D 5 for each group). Cochlear nucleus neurons were the sole saae of this
cytokine. Asterisks indicate TNFa-containing neurons while arrows point to microglia. Scaléar: 25 mm in (L).

interactions. These ndings suggest that neurons, brasytand and their stereocilia, brocytes in the SL and the SLB, the
microglia represent the major cellular sources of TAIkRnd SGN and the stria vascularisH( et al., 2000; Ou et al,
IL-1b release in response to noise overexposure and highligB000; Wang et al., 2002; Hirose and Liberman, 2003; Melgar-
the fundamental role of these cytokines in the pathogeneisis &ojas et al., 20)5In CBA/J mice, a single 30 min exposure
noise-induced hearing loss. to swept-sine noise (9-13 kHz at 120 dB) or 2 h exposure
Although the degree of damage on auditory function andto broadband noise (2-20 kHz at 106 dB) result in loss of
structure depends on several factors such as noise propérties (OHC in the basal and middle cochlear regions along with
intensity, duration, and frequency), individual vulneiily to  a permanent threshold shiftGhen et al., 2012; Sanz et al.,
noise and survival time after the exposure, there is abundar#015. Similarly, continuous noise exposure in rats (10 kHz
evidence that noise overexposure leads to increases inoaydit at 100 dB) for 1 h during 10 consecutive days leads to ABR
thresholds and morphological alterations in the inner edyka thresholds elevations, OHC loss in the intermediate andabas
and Popelar, 1980; Saunders et al., 1991; Bohne and Harditgrns, stereocilia damage and alterations in the integofy
2000; Nordmann et al., 2000; Le Prell et al., 2003, 2007; Pé8GN (etoni et al., 2013, 20).5In the current study, adult
et al., 2013; Chen et al., 2014; Sanz et al.,)20//hile the Wistar rats were exposed to broadband noise (0.5-32 kHz,
initiating events associated with noise-induced patholeggy 118 dB SPL) for 4 h/day during 4 consecutive days to induce
thought to be direct mechanical damage, a metabolic streggrmanent auditory damage. Although this noise exposure
associated with formation of excessive free radicals, areso paradigm is di erent from the one used in the aforementioned
combination of both, previous studies have demonstrated thastudies, as its uses a wider frequency range, its impact on
noise-induced sensorineural hearing loss may depend on damaauditory thresholds and cochlear cell types agrees with pusvio
to a number of dierent cochlear cells, such as hair cellobservations. Our ndings also demonstrate that OHC loss and
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FIGURE 15 | Absence of colocalization between IL-1 b and GFAP in the AVCN in control rats (A—C) and following noise-  exposure (D-L). Astroglial (red)
production of IL-1b (green) was not observed at any of the time points post-expasre (1 D 5 for each group). IL-1Ib was primarily synthesized by cochlear nucleus
neurons after the exposure. Asterisks indicate TNR-containing neurons while arrows point to astrocytes. Sca bar: 25 mm in (L).

dysfunction occurs concomitantly with upregulation in priest elevated prestin protein and gene expression in residual OHC
levels in the lateral wall of surviving noise-exposed hallsce has been reported in noise-exposed rodents and proposed as a
at all time points post-exposure. Consistent with this viewcompensatory mechanism by which hearing loss can be partially
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recovered after insulGhen, 2006; Mazurek et al., 2007; Xiaetal.in cochlear inammation as they are primarily damaged
2013; Parham, 2015 and/or loss in a variety of animal models of noise-induced
The inner ear has its specialized resident immune system inearing loss and synthesize and release in ammation-relate
which mainly phagocytic cells are involved in initiating dod  intercellular molecules\{fang et al., 2002; Murillo-Cuesta et al.,
modulating in ammation in response to noise traumailfi- 2015; Sanz et al., 2019n this regard,in vitro investigations
Hachem et al., 2010; Tan et al., 2013; Okano, pODdring  using cultured SL brocytes, have demonstrated that upon
normal cochlear function, resident MLC serve fundamentétso stimulation with proin ammatory cytokines, brocytes are
as active sensors that detect minimal homeostatic disnoba able to secrete in ammatory mediators including th,ITNF-a,
(Lang et al., 2006; Okano et al.,, 2008; Sato et al.,)2008 INOS, MCP-1, MCP-2, ICAM-1, and VEGFY(shida et al.,
has been reported previously that noise-induced damage tb999; Ichimiya et al., 2000; Moriyama et al., 20@ur results
the cochlea triggers an in ammatory response that consistsonrm the data observed in the aforementioned studies
of early MLC activation and rapid synthesis and release ademonstrating noise-induced elevations in the expression
in ammatory mediators whose interplay facilitate migrati@i  levels of TNFa, IL-1b, and ICAM-1 in the cochlea between 1
immune cells from the blood stream to the cochledirpse and 10D post-exposure and decreases on day 30, supporting
et al.,, 2005; Fujioka et al., 2006; Tornabene et al., 200&;primary involvement of cytotoxic molecules and vascular
Miyao et al., 2008 In this regard, previous studies using adhesion molecules in mediating the acute phase of noise-
CD45 as a leukocyte marker have demonstrated that theduced cochlear in ammation. Evidence suggests that ICAM-
recruitment of circulating bone marrow-derived white bkbo expression, predominantly in the SL, is vital for the extratias
cells takes place mainly in the SL which is considered a highyfimmunocompetent cells into the damaged cochlear(abene
vulnerable structure to noise and a vascularized cellulstesy et al., 2006; Kel et al., 2013
that may facilitate immune cells extravasation followingses iINOS is a stress-induced neurotoxic molecule associated
overstimulation Hirose et al., 2005; Tornabene et al., 2006with a variety of pathophysiological disordersBrpwn, 2007;
Miyao et al., 2008 Our results demonstrate noise-induced MLC Charriaut-Marlangue et al., 203 Excessive levels of this
activation in the SL and also in the SG, the SLB and the cochlemediator are linked to in ammatory processes which involve
nerve as early as 1D post-lesion, when microglia increase oytokine overproduction and in ltration of immune cells
number and exhibit a hypertrophic phenotype when comparedMoncada and Bolafios, 2006; Pannu and Singh, 006
to unexposed rats. These lbal-stained cells were amoeboid Supporting this view, our observations reveal elevated devel
rounded in appearance resembling mature macrophages amd INOS mRNA on days 1 and 10 following noise-exposure
were in close association with presumptive injured cochleathat progressively declined, reaching basal levels by day 30
cells. This activation state remained elevated on day 10 aridoise also induced a parallel increase in TFeochlear
declined on day 30 to reach a near resting level. Although igene expression. These early TFelevations have been
is uncertain whether early activated phagocytes represent dinked to regulation of the inammatory response as this
activation and proliferation of a population of immune cells cytokine inhibits the production of proin ammatory cytokirge
normally residing in the cochlea or an invasion of immuneleel and chemokines and induces adhesion molecules and matrix
from the vasculature in response to injury, there is evideoice metalloproteinases that contribute to leukocytes actoratfLi
leucocytes in ltration to the SL between 2 and 4 days follayvin et al., 2006; Worthington et al., 201Moreover, the blockade
noise exposure but not to the SG(jioka et al., 2006; Tornabene of this anti-in ammatory cytokine by using speci c inhibitar
et al., 200§ Thus, at least for the SG, the observed cochlegiP17 and P144) before or immediately after noise damage
phagocytes by 1D post-exposure were likely tissue residdst cekigni cantly ameliorates the in ammatory state and protsct
Our results agree with previous studies in which the authgrs bthe cochlea from noise-induced hearing logdu(illo-Cuesta
using additional monocyte/macrophage markers such us F4/8@t al., 201k Concomitantly with the observed noise-induced
CD68, and CX3CR1 reported a crucial role for cochlear MLQupregulation in TNFa, IL-1b, TGFb, iINOS, and ICAM-1
in regulating compromised auditory functionH{rose et al., mMRNA expression, our results demonstrate a rapid and transient
2005; Tornabene et al., 2Q0Eowever, in the current study we increase in TIMP-1 levels on day 1 and a remarkable decline
have observed a much higher degree of MLC activation thawith time. This increased expression is consistent with previou
previously reported, particularly in the SL and the SG whichdata reporting upregulation of TIM-1 gene expression at 2 h
correlates with a more extensive noise-induced tissue dama and 1 day after noise-exposure. At the protein level, TIMP-
MLC, in addition to demonstrating a noise-induced 1 immunostaining was located in sensory cells with advanced
cytoskeletal reorganization interact with other cell typdmg nuclear condensation indicating that this endogenous ixatr
releasing in ammatory mediators Hanisch, 2002; Kothur metalloproteinases inhibitor may modulate apoptosis in reggon
et al.,, 201p Supporting this is the quantitative RT-PCR to acoustic traumaHiu et al., 201},
studies indicating noise-induced increases in the expoassf Along with a noise-induced peripheral in ammatory
proin ammatory cytokines (TNFa, IL1b, and IL 6), chemokines response, we have reported a long-lasting response of reactive
(MCP-1, MCP5, and MIP), and the adhesion molecule ICAM-microglia and astrocytes in the AVCN that reached maximum
1 following a 2 h exposure at 124 dByjioka et al., 2006; levels on day 30 post-exposure. These results are agreentlent wi
Tornabene et al., 2006; Tan et al., 201Besides cochlear a previous study in the CN demonstrating microglial activatio
macrophages, brocytes in the SL are essential participania response to acoustic traumgdizer et al., 20)5In this latter
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study, the authors demonstrated that when rats were exposexverproduction and neuronal excitability following irrenséble

to narrowband noise (bandwidth 100 Hz, 12 kHz, 126 SPL) focochlear damage. These observations together with ouocahf

2 h, OX6-immnostained cells distributed in both the dorsatla and electron microscopy data indicate a reciprocal inteoacti

ventral subdivisions of the CN at 30 and 60 days and 6 monthamong neurons, microglia and astrocytes that may facility

after the exposure. Such reactive cells have been proposet to activity-dependent release of secreted factors to mairggstem

as scavengers, removing axonal debris. homeostasis. TNRE- and IL-1b are multifunctional cytokines
The involvement of glial-related mechanisms in stabiligin that, in addition to their essential role in the normal dempinent

the activity of CN networks following cochlear damage ha®f auditory function, regulate synaptic plasticity in respertse

been investigated by othersi(rie and Rubel, 1994; de Waele microglia-mediated in ammation Guo et al., 2007; Riazi et al.,

et al., 1996; Campos-Torres et al., 1999; Fuentes-Santam&a2015. Thus, the fact that neurons themselves upregulate BNF-

et al., 2012, 2013, 2014; Fredrich et al., 2013; Janz ang, Illi and IL-1b levels in response to noise-exposure may represent an

2019. In this regard, the CN is a highly plastic structure whoseactivity-dependent central mechanism to regulate glutamggte

neurons, in response to a permanent threshold shift, adaplyeasiransmission and maintain a stable level of excitability in

to the changing conditions by modifying their cellular propeg.  the CN.

Elevations in spontaneous ring rates in VCN neurons haverbee

observed immediately after noise trauntarfschel et al., 20)4 CONCLUSIONS

This increased neuronal excitability may re ect an increas

cochlear peripheral activity that induces elevations inaiéte  |n summary, our results together with previous observations
release at synapses between the SG and thedds¢hel et al.,  suggest a complex interplay among di erent cytokine-producing
2019. In support of this hypothesis, it has been suggested thale|ls in the noise-exposed auditory system (i.e., neurons,
glial activation regulates neuronal activity and synaptiiersgth  glia, brocytes, and in Itrating macrophages). Collectiygethis

by limiting excessive glutamate release and/or uptaRete| plethora of di erent cell types orchestrate a sequence of rgpidl
etal., 200p Itis important to note that cochlear damage alongoccurring cellular events that modulate the initiation/pregsion
with the increased neuronal activity in subcortical stwrets, of cochlear in ammation in the pathogenesis of noise-induced
such as the CN, have been causally associated with the @Uditchearing loss. Also, our data suggest a primary role of BNF-

phantom sensation (tinnitus) that frequently occurs follo@i  ang |L1b signaling in the noise-exposed peripheral and central
intense noise exposure’gcharek et al., 2002; Eggermont andayditory system.

Roberts, 2004; Lobarinas et al., 2008; Zheng et al., 201®&drtt
etal., 2013; Chen etal., 2017hus, considering that glial-related
mechanisms are involved in the stabilization of CN activit)/A‘UTHOR CONTRIBUTIONS
after noise-induced cochlear damage, it might be expecteg

that they would contribute to the pathogenesis, maintenanc?ake responsibility for the integrity of the data and the acayr

g]nd/or Legulat;pn of nm;e;ln((jjuced t|tnn£tus. Qonsster&ithrv bOf the data analysis. Study concept and design: VF and JA.
ese observaions, our data demonstrate an increased enm Acquisition of data: VF, JA, PM, and MG. Statistical analyst an
of interactions among CN neurons, microglia and astrocyes

. . . ~~ interpretation of data: VF and JA. Drafting of the manuscript:
all time points after the exposure. However, more studies will b

- ~VF and JA. Critical revision of the manuscript for important

needed to ex'plore whether glial (?ells cpuld represent a possmi ellectual content: JA, VF, JM, and JJ.
pharmacological target to treat this auditory perceptual diso
(Zacharek et al., 2002; Zheng et al., 2012

One of the most noteworthy ndings of this work is the FUNDING
fact that, TNFa and IL-1b-producing cells in the SL and the
SG were microglia, brocytes, and neurons, as opposed toNiS study was supported by Programa I3 del Ministerio de
the AVCN where solely neurons and not glial cells seemefiencia e Innovacion (1320101590 to VF and 1320101589 to
to be responsible for the abnormal upregulation of THF- JA), PROHEARING project of the 7th Framework Programme

and IL-1b after noise trauma. Compelling evidence suggest@zp7'HEALTH'2012'|NNOVATON 3049250 JJ).
that endangered neurons in the CN respond to modi cations

and/or deprivation of aerent activity by delivering signals SUPPLEMENTARY MATERIAL

that lead to phenotypic remodeling of nearby microglial and

astrocytes which rapidly act to reduce tissue damage=iftes- The Supplementary Material for this article can be found
Santamaria et al.,, 2012, 2013n this regard, neuron-to- online at: http://journal.frontiersin.org/article/10389/fnana.
glia signaling is fundamental for glial activation, cytoé&s 2017.00009/full#supplementary-material

Il authors had full access to all the data in the study and
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