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4. INTRODUGAO
A sensagdo de ouvir € o resultado de impulsos mecénicos (ondas
sonoras) sendo transmitidos através do fluido que preenche a coclea e que sé&o
codificados a impulsos neuronais que viajam ao longo do nervo auditivo

cranialmente em diregdo ao cortex cerebral. '

A audicdo comecga quando o pavilhdo da orelha capta as ondas sonoras e as
conduz pelo canal auditivo externo até o timpano, que vibra e dispdem os
ossiculos da orelha média em movimento. As vibragdes resultantes seguem seu
caminho para o fluido da orelha interna que preenche a estrutura tubular da
céclea — onde estdo localizadas as células ciliadas que ocupam uma faixa de
tecido espiralar conhecida como 6rgado de Corti. As células ciliadas tém este
nome por conter protrusbes semelhantes a cilios em sua superficie, os

estereocilios.?

Na orelha interna dos mamiferos, as células ciliadas internas agem como
transdutores mecano-elétricos, liberando neurotransmissores para excitarem as
fibras sensitivas do nervo coclear — sinapses glutamatérgicas com fibras
ascendentes do nervo coclear. ® Quando as ondas sonoras movimentam os cilios
das células ciliadas, estas convertem vibragdes em sinais quimicos, liberando
glutamato.? Na sinapse, o glutamato se liga a receptores de uma fibra do nervo
auditivo. Cada terminal esta na extremidade de uma célula nervosa que projeta
uma longa fibra, um axénio, a sua outra extremidade no tronco cerebral. A
ligagdo do glutamato libera um sinal elétrico que viaja a extensdo do nervo
auditivo ao tronco cerebral, ao mesencéfalo e talamo, finalizando sua jornada no
cortex auditivo.? As fibras do nervo coclear contatam apenas uma célula ciliada
interna (CCI), com uma unica zona ativa, com apenas um terminal pré-sinaptico

ligado & membrana da CCI.3

A sinapse das células ciliadas internas com o nervo coclear € ponto inicial
através do qual a informacéao acustica € transmitida ao sistema nervoso central.
Em uma orelha normal, 95% das fibras do nervo coclear fazem comunicagao

sinaptica apenas com CCls.*



As células ciliadas externas (CCE) atuam como motores bioldgicos,

amplificando a movimentagao do epitélio sensitivo.’

A habilidade de ouvir e compreender a medida em que envelhecemos é
determinada pela conectividade neural das CCl com a coclea e pelos seus

contatos com fibras do nervo auditivo.

Apos superexposicéo a ruido os limiares auditivos podem elevar e depois
serem recuperados completamente (elevagdo temporaria dos limiares) ou

ficarem estabilizados em um valor elevado (elevagdo permanente dos limiares).3

A elevacédo permanente dos limiares auditivos ocorre devido a destruigao
das células ciliadas cocleares ou lesdo ao mecanismo mecano-sensorial das
células ciliadas. As células ciliadas transduzem um movimento mecanico
evocado pelo som em potenciais elétricos, que levam a liberagédo do transmissor
glutamato nas suas sinapses com as fibras aferentes do nervo coclear. Dano as
células ciliadas pode ser visivel em minutos apds a superexposicao a ruido, e a
morte das células ciliadas pode continuar acontecendo por dias apods a
exposicao a ruido.® Ja a perda de células do ganglio espiral, o corpo celular dos
neurdnios aferentes cocleares que fazem contato com as células ciliadas, &
retardada por meses e pode progredir por anos apés o dano causado pelo ruido.?
Nao ha morte de células ciliadas em elevacgao transitéria dos limiares, o que
ocorre € um edema dos terminais do nervo coclear nas suas sinapses, sugestiva
de excito-toxicidade pelo glutamato, que ja pode ser visto 24h depois da

exposicdo.?

Exposicao intensa a ruidos induz estresse metabdlico severo na coclea,
devido a sobrecarga intracelular das CCI de calcio, deplecdo de adenosina
trifosfato (ATP) e superprodugcédo de espécies reativas de oxigénio, levando a

perda de CCls e elevagédo permanente dos limiares.>

Exposicdo moderada a ruido que ndo causa dano as células ciliadas ou
alteragdo permanente dos limiares auditivos, pode destruir sinapses entre as
células ciliadas e terminagdes nervosas do nervo auditivo, o que nao afeta os

limiares auditivos audiométricos, mas reduz amplitude nas respostas aos



potencias evocados supra limiares, podendo ser detectado no Potencial evocado
auditivo de tronco encefalico (PEATE / BERA).

O BERA (Brainstein Evoked Response Audiometry) é um potencial
auditivo evocado por som, gerado por circuitos neuronais nas vias auditivas
ascendentes. E frequentemente utilizado para determinacdo dos limiares
auditivos em criancas e em animais. A onda | do BERA representa a atividade
somada do nervo coclear.®” O Pico da onda | do BERA em camundongos é
robusto, enquanto o pico da onda V é mais robusto em humanos e
frequentemente indetectavel em camundongos.” O BERA néo é afetado pela
maioria das drogas sedativas comumente usadas em anestesia, mesmo em
doses que deixem o0s pacientes comatosos, com um tragado plano no
eletroencéfalograma.” A confiabilidade, sensibilidade e natureza ndo invasiva do
BERA o torna a primeira escolha para avaliacdo de limiares auditivos em
camundongos.” A amplitude supra limiar da onda | do BERA pode ser altamente
preditiva do grau de sinaptopatia, ja que os neurénios afetados sao silenciados

com a perda das suas sinapses com as CCl.*

Em experimentos com camundongos, a exposi¢cado a ruido leva a uma
reducdo permanente da amplitude da onda | do BERA, apesar da recuperacao
das emissdes otoacusticas e dos limiares auditivos no BERA, o que demonstra
a forte correlagdo da amplitude da onda | com a integridades das sinapses

auditivas e/ou as fibras dos nervo auditivo.®

Considerando que um unico neurdénio comunica com uma unica CCl via
uma unica sinapse, e que cada fibra contribui com uma pequena parte para o
conjunto dos potenciais, a fracdo reduzida na amplitude da onda | do BERA teria

uma escala linear com a fragéo reduzida de conexdes sinapticas.*

Em orelhas expostas ao ruido ndo houve perda de CCl e nem de CCE em
até 1 ano apds a exposicédo.® Apesar de mantida a populagdo normal de células
ciliadas, houve degeneragdo dramatica de elementos pré e pds-sinapticos na
area das CCls da regido de alta frequéncia (basal) da coclea. Esta degeneracéo
foi observada em todos os periodos pds exposicao, iniciando em 24h. Os botdes

pré-sinapticos estavam em menor numero, varios dos remanescentes estavam



anormalmente alargados e alguns deslocados da membrana baso-lateral das
CCls em dire¢ado ao nucleo.?

Nas orelhas expostas a ruido, a densidade de fibras na regido das CCls
foi reduzida em propor¢ao a perda dos botdes sinapticos. A contagem dos botdes
sinapticos em orelhas expostas a ruido deve subestimar a degeneracéo
neuronal, pois muitos destes botdes incluidos na contagem estao afastados da
membrana basolateral e ndo nas zonas ativas onde os terminais est&o

presentes.?

A regido de 32 kHz das cocleas das orelhas expostas a ruido, € onde a
mudanga aguda de limiar € maior e onde a reduc¢ao permanente da amplitude do
BERA sugere perda neuronal mais significativa.®

Apesar da perda dos terminais periféricos dos neurbnios cocleares ser
rapida, a morte celular e o seu desaparecimento é lento. Liberman et al.
realizaram a contagem de células do ganglio espiral na regido de 32kHz e seu
numero estava proximo ao normal apds 2 semanas da exposi¢ao, porém ocorreu
uma redugdo importante a cada ano e ao final de 2 anos, a contagem celular
reduziu em torno de 50%, comparavel a perda dos botdes sinapticos vista nas
primeiras 24h apés exposigdo.?

Estes achados tém relevancia em humanos. A perda de neurdnios cocleares
deve reduzir a robustez da codificagado do estimulo em condigbes de ambiente
ruidoso, por exemplo na discriminagédo da fala em ambiente ruidoso, nos quais a
somacgao espacial via convergéncia da atividade de grupos de neurdnios deve
ser importante no processamento de sinal. Estas alteragdes contribuem para
outras anomalias perceptuais, incluindo zumbido e hiperacusia, classicas
sequelas de superexposi¢ao ao ruido que podem ocorrer com ou sem elevagao

dos limiares.3

Em humanos a dificuldade de compreender a fala em ambientes ruidosos foi
relacionada ao que se chama de “perda auditiva silenciosa”, que seria o
resultado de destruicdo de sinapses das CCl com os neurénios do nervo auditivo,
0 que resulta em denervagdo e também lenta degeneragcdo dos neurdnios do

ganglio espiral. 4



Zumbido é a percepc¢éo de som no siléncio e é frequentemente precedida por
superexposicdo a ruidos. Dano pelo ruido tipicamente reduz descargas
espontaneas no nervo auditivo e em contrapartida aumenta descargas
espontaneas nas vias auditivas centrais.® Porém, esta relagdo ndo ¢ linear: entre
animais com a mesma exposicao a ruidos, nem todos demonstram alteragao nas
descargas espontaneas ou zumbido.® Apesar de alteragédo nos limiares auditivos
ser um fator de risco primario para o zumbido em humanos, zumbido pode
acontecer sem elevacgdo dos limiares.® O zumbido e a hiperacusia podem ser o
resultado de uma plasticidade compensatéria, onde ocorre um ganho
compensatoério na sinapse do sistema auditivo central devido a atenuagao do

sinal da sinapse auditiva periférica.*

Audiogramas registram nossa habilidade em detectar tons em intervalos de
uma oitava de frequéncia, 250, 500, 1.000, 2.000, 4.000 e 8.000 Hz.® O
audiograma mede o limiar auditivo e € um sistema sensivel ao dano as células
ciliadas, mas é um indicador muito precario de danos as fibras do nervo auditivo.?
A audiometria tonal € uma chave fundamental provendo documentacdo da
magnitude da perda auditiva. Seu padrédo € uma fungdo da frequéncia e, em
alguma extenséo, da localidade da disfungao (orelha média, orelha interna). Mas
€ sabido, entretanto, que os limiares audiométricos ndo estdo completamente
alinhados as dificuldades perceptuais auditivas.* A detecgdo comportamental de
limiares auditivos tonais apresenta poucas mudancgas até que a perda neuronal
exceda 80-90%.* Nos estagios iniciais da perda auditiva induzida por ruido
(PAIR), vemos um entalhe nas frequéncias médias no audiograma, por volta de
4.000 Hz, que tendem a se espalhar para outras frequéncias contiguas ao longo
do tempo de exposigao.®

Alguns danos a orelha interna causados pelo ruido podem nao afetar a
detecgao de tons na audiometria, mas podem alterar a habilidade de processar
sinais mais complexo, o que tem sido chamado de perda auditiva “silenciosa”,
pois um audiograma normal pode ocultar o dano ao nervo e o déficit auditivo
associado.? A sinaptopatia coclear pode estar disseminada em orelhas com
populagdes de células ciliadas intactas e audiogramas normais.* Este dano deve
contribuir a deterioragao gradual na habilidade dos mais idosos em discriminar a
fala.?



E sabido que os individuos apresentam diferenca na susceptibilidade aos
danos ocasionados por ruido. Os efeitos do ruido na audigédo resultam de uma
combinacdo complexa de duracgao, intensidade e frequéncia dos sons aos quais

as pessoas sdo expostas.?

Precisamos de melhores testes diagnosticos para identificar dano ao nervo
auditivo. A avaliacdo das ondas do BERA é uma estratégia promissora. Em
animais Liberman et al. demonstraram que a amplitude do BERA em niveis de

sons elevados cresce em proporgdo ao nimero de fibras do nervo auditivo.?
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5. REVISAO DA LITERATURA

5.1.  Perda Auditiva Induzida pelo Ruido (PAIR)
5.1.1. Defini¢cao

Perda Auditiva Induzida pelo Ruido (PAIR) é uma surdez sensorioneural
causada por exposi¢do prolongada a ruido.’

E a segunda principal causa de perda auditiva, ficando atras apenas na perda
auditiva relacionada ao envelhecimento. PAIR é a principal causa de perda
auditiva passivel de prevencgéo.

5.1.2. Aspectos Histéricos

As mudangas sociais aumentaram a exposi¢cao das pessoas ao ruido. A PAIR
€ um condig&o que foi difundida no século XX com o ruido industrial e exposi¢céo
militar durante a Il Guerra Mundial.? Desde a revolugéo industrial, a PAIR se
tornou uma das principais doengas ocupacionais.

Atividades de lazer como shows com musica alta, uso de fones de ouvido e
caca esportiva também ndo devem ser negligenciadas como causadores de
perda de audi¢&o.?

PAIR ja foi reconhecida como uma doenga ocupacional. As ocupag¢des em
maior risco para PAIR seriam mineragao, manufatura de produtos em madeira,
construgao civil.3

5.1.3. Epidemiologia

Mais de 5% da populagdo mundial — ou 466 milhdes de pessoas- tem perda
auditiva incapacitante. E estimado que até o ano de 2050 mais de 900 milhdes
de pessoas — 1 a cada 10 pessoas — tera perda auditiva incapacitante (OMS
marco de 2020). PAIR é a segunda causa mais comum de perda auditiva
adquirida na maioria dos paises, ficando atras apenas da presbiacusia.! A
exposicdo a ruido excessivo € a causa mais comum de perda auditiva
prevenivel.3



Perda auditiva € mais prevalente entre os homens em comparagdo as
mulheres, provavelmente devido a despropor¢do no numero de homens que tém
ocupacgéo com trabalhos com elevada exposigéo a ruido.?

5.1.4. Fisiopatogenia

PAIR é uma doenga complexa que resulta da interagao de fatores genéticos
e ambientais, sua apresentacdo depende da extensdo do dano causado pela
exposi¢do ao ruido.?

O quanto de ruido que um individuo pode ser exposto é expresso em termos
de niveis de energia. Os niveis de energia sdo uma fungédo da pressédo sonora
em decibéis (dB) e da duragéo da exposigédo ao longo do tempo. O principio da
conservagao de energia afirma que uma mesma energia, depois de uma curta
exposi¢cao a um ruido muito alto, pode causar o mesmo dano coclear de uma
exposigao prolongada a um nivel de ruido inferior.3

Ruidos acima de 85dB podem causar PAIR." Niveis mais altos de exposigdo
normalmente ocorrem em ambientes laborais (como fabricas) ou recreacionais
(musicos amadores, concertos). Como a intensidade de ruido ocorre em uma
escala logaritmica, aumento na intensidade sonora de 3 dB, ira dobrar a energia
produzida. Devido a este principio, cada vez que dobra a intensidade sonora
acima de 85dB, o tempo seguro de exposigdo cai pela metade.?

Pessoas expostas a sons excedendo 89 dB por mais de 5 horas por semana
podem sofrer dano auditivo permanente ao longo do tempo.*

Outros fatores de riscos que podem induzir a progressdo de PAIR sao:
tabagismo, diabetes, sedentarismo, envelhecimento e genética.! Alguns fatores
de risco se sobrepdem aos sinais de sindrome metabdlica, incluindo
circunferéncia abdominal aumentada, niveis elevados de triglicerideos,
hipertensdo e resisténcia a insulina, o que sugere um risco em potencial de
comprometimento vascular a orelha interna e a céclea no desenvolvimento de
PAIR.* Outros fatores ambientais que podem corroborar com a perda s&o:
solventes organicos, substéncias ototdxicas (como aminoglicosideos e
monoxido de carbono), calor e vibragdo.?

Tabela1: Nivel de Ruido em Decibéis

Nivel de Decibel (dB) Fonte

0 Menor som audivel
30 Sussurro a 1 metro
50-65 Conversa normal
80-85 Transito na cidade
95-100 Motocicleta




110-120 Boate
110-140 Show de Rock
150 Foguete

Se a intensidade do som é extremamente alta e a duragao muito curta, como
por exemplo um tiro de canhdo, pode resultar em dano severo agudo ao sistema
auditivo, chamado de trauma acustico. Intensidade sonora excedendo 140 dB
pode causar perda auditiva severa e zumbido imediatamente apds a exposicao.
Trauma acustico também pode ser acompanhado de perfuragdo da membrana
timpanica e sangramento.’

Quando a pressao sonora € mais moderada e apresentada em longas
duragdes, como no ruido de fabricas, ndo ha dano 6bvio a orelha média, mas
sim uma degeneragao progressiva das células sensoriais da orelha interna, CCls
e externas, assim como das fibras do nervo coclear.® Exposigéo prolongada ao
ruido pode levar a apoptose das células ciliadas e degeneragdo dos neurdnios
do génglio espiral, o que resulta em queda no percentual de discriminacéo de
fala e elevagéo dos limiares auditivos.! Com intensidade e duragéo suficientes,
ndo apenas as células ciliadas, mas todo o 6rgio de Corti pode ser danificado.?

Como as células sensoriais e 0s neurdnios nado regeneram, na orelha interna
dos mamiferos, a perda auditiva que a descrita degeneragdo causa €
permanente e progressiva com o crescente tempo de exposig¢éo ao ruido.®

5.1.4.1. Dano Mecéanico

Quando a intensidade sonora é extremamente alta, a energia sonora que é
transmitida a orelha interna causa movimentacédo violenta da perilinfa e da
endolinfa. A membrana basilar e a membrana tectorica s&o movidas
violentamente, o que levaria a separagao dos cilios das células ciliadas internas
e externas. A vibragcdo pode também separar as células ciliadas da membrana
basilar, resultando em destruicao das sinapses. Isso resultaria em dificuldade na
compreensdo de fala em ambientes ruidosos e elevagdo dos limiares.! Este
mecanismo ocorre em exposi¢des a intensidade sonora superior a 130dB nivel
de presséo sonora (NPS).2 Este mecanismo tem menor variabilidade individual
e é menos dependente do tempo de exposigdo.?

5.1.4.2. Dano Metabdlico



O resultado da descompensacdo metabdlica pos exposicado a ruido inclui
disrupgao dos estereocilios, edema do nucleo, edema de mitocéndrias, formacéao
de vesiculas citoplasmaticas e vacuolizagdo.?

Exposi¢ao a ruido pode causar a constricdo de vasos sanguineos cocleares
e desordens no metabolismo celular, que gerariam grandes quantidades de
radicais livres como espécies oxidativas de oxigénio. Vasodilatagdo na orelha
interna também pode gerar radicais livres devido a lesdo de reperfusdo. Radicais
livres podem atacar o DNA, causando mutagdo nos genes e desnaturagéo
proteica e também induzir a expresséo de genes apoptéticos.’

Glutamato é o neurotransmissor excitatorio que atua nas sinapses das CCls
com o nervo coclear. Altos niveis de glutamato podem superestimular células
pos sinapticas e causar edema dos corpos neuronais e dendritos, processo
referido como excitotoxicidade.?

O nivel de enzimas antioxidantes, como a glutationa, pode aumentar na
coclea depois de exposigéo a ruido, o que tem efeito protetor.’

5.1.4.3. Sobrecarga de Calcio

Exposicdo a ruido pode aumentar o numero de canais de calcio abertos,
levando a um influxo de calcio as células ciliadas. O excesso de calcio leva a um
aumento nas espécies reativas de oxigénio, rotas apoptoticas independentes.
Uma alta concentracdo de calcio nas células pode ativar as calpainas, que
decompdéem o proteinas do citoesqueleto e hidrolisam proteinas como
receptores hormonais.’

5.1.4.4. Dano Imune e Inflamatoério

Depois do ruido, as reagdes imunes e inflamatérias na coclea ocorrem em
1 a 2 dias, com pico em 3 a 7 dias, depois desaparecem lentamente.’

5.1.4.5. Fatores Genéticos

Depois de uma mesma exposicéo a ruido, alguns individuos desenvolvem
uma perda auditiva substancial, enquanto outros experienciam efeito algum na
sua audi¢do. E estimado em aproximadamente 36% a herdabilidade da PAIR.®



Ja foi demonstrado haver susceptibilidade genética a ruido frequéncia-
especifica na cdéclea (tonotdpicas) e identificados os loci especificos para a
susceptibilidade a PAIR.® A expressdo do gene Nox3 é um fator de protegdo
contra o dano auditivo causado pelo ruido na frequéncia de 8 kHz em
camundongos. Ha fortes evidéncias de que as enzimas NOX tem um papel em
limitar a resposta inflamatéria. Este mecanismo anti-inflamatério € crucial para
proteger a coclea contra a injuria pelo ruido, evitando o dano causado pelas
espécies reativas de oxigénio.®

Uma ampla variabilidade interpessoal é observada apds exposi¢cao entre 90
e 130 dB NPS ao longo de maiores periodos de tempo, condigao tipica de dano
metabdlico. Suscetibilidade a perda auditiva permanente induzida pelo ruido
pode ser reduzida por exposi¢céo prévia a ruido nao traumatico o que € chamado
de condicionamento.?

5.1.5. Aspectos Clinicos e Histéria Natural

A sensibilidade de cada individuo é diferente. Pessoas de um grupo expostas
ao mesmo ruido apresentaram resultados diferentes de comprometimento
auditivo. Aspectos genéticos podem se sobrepor ao ruido e acelerar o
desenvolvimento de PAIR ou ser um fator de protegéao.

Pessoas mais velhas e individuos que ja sofrem de perda auditiva
sensorioneural sao mais suscetiveis ao ruido. Homens e mulheres
aparentemente respondem igual ao ruido, porém individuos do sexo masculino
tem comportamentos que os expdem mais ao ruido.’

O principal sintomas de PAIR é perda auditiva progressiva. Outros sintomas
cronicos e severos como zumbido, podem afetar seriamente a qualidade de vida.
Quando o dano acomete frequéncias de fala (500 a 2.000 Hz), os individuos com
PAIR passam a ter dificuldade de discriminagdo de fala, principalmente em
ambientes ruidosos.?

A prevaléncia de zumbido em trabalhadores expostos ao ruido (24%) é
superior a da populacdo em geral (14%). A severidade do zumbido esta
associada com o grau da PAIR.?

Ha evidéncias de deficiéncia vestibular relaciona a exposigcéo a ruido, dano
ao saculo e as células ciliadas vestibulares.?

O comprometimento auditivo dificulta que os pacientes recebam informagao
sonora, eles podem passar a sentirem-se isolados e deprimidos. As habilidades
de fala passam a se progressivamente afetadas também.



Trauma acustico pode resultar em dois tipos de injuria a orelha interna,
dependendo da intensidade e da duragao da exposicao.

Exposigao transiente e moderada a ruido pode levar a alteragao transitéria
dos limiares auditivos e a audi¢do pode recuperar-se apds algumas horas ou
dias.! A audi¢cdo normalmente recupera dentro de 24 a 48h.3 A recuperagéo apds
uma elevagao transitéria dos limiares, provavelmente é um resultado de um
desacoplamento reversivel dos estereocilios das CCE da membrana tectérica
e/ou um aumento do ganho central reversivel, associado a zumbido e a
hiperacusia.® Se o individuo persistir com a exposi¢éo ao ruido danoso podera
evoluir para perda auditiva permanente.’

Altas frequéncias sdo comumente mais suscetiveis ao ruido.’

5.1.6. Critérios Diagnosticos

A medida classica e funcional da PAIR é a audiometria tonal, com a afericao
do nivel da menor pressdo sonora para cada frequéncia testada que gera uma
percepgao auditiva.® O audiograma é o exame padrao ouro para aferir a audigao,
ele identifica os limiares auditivos e € uma métrica sensivel para detectar dano
as células ciliadas cocleares, apesar de ser um pobre indicador de lesao as fibras
do nervo coclear.’

Em animais se utiliza uma medida objetiva para estimar os limiares auditivo.
O BERA é realizado com insergéo de agulhas no subcutédneo e em resposta aos
estimulos sonoros em frequéncias especificas, identificada a resposta
eletrofisioldgica da atividade somada das fibras do nervo coclear. O nivel minimo
de pressao sonora necessario para gerar uma resposta elétrica é o limiar
auditivo.®

Na fase inicial da PAIR ha o achado do entalhe em 4 kHz na auditometria.’

A severidade da PAIR seria de leve a moderada e simétrica baseada em
audiogramas de tom puro.?

5.1.7. Exames

5.1.7.1 Audiometria Tonal

PAIR leve a moderada usualmente se apresenta com o classico entalhe
em 4kHz com alargamento para as frequéncias vizinhas de 3 a 6 kHz e com
alguma recuperacédo em 8 kHz. O fato de algumas frequéncias proximas a 4kHz
serem mais afetadas € devido a frequéncia de ressonancia da orelha externa e
conduto auditivo externo, como de propriedades mecéanicas da orelha média.?



E esperado que na PAIR a perda neurossensorial (PNS) ndo seja superior
a 75dB, apesar de que exposi¢cao crénica a ruido em alguns individuos pode
levar a PNS profunda.®

5.1.7.2 Reconhecimento de Fala

PAIR esta associada com uma reducédo nos escores de reconhecimento de
fala em ambientes silenciosos, assim como, em ambientes ruidoso, mesmo com
uma audiometria tonal normal, provavelmente devido a sinaptopatia e a redug¢ao
das habilidades de processamento temporal como um resultado do dano as
conexdes entre CCls e fibras do nervo auditivo de baixas taxas de descargas
espontaneas.’

5.1.7.3 Emissdes Otoacusticas (EOA)

Alguns estudos apontam para a redugao na amplitude das EOA em um
estagio pré-clinico, para a detecgdo de PAIR em um estagio precoce, antes de
alteracdes na audiometria, porém mais estudo s&o necessario para estabelecer
com sucesso o0 uso de EOA para diagnéstico de PAIR.3

5.1.7.4 Potencial Evocado Auditivo de Tronco Encefalico

Ha evidéncias de que a resposta da onda | do BERA reduza apds exposi¢cao
a ruido em animais com limiares auditivos normais, nas frequéncias tonotdpicas
relacionadas a perda sinapticas.’

A amplitude das ondas do BERA aumenta em proporgao ao numero de fibras
do nervo coclear que recebe uma conexéo viavel com CCls.”

Ha uma associagao significativa da redugdo da amplitude da onda | com o
relato de exposigéo a ruido. Outra estratégia é a afericao da laténcia da onda V
com uso de ruido de mascaramento. O efeito do mascaramento na laténcia da
onda V aparentemente correlaciona-se com alteragdes na amplitude da onda 1.8



5.1.7.5 Eletrococleografia

Grupo de risco para PAIR teve uma média de SP (Potencial de somacéo
pré-sinaptico)/AP (potencial de ag&o) proxima ao dobro da do grupo de baixo
risco para PAIR.®

5.1.8. Perda Auditiva Silenciosa

Algumas pessoas nao tém perda auditiva diagnosticada, mas percebem
dificuldade para ouvir claramente em ambientes ruidosos. A acuidade auditiva e
a discriminagao de fala desta pessoas € normal no audiograma.’

Nos estagios iniciais, o ruido pode causar alteragdes transitorias nos botdes
sinapticos entre as células ciliadas internas e os neurénios do ganglio espiral. O
numero e a qualidade das sinapses s&o reduzidos significativamente apos a
exposic¢ao a ruidos. Apesar dos limiares auditivos retornarem ao normal apés um
periodo da exposi¢ao ao ruido, as sinapses ndo se recuperam totalmente. O
zumbido e a hiperaucisia sio alteragdes perceptuais que se desenvolvem destas
lesdes."

Mesmo quando ha recuperagao dos limiares apdés uma exposi¢ao a ruido
pode haver dano aos botdes sinapticos e ocorrer uma degeneragdo chamada
sinaptopatia. Sinaptopatia resulta em perda das conexdes entre células ciliadas
internas e seus neurbnios aferentes, como um resultado do dano pela
excitotoxidade pelo glutamato aos terminais pés sinapticos.?

As conexdes sinapticas periféricas sdo os elementos mais vulneraveis na
coclea apos superexposicdo acustica.’® As conexdes sinapticas cocleares
podem ser destruidas mesmo quando as CCls sobrevivem. Apesar da alteracao
nos limiares ser uma métrica sensivel do dano celular, € um método pouco
sensivel para detectar a perda difusa de sinapses das CCls com o nervo coclear.
Deteccdo comportamental de alteracdo nos limiares auditivos para tons puros,
sdo minimamente alteradas quando a perda neural excede 80 a 90% das
sinapses. Portanto, pode haver uma sinaptopatia difusa na coclea com CCls
intactas e um audiograma normal.™

A perda auditiva silenciosa ndo afeta significativamente a habilidade de
detectar a presengca de som, mas sim a habilidade de compreender a fala e
provavelmente corrobora significativamente a classica queixa do “eu ougo as
pessoas falarem, mas ndo compreendo o que estédo dizendo”.”

5.1.9. Prevengao



Como n&o ha regeneragao das células ciliadas cocleares, a PAIR n&o pode
ser curada e medidas preventivas devem ser enfatizadas. As pessoas devem
ficar afastadas de ambientes ruidosos e ouvir musica alta em fones de ouvido o
menor tempo possivel.

Nas fabricas, o nivel do ruido deve ser monitorado e os trabalhadores
protegidos usando plugs e abafadores.

Pessoas com perda auditiva sensorioneural devem evitar exposig¢ao a ruido
EeXCessivo.

O risco de PAIR pode ser minimizado se a exposicdo a ruido é reduzida
abaixo de 80dB.

5.1.10. Tratamento

Opcdes terapéuticas potenciais seriam antioxidantes exdgenos,
antagonistas do calcio e corticoides, que poderiam reduzir o impacto sonoro por
diferentes vias. Como a patogénese da PAIR é complexa e as células ciliadas
humanas n&o se regeneram, o tratamento da PAIR é muito dificil e diversas
estratégias devem ser combinadas.’

A administracdo de corticoide sistémico e intratimpanico resulta em
melhores desfechos auditivos apds trauma acustico. Apesar das evidéncias de
efeito protetor do corticoide, estda ndo seria uma opc¢éo para exposicado a ruido
ocupacional crénica considerando os efeitos colaterais negativos do uso
prolongado de corticosteroides.?

Antioxidantes podem ser uma alternativa mais segura. Ja foi descrito em
animais os efeitos protetores da N acetilcisteina, mas ainda ndo temos dados
para humanos. Outros antioxidantes com potencial efeito protetor seriam:
ginseng, coenzima Q10, vitamina A, vitamina C, vitamina E e vitamina B12, todos
sem evidéncia consistentes de resultados.?

Neutorofinas podem oferecer efeito protetor contra trauma sonoro, por
serem importantes para formacdo e manutencdo dos botbdes sinapticos das
células ciliadas.?

Atualmente, pessoas que sofrem de surdez severa devido a PAIR podem
ser tratadas com aparelhos de amplificacdo sonora individual ou implante
coclear.’



Uma perspectiva futura, € agir sobre a sinaptopatia coclear. Na coclea dos
mamiferos as CCls e os neurénios nao sao regenerados. Teoricamente, o reparo
nas sinapses seria uma terapéutica viavel, pois ha uma janela terapéutica nas
qual as CCls e os neurdnios do ganglio espiral sobrevivem. Estudos em animais
demonstraram que o tratamento com neurotrofinas pode proporcional a extensao
neuronal e reparar o dano sinaptico.'?

5.2.  Hybrid mouse diversity panel (HMDP)'3

Estudos de associacdo do genoma (genome-wide associations studies —
GWAS) forneceram as primeiras visdes genéticas sem vieses de doencas
prevalentes complexas, como doenca arterial coronariana, diabetes e cancer.
Muitos loci contém genes ainda néo identificados, e ainda n&o relacionados a
doengas que possam ter associagdo, indicando um grande potencial para
descobrir novas rotas e novas terapias alvo para intervencéo. Para simplificar a
analise genética, variagbes relevantes a doengas foram estudadas em
camundongos.

O HMDP consiste em uma populagdgo de mais de 100 linhagens de
camundongos selecionadas para analises de tragos genéticos complexos. O
objetivo de selecionar as linhagens é aumentar a resolugdo do mapeamento
genético e disponibilizar um repositério que permitisse a integracdo e
cruzamento de dados gendmicos, transcriptémicos, metabolémicos, protedbmicos
e de fendtipos clinicos.

Para aumentar o poder, o numero de linhagens €& expandido por
disponibilizar linhagens consanguineas e recombinantes.

O HMPD é muito conveniente para analises genéticas de fatores
ambientais, pois os camundongos do mesmo genotipo podem ser examinados
sobre diferentes condi¢des, assim como, camundongos de diferentes gendtipos
podem ser mantidos em um ambiente controlado e submetidos a uma mesma
intervencao para se observar os diferentes desfechos. Claramente, estudos em
camundongos, nos quais o acesso a tecidos e o controle as condigdes
ambientais pode ser padronizado simplifica as analises genéticas.
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6. OBJETIVO
6.1. Objetivo Geral
Determinar a fung&o sinaptica coclear de 69 linhagens de camundongos
6.2. Objetivos Especificos
e Caracterizar a amplitude basal da onda | do BERA em camundongos e a
sua variagao apds exposi¢cao a ruidos

e Demonstrar a influéncia genética na variabilidade da perda auditiva
induzida pelo ruido



7. ARTIGO 1 EM PORTUGUES

Lista de Abreviaturas:

PAIR: Perda auditiva induzida pelo ruido
BERA: Brainstem evoked response audiometry
CCI: Células ciliadas internas

HMDP: Hybrid mouse diversity panel

Sinaptopatia Coclear Induzida pelo Ruido: Perfil em 69 linhagens de
camundongos

Introducéo

E estimado que mais de 279 milhdes de pessoas sejam afetadas por
perda auditiva induzida pelo ruido (PAIR) em todo o mundo. PAIR esta entre os
tipos mais prevalentes de perdas auditivas, ficando atras apenas de perda
auditiva relacionada ao envelhecimento.'3

Ja foi demonstrado que varios genes contribuem para o desenvolvimento
de perda auditiva, tanto congénita quanto adquirida.# E sabido que individuos
com exposicao similar a ruidos apresentam respostas distintas levando a
diferentes graus de perda auditiva, o que sugere uma influéncia genética.' O
ruido pode seguir causando alteragdes estruturais e funcionais na coclea por um
longo periodo, mesmo apds cessada a exposicdo.® Com um melhor
entendimento dos processos bioldgicos que modulam a susceptibilidade a PAIR
seu risco poderia ser minimizado."

Algumas lesbdes a orelha interna causadas por ruido podem nao afetar o
resultado da audiometria, mas ainda assim interferir na capacidade de processar
sinais mais complexos. Este fenbmeno € conhecido como “perda auditiva
silenciosa”, pois um audiograma normal pode n&o detectar um comprometimento
ao nervo auditivo e o consequente comprometimento auditivo associado. ¢ Entre
5 a 15% de todos os pacientes que consultam com queixa de perda auditiva tem
limiares normais a audiometria.”®

Estudos em animais ja demonstraram que mesmo exposigéo a ruido que
causem apenas elevagdo transitoria dos limiares podem levar a sinaptopatia
coclear permanente e destruicdo das sinapses das células ciliadas internas
(CCls) com fibras do nervo auditivo. Mesmo perda de até 80% das sinapses pode
ndo afetar o limiar auditivo no audiograma — perda auditiva silenciosa.?7-1°
Diferente do limiar auditivo na audiometria, a amplitude da onda | do potencial
evocado auditivo de tronco encefalico (BERA) ndo se recupera depois de
exposicao a ruido de moderada intensidade. A amplitude da onda | do BERA



permanece significativamente reduzida em comparagéo ao seu valor basal."
Esta sinaptopatia coclear compromete a performance auditiva para compreender
a fala em ambientes ruidosos, queixa frequente em pacientes com PAIR e com
presbiacusia. !

A amplitude da onda | do BERA é uma medida objetiva da perda de fibras
do nervo auditivo em animais, pois representa a sinapse das fibras do nervo
auditivo com CCls.? A amplitude reduzida da onda | do BERA em animais esta
correlacionada com elevada exposicdo a ruidos, o que corresponde a
sinaptopatia coclear.” Estudos em humanos tém muitas limitagdes como
dificuldade na reprodutibilidade, desafios em controlar os fatores ambientais
como exposicao a ruido e uso de medicagdes ototdxicas. Estas limitagdes levam
a vieses e dificuldade em atribuir os achados ao fator em estudo.

Aferimos a amplitude da onda | do BERA antes e apds exposicéo a ruido
a fim de demonstrar a variagdo deste fendtipo entre diferentes linhagens de
camundongos. Nosso objetivo & determinar a fungdo sinaptica coclear e
disponibilizar dados da amplitude basal da onda | do BERA de 69 diferentes
linhagens de camundongos e a sua variagéo apds exposi¢ao a ruido.

MATERIAIS E METODOS

Este é um estudo de intervengao e coleta de dados em camundongos. O
protocolo utilizado foi aprovado pelo University of Southern California Institutional
Animal Care and Use Committee. O estudo foi conduzido em camundongos do
Hybrid Mouse Diversity Panel (HMDP) que €& um painel de linhagens
consanguineas classicas e recombinantes de camundongos cujo genoma foi
sequenciado e genotipado em alta resolugao.

Todas medidas disponiveis para prover conforto € minimizar o sofrimento
dos animais foram adotadas. Os camundongos recebiam anestesia
intraperitoneal com uma combinagao de Cetamina (80mg/kg de peso corporal) e
Xilazina (16mg/kg de peso corporal). A temperatura corporal foi mantida estavel
e monitorada. Colirio de lagrima artificial foi aplicado nos olhos.

Para evitar viés relacionado ao género, apenas camundongos fémeas
foram incluidas no estudo. Camundongos de 5 semanas de idade foram
selecionadas para evitar potencial perda auditiva relacionada ao
envelhecimento. Eletrodos de ago inoxidavel foram inseridos no subcutaneo do
vértice da cabega e da mastoide direita, e um eletrodo terra na base da cauda.
O programa ABR Peak Analysis Software Version 0.9.0.2 Copyright 2007
Speech and hearing Bioscience and Technology foi usado para analisar as ondas
do BERA.

O BERA foi realizado em uma cabine acustica (MAC-1 designed by Industrial
Acoustic — IAC, Bronx, NY) para eliminar interferéncia do ruido ambiental. O



estimulo acustico foi gerado com o software National Instruments Corporation —
Austin, Texas data e apresentado pelo Intelligent Hearing Systems speaker —
Miami, Florida através de um dispositivo introduzido no conduto auditivo externo
com a pressao sonora medida por um microfone condensador.

Os sinais acusticos foram apresentados a orelha direita como tone pips
com um incremento e queda de 0,5 ms e com duracido total de 5 ms nas
frequéncias de 8, 12, 16, 24 e 32 kHz. Os tone pips inicialmente foram
apresentados abaixo dos limiares e entdo aumentados de 5 em 5dB até 100dB
de nivel de pressao sonora. Os tone pips foram apresentados numa taxa de 30
por segundo. As respostas foram gravadas com um gravador digital na taxa de
20.000 e enviadas a uma Caixa de entrada de 8 canais com ganho de 150 AC/DC
e entdo enviadas a um amplificador de sinais secundario Synamps de 2500 de
ganho antes da analise.

Os valores de pico (maior valor positivo) a pico (menor valor positivo ou
maior valor negativo) da onda | do BERA foram determinados e a sua amplitude
calculada subtraindo os valores de pico a pico. Os valores da onda | do BERA
pos exposicado a ruido, foram obtidos pelo mesmo método 2 semanas apds a
exposicdo ao ruido. A analise dos dados foi realizada com o teste n&o
paramétrico de Mann-Whitney para diferenciar as médias existentes entre a
amplitude basal e pds exposicao a ruido da onda |. A correlacdo entre a
amplitude basal e sua variagdo pos-exposi¢cao a ruido foi demonstrada com o
coeficiente de Pearson.

RESULTADOS

Um total de 151 camundongos de 69 linhagens (1 a 8 camundongos por
linhagens) foram analisados (o numero de camundongos por linhagem esta
descrito na tabela suplementar 1). Nés determinamos a amplitude da onda | do
BERA em 80dB de nivel de presséo sonora em todos os 151 camundongos e
calculamos a média basal e pds exposicéo a ruido nas frequéncias de 8, 12, 16,
24 e 32 kHz (os valores basais e pos exposigao a ruido estado descritos na tabela
suplementar 1).

A reducao na amplitude da onda | do BERA po6s exposi¢cao a ruido foi
significativa em todas as frequéncias testadas com p<0,00001 (Os valores de U
Mann-Whitney s&o 2558,.5 para 8kHz, 25036 para 12kHz, 24130 para 16kHz,
23377 para 24kHz e 24393,5 para 32kHz).

Calculamos o delta entre o valor basal da amplitude da onda | do BERA e
o valor pos exposigao a ruido. O valor de delta da média por linhagem em cada
frequéncia esta disposto no grafico 1.
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Grafico 1: Delta em uv da amplitude da onda | do BERA basal e pds exposi¢céo
a ruido média por linhagem (disposta em ordem alfabética) em cada frequéncia.
As linhas horizontais indicam a mediana, quartil 1 e quartil 3.

Classificamos as linhagens que tiveram uma variagao superior ao terceiro
quartil como suscetiveis ao ruido, pois estdo entre os 25% que tiveram maior
variagao na sua amplitude pds exposi¢cao a ruido em relagdo a sua amplitude
basal. As linhagens que ficaram abaixo do primeiro quartil classificamos como
resistentes, pois estdo entre os 25% que tiveram menor variagdo na sua
amplitude pds exposi¢ao a ruido em relagdo a sua amplitude basal.

A correlacao entre a variagdo e a amplitude basal da onda | do BERA foi
fortemente positiva em todas as frequéncias testadas (r para 8, 12, 16, 24 e 32
kHz respectivamente de 0,75, 0,81, 0,85, 0,92 e 0,89) (Grafico 2), provavelmente
devido ao numero de sinapses disponiveis para sofrer dano, explicado pelo
“efeito de teto” (ceiling effect) nas que tinham menor amplitude basal.
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Grafico 2: Graficos de dispersdo da correlagao entre a média da amplitude da
onda | por linhagem e a média da variagdo da amplitude apds exposigao a ruido
por linhagem.

A linhagem BXH20/KCcJ apresentou a maior variagdo pds exposi¢céo a
ruido nas frequéncias de 16, 24 e 32 kHz (respectivamente 147, 239 e 65 vezes
o valor da linhagem com menor variagdo) e a segunda maior variagdo nas
frequéncias de 8 e 12 kHz. A linhagem BALB/cJ, um modelo frequente em
estudos de surdez em camundongos, apresentou a terceira maior variagéo pos
exposi¢ao a ruido nas frequéncias de 12, 16, 24 e 32 kHz (respectivamente 91,
109, 196, 44 vezes o valor da linhagem com menor variagao).

DISCUSSAO

Pretendemos expandir a literatura existente com resultados auditivos de
camundongos provendo novas fontes para estudos de comprometimento
auditivo. Nosso grupo estuda perda auditiva de origem genética em
camundongos, incluindo PAIR e perda auditiva relacionada com o
envelhecimento, com estudos publicados sobre genome-wide association para
genes relacionados a PAIR e limiares auditivos em camundongos. Seguindo este
caminho, neste manuscrito, focamos em caracterizar a amplitude basal da onda
| do BERA em camundongos e a sua variagdo apos exposicao a ruido,
disponibilizando dados para serem utilizados em futuros estudos sobre audigéo.

As linhagens utilizadas neste estudo foram selecionadas a partir do
HMPD, que é um banco de dados sobre linhagens consanguineas puras e
recombinantes de camundongos. Todos os camundongos estudados eram
fémeas de 5 semanas de idade, submetidas ao mesmo protocolo de exposigao
ao ruido. Consequentemente a diferenca na amplitude da onda | do BERA
suporta a hipotese de que o fendtipo tenha uma base genética, devido a distinta
suscetibilidade a sinaptopatia coclear.

A amplitude da onda | parece ser uma maneira acessivel de avaliar a
sinaptopatia, pois representaria a atividade somada das fibras do nervo coclear
aferidas em respostas a tone bursts.

Formamos um completo banco de dados com os valores basais da onda
| do BERA de 151 camundongos de 69 diferentes linhagens e o disponibilizamos
para uso. Estes dados sdo uma nova fonte para estudo de sinaptopatia coclear.

Tecido coclear corado por imunocoloragao ¢ um marcador confiavel da
perda de sinapses aferentes depois de injuria acustica. A contagem das sinapses
correlaciona-se com a amplitude da onda | do BERA basal e pds exposi¢cao a
ruido, suportando a hipétese de que o numero de sinapses funcionais das CCls
varia de acordo com o valor correspondente da amplitude da onda | e de que a



amplitude da onda | pode ser usada como uma métrica confiavel para analisar
indiretamente a funcéo sinaptica e a sinaptopatia.’?

Alguns estudos demonstraram que individuos com acometimento
auditivo pré-existente sdo menos suscetiveis a alteragao temporaria de limiares
auditivos. Uma possivel explicacdo para este achado é o efeito teto, estes
sujeitos teriam um numero limitado de elementos na orelha interna que poderiam
ser danificados.' A forte correlagdo existente entre a amplitude basal e a
variagao pos exposicdo a ruido supostamente ocorre devido ao efeito teto.
Quanto menor a amplitude basal, menor o numero de sinapses funcionais, como
resultado isto limita 0 numero de elementos disponiveis para dano pelo ruido,

resultando em menor variagcao

Zumbido e hiperacusia sao alteracbes perceptuais frequentemente
precedidas por superexposicdo a ruido. ' Zumbido e hiperacusia podem ser a
plasticidade compensatdria resultante a um dano. Um aumento nas sinapses no
sistema nervoso central ocorre em consequéncia de uma atenuacao de sinal
periférica.®> Apesar do envelhecimento e da exposig¢éo a ruido contribuirem para
déficits auditivos supra limiares, a variabilidade em fatores genéticos e epi-
genéticos sem duvidas contribuem para o desfecho individual. ' O
desenvolvimento ou a confirmagdo de algum teste diagndstico ja existente que
possa confirmar a perda auditiva silenciosa seria fundamental para fornecer um
diagnostico ao grande numero de pacientes sofrendo de zumbido ou com queixa
de dificuldade auditiva que apresentam um audiograma normal.

BALB/cJ é uma linhagem frequentemente utilizada em pesquisas
auditivas como modelo para PAIR, presbiacusia e de drogas ototdxicas. No
nosso estudo, BALB/cJ teve um dos resultados mais consistentes na variagao
da amplitude da onda | do BERA. Esta linhagem apresentou a terceira maior
variagéo nas frequéncias de 12, 16, 24 e 32 kHz. Corroborando com a hipotese
de que estes achados ocorram de acordo com a sensibilidade coclear, BALB/cJ
teve a maior variagao de limiar auditivo em comparag¢ao com as outras linhagens
testadas apds a administragdo de cisplatina’, apds exposicéo a ruido'®, e apds
a administragdo de canamicina'. Este padrdo de variagdo sugere um
mecanismo de dano compartilhado entre ruido, cisplatina e aminoglicosideos
nesta linhagem.

A amplitude da onda | do BERA n&o é uma métrica estabelecida
para a realizacdo de afericbes auditivas em seres humanos, portando mais
estudos sdo necessarios para consolidar um exame valido capaz de diagnosticar
sinaptopatia coclear em humanos e correlacionar os resultados com as queixas
clinicas de zumbido e dificuldade de discriminacdo da fala em ambientes
ruidosos. E de suma importancia que desenvolvamos meios diagndsticos de
detecgao precoce do dano causado pelo ruido a orelha interna, de forma que
seja viavel a criacdo e implementagdo de protocolos para agir preventivamente



a protecao da audigédo, desde que nosso padrdo ouro, o audiograma, se altera
apenas quando ja ocorreu uma injuria irreversivel e disseminada as vias
auditivas. Neste estudo apresentamos um amplo banco de dados com
resultados de exames eletrofisiolégico, 0 que € o inicio para novos estudos na
area.
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8. ARTIGO 1 EM INGLES
ABREVIATIONS:

NIHL: Noise-induced hearing loss
ARHL: Age-related hearing loss
TTS: Temporary threshold shift
IHC: Inner hair cells

ANF: Auditory nerve fibers

ABR: Auditory brain response

HMDP: Hybrid mouse diversity panel
Noise-Induced Hidden Cochlear Synaptopathy: Profile in 69 Mouse Strains
Introduction

It is estimated that more than 278 million people worldwide are affected by
hearing loss. Noise-induced hearing loss (NIHL) is among the most frequent
etiologies, second only to age-related hearing loss (ARHL).'-3

Numerous genes are known to contribute to the development of hearing
loss, both congenital and acquired.* It is known that individuals with similar
exposure to noise present distinct responses leading to different degrees of
hearing loss, which suggests a genetic influence.” Noise can continue to cause
ongoing structural and functional changes in the cochlea long after noise
exposure has ceased.® A better understanding of the biological processes that
modulate susceptibility to development of NIHL could help minimize its risk."

Some injuries to the inner ear due to noise may not affect detection of the
stimuli used in standard audiometric assessments, but it can interfere with the
ability to process more complex signs. This phenomenon is currently known as
‘hidden hearing loss”, because a normal audiogram may not detect an
impairment to the auditory nerve and the attendant hearing impairment.®
Approximately 5 to 15% of all patients who seek medical care complaining of
hearing loss have normal thresholds on audiogram.”®

Animal studies have demonstrated that even noise exposures that cause
only temporary threshold shifts (TTS) may lead to permanent cochlear
synaptopathy and destruction of synapses in inner hair cells (HIC) with auditory
nerve fibers (ANFs). Even a loss as severe as 80% of synapses might not affect
audiogram hearing thresholds.?”1% Unlike these thresholds, auditory brainstem
response (ABR) wave | amplitude does not recover after moderate-intensity noise
exposure; it remains significantly reduced in comparison to pre-exposure



amplitude.'” This cochlear synaptopathy compromises hearing performance,
such as understanding of speech in noisy environments, which is a hallmark
complaint of patients with NIHL and presbycusis. "’

ABR wave | amplitude is an objective measure of ANF loss in animals,
because it represents the synapse of ANFs with the IHC.? A reduced amplitude
of ABR wave | in animals correlates with high noise exposures, and might thus
correspond to cochlear synaptopathy.” Human studies have multiple limitations,
such as difficulties in reproducibility and challenges in controlling for
environmental factors (e.g., noise exposure and ototoxic medication use). Such
limitations lead to multiple biases and difficulty in attributing findings to the studied
factor.

Thus, we measured ABR wave | amplitude in 151 mice of 69 strains before
and after noise exposure in order to demonstrate strain variation regarding this
phenotype. Our goal is to provide a database of baseline ABR wave | amplitude
and noise-induced wave | amplitude shifts in inbred mouse strains.

MATERIAL AND METHODS

This is an interventional and data collection study in mice. The protocol
has been approved by the University of Southern California Institutional Animal
Care and Use Committee. The study was performed in mice from the Hybrid
Mouse Diversity Panel, a panel of classical and recombinant inbred mouse
strains whose genome has been sequenced and typed at high resolution.

All available measures to provide comfort and minimize animal suffering
were adopted. All mice received intraperitoneal anesthesia with a combination of
ketamine (80 mg/kg body weight) and xylazine (16 mg/kg body weight). Body
temperature was monitored and kept stable. Artificial tear drops were applied to
the eyes.

To avoid sex bias, only female mice were included in the study; to avoid
potential ARHL, 5-week-old mice were selected. Stainless steel electrodes were
introduced subcutaneously in the head vertex and in the right mastoid, as well as
a ground electrode in the tail base. ABR Peak Analysis Software Version 0.9.0.2
Copyright 2007 Speech and hearing Bioscience and Technology was used to
analyze ABR waves.

ABR was performed in an acoustic chamber (MAC-1, designed by Industrial
Acoustic — IAC, Bronx, NY) to eliminate ambient noise. An acoustic stimulus was
generated (with National Instruments Corporation — Austin, Texas data) and
presented (using an Intelligent Hearing Systems speaker — Miami, Florida)
through a device introduced in the external auditory canal, with sound pressure
measured by a condenser microphone.



The acoustic signals were presented to the right ear as tone pips with a
rise and fall time of 0.5 msec and a total duration of 5 msec at the frequencies 8,
12, 16, 24 and 32 kHz. Tone pips were presented below threshold values and
then incremented in 5 dB up to a sound pressure level of 100 dB. Tone pips were
delivered at a rate of 30 per second. The responses were recorded with an
analog-to-digital recorder at a rate of 20,000 and sent to an 8-channel, 150-gain
AC/DC headbox, and then to a secondary Synamps signal amplifier with 2500
gain before the analyses.

The peak (positive) to peak (less positive or more negative) wave | value
was determined, and the amplitude was calculated by subtracting the value from
peak to peak. ABR wave | amplitude after noise exposure was obtained by the
same method 2 weeks after noise exposure. The nonparametric Mann—Whitney
test was used to test the difference of averages between baseline and post-
exposure wave | amplitude. The correlation between baseline amplitude and the
change in amplitude after noise exposure was demonstrated with Pearson
coefficients.

RESULTS

A total of 151 mice of 69 strains (1-8 mice/strain; exact number listed in
supplemental table 1) were analyzed. We determined the value for ABR wave |
amplitude at 80 dB SPL in all 151 mice and calculated the average baseline and
post-noise exposure amplitudes at the frequencies of 8, 12, 16, 24, and 32 kHz
Baseline and post-exposure wave | amplitude values are described in
supplemental table 1.

A significant post-noise reduction in wave | amplitude was observed in all
the tested frequencies, with p<0.00001 (Mann-Whitney U-values: 25582.5 for
8kHz, 25036 for 12kHz, 24130 for 16kHz, 23377 for 24kHz, and 24393.5 for
32kHz).

We then calculated the delta between the baseline wave | amplitude and
the post-noise wave | amplitude. The delta of average value for each frequency
in each mouse strain is illustrated in figure 1.
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Figure 1: Delta (uv) of average wave | amplitude in each frequency per mouse
strain (arranged in alphabetical order) . Horizontal lines indicate the median, first
quartile, and third quartile.

We classified the strains that had a variation beyond the third percentile
as susceptible, because it is amongst the 25% of the ones that has the greatest
variation in its post noise exposure amplitude according to it basal amplitude.
Those under first percentile, were classified as resistant, because it is amongst
the 25% that had the minor variation in its amplitude post noise exposure in
comparison to its basal amplitude.

There was a strong, positive correlation between delta and baseline wave
| amplitude for all frequencies (r for 8, 12, 16, 24, and 32 kHz respectively: 0.75,
0.81, 0.85, 0.92, and 0.89) (Figure 2), probably due to the number of synapses
that are “available” for damage, which is explained by a ceiling effect in those with
a small baseline amplitude.
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Figure 2: Scatter plots of the correlation between average wave | amplitude in
each mouse strain and the change in average amplitude (delta) after noise
exposure.

The BXH20/KCclJ strain exhibited the largest post-noise change at the 16,
24, and 32 kHz frequencies (147-, 239-, and 65-fold change relative to the mouse
strain with the smallest variation, respectively), and the second largest in the
frequencies of 8 and 12 kHz. The BALB/cJ strain, commonly used as a mouse
model in auditory studies, presented the third largest post-noise change at the
12, 16, 24, and 32 kHz frequencies (91-, 109-, 196-, and 44-fold change relative
to the strain with the smallest variation, respectively).

DISCUSSION

This study expands the existing literature on mouse hearing, providing new
sources for study of hearing impairment. Our group studies the genetic forms of
hearing loss (including age-related and noise-induced) in mice, and has recently
published genome-wide association studies of NIHL susceptibility genes, mouse
thresholds and noise sensitivity. Continuing this line of research, the present
study focused on characterizing the baseline ABR wave | amplitude in mice and
the change in this parameter after noise exposure. We hope these data will be
useful for further investigations in hearing research.

The strains used in this study were selected from the Hybrid Mouse
Diversity Panel (HMPD), a library of inbred mouse strains. All the studied mice
were female, 5 weeks old, and subjected to the same noise exposure protocol.
Consequently, the differences in wave | amplitude observed supports the
hypothesis that hearing-loss phenotypes in mice have a genetic basis, due to
distinct susceptibilities to cochlear synaptopathy.

Wave | amplitude appears to be an accessible way to assess
synaptopathy, as it would represent the summed activity of cochlear nerve fibers
measured in response to suprathreshold tone bursts. The synaptic counts
correlated with baseline and post-noise exposure wave | amplitude supported the
hypothesis that the number of functional IHC synapses varied in conjunction with
the corresponding wave | amplitude values, and that ABR amplitude can be used
as a reliable metric to indirectly analyze synaptic function and synaptopathy in
large populations.’?

We constructed a complete dataset with the baseline values of wave |
amplitude in 151 mice of 69 different inbred strains, and make this dataset



available for general use. Specifically, these data constitute a new resource for
the study of cochlear synaptopathy. As immunostained cochlear tissue has been
shown to provide a reliable proxy for loss of afferent synapses after acoustic
injury, the next step in our research protocol is to perform immunostaining to
correlate with our ABR wave 1 amplitude dataset.

Some studies have shown that individuals with preexisting hearing
impairment are less susceptible to TTS. One possible explanation for this finding
is the ceiling effect, i.e., these subjects have a limited number of elements in the
inner ear that are still liable to be damaged.’ The strong correlation between
baseline amplitude and post-noise change may be attributed to such as ceiling
effect: the lower the baseline amplitude, the smaller the number of functional
synapses—this limits the number of sites available for noise damage to occur,
resulting in a smaller delta.

Tinnitus and hyperacusis are perceptual alterations frequently preceded by
noise overexposure.'® Either one can be the result of compensatory plasticity,
i.e., a gain in central auditory synapse occurs in consequence of a peripheral
auditory synapse signal attenuation.® Although aging and noise exposure
contribute to suprathreshold hearing deficits, variability in genetic and epigenetic
factors no doubt contributes to individual outcomes as well."® The development
of new diagnostic tests (or validation of already existing ones) to confirm hidden
hearing loss would be of great utility, providing a diagnosis to the vast number of
patients with tinnitus or hearing impairment who nonetheless present with a
normal audiogram.

BALB/cJ is a mouse strain frequently used in auditory research models
involving NRHL, ARHL, and ototoxic drug exposure. In our experiment, BALB/cJ
mice had one of the most consistent results regarding post-noise variation in
wave | amplitude. This strain presented the third largest post-noise delta at the
12, 16, 24, and 32 kHz frequencies. In consistence with the hypothesis that this
finding occurs according to cochlear sensitivity, BALB/cJ had the greatest
threshold shift in comparison with the other tested strains following administration
of cisplatin'’, noise exposure'8, and administration of kanamycin'®. This pattern
of variation may suggest a shared mechanism of damage between noise and
ototoxic agents in this strain.

Wave | amplitude is not well established for human auditory measures.
More studies are needed to obtain a valid test protocol capable of diagnosing
cochlear synaptopathy in humans and to correlate findings with clinical
complaints of tinnitus and difficulty in hearing in noisy environments.
Development of a diagnostic modality capable of early detection of the damage
caused by noise to the inner ear would enable the creation of protocols to prevent
potential hearing damage and act in advance to protect hearing. This would be
of paramount importance, since the gold-standard diagnostic method hitherto



available (the audiogram) begins to show changes only once widespread,
irreversible injury to the auditory path has already occurred. We hope the broad
database of mouse hearing and electrophysiological tests constructed in this
study will serve as a reference for new studies in this field.
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ABSTRACT

This is the first genome-wide association study with the
Hybrid Mouse Diversity Panel (HDMP) to define the
genetic landscape of the variation in the suprathreshold
wave 1 amplitude of the auditory brainstem response
(ABR) both pre- and postnoise exposure. This measure is
correlated with the density of the auditory neurons (AN)
and/or the compliment of synaptic ribbons within the
inner hair cells of the mouse cochlea. We analyzed
suprathreshold ABR for 635 mice from 102 HMDP strains
pre-and post-noise exposure (108 dB 10 kHz octave band
noise exposure for 2 h) using auditory brainstem response
(ABR) wave 1 suprathreshold amplitudes as part of a large
survey (Myint et al, Hear Res 332:113-120, 2016).
Genome-wide significance levels for pre- and post-
exposure wave 1 amplitude across the HMDP were
performed using FaST-LMM. Synaptic ribbon counts
(Ctbp2 and mGIluR2) were analyzed for the extreme
strains within the HMDP. ABR wave 1 amplitude varied
across all strains of the HMDP with differences ranging
between 2.42 and 3.82-fold pre-exposure and between 2.43
and 7.5fold post-exposure with several tone burst stimuli
(4 kHz, 8 kHz, 12 kHz, 16 kHz, 24 kHz, and 32 kHz).
Immunolabeling of paired synaptic ribbons and glutamate

Correspondence to: Rick Adam Friedman - University of California, San
Diego - 9444 Medical Center Drive, Mail Code 0768 -, La Jolla, CA
92037, USA. email: rafriedman@health.ucsd.edu

receptors of strains with the highest and lowest wave 1
values pre- and post-exposure revealed significant differ-
ences in functional synaptic ribbon counts. Genome-wide
association analysis identified genome-wide significant
threshold associations on chromosome 3 (24 kHz;
JAX00105429; p<1.12E-06) and chromosome 16
(16 kHz; JAX00424604; p<9.02E-07) prior to noise
exposure and significant associations on chromosomes 2
(32 kHz; JAX00497967; p<3.68E-08) and 13 (8 kHz;
JAX00049416; 1.07E-06) after noise exposure. In order to
prioritize candidate genes, we generated ciseQTLs from
microarray profiling of RNA isolated from whole cochleae
in 64 of the tested strains.

This is the first report of a genome-wide association
analysis, controlled for population structure, to ex-
plore the genetic landscape of suprathreshold wave 1
amplitude measurements of the mouse ABR. We have
defined two genomic regions associated with wave 1
amplitude variation prior to noise exposure and an
additional two associated with variation after noise
exposure.

Keywords: GWAS, HMDP, NIHL, eQTL

INTRODUCTION

The sensation of hearing is the result of mechanical
impulses (sound waves) being transmitted through
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the fluidfilled cochlea and coded into neural im-
pulses that travel along the auditory nerve cranial
through the brainstem to higher association centers
within the cerebral cortex. Each auditory nerve fiber
(ANF) contacts a single inner hair cell within the
organ of Corti (Eybalin 1993). There is increasing
evidence that the ability to hear and understand as we
age, in a variety of environments, is dictated by the
neural connectivity of the inner hair cells within the
cochlea and their contacts with ANFs. Recent data in
both mice and humans suggests there exists a “hidden
hearing loss” resulting from synaptopathy between
inner hair cells (IHCs) and type-I ANFs (Liberman
2017). Disruption of these synapses not only leads to
denervation but also a slow degeneration of spiral
ganglion neurons (Shi et al. 2016). In humans, this
phenomenon has been linked to difficulty under-
standing speech in complex sound environments
(Liberman and Kujawa 2017).

While there are few practical ways of identifying
these types of losses in the clinical setting, there is
evidence in mice that cochlear synaptopathy can be
captured by the amplitude of the first wave (wave I) of
the auditory brainstem response (ABR) after a
suprathreshold stimulus (Kujawa and Liberman
2015). In several experiments, noise exposure led to
a convincing permanent decline in the
suprathreshold ABR wave I amplitude despite recov-
ery of otoacoustic emissions and ABR thresholds. It
has been determined that the wave I amplitude
correlates strongly with the integrity of auditory
synapses and/or the compliment AFNs (Kobel et al.
2017).

Recently, evidence for this “hidden hearing loss”
has been demonstrated in human temporal bone
specimens. (Liberman et al. 2016). It appears that
noise exposure over time results in synaptic ribbon
loss. In addition, age-related hearing loss (ARHL) has
been shown to result from loss of sensory cells and
neurons (Schuknecht 1964). It has been shown in
mice that ARHL results from a similar synaptic loss
between IHCs and ANFs and this cochlear
synaptopathy also precedes hair cell loss and perma-
nent threshold shifts in the aging mouse ear
(Sergeyenko et al. 2013).

Our laboratory has recently described baseline and
noise-induced threshold shifts in 100 strains of the
Hybrid Mouse Diversity Panel (HMDP) (Myint et al.
2016) and, with these data, we have begun to define
the genetic landscape of these complex traits (Crow
et al. 2015) (Lavinsky et al. 2016). The HMDP is a
collection of classical inbred (CI) and recombinant
inbred (RI) strains whose genomes have been se-
quenced and/or genotyped at high resolution. In this
manuscript we have begun to explore the genetic
landscape of cochlear synaptopathy and determine

candidate loci and genes. Herein we report the first
characterization of suprathreshold wave 1 amplitude
of the mouse ABR in over 100 mouse strains and
perform the first genome-wide association study
(GWAS) in mice corrected for population structure
both before and after noise exposure.

MATERIALS AND METHODS
Ethics Statement

The Institutional Care and Use Committee (IACUC)
at University of California San Diego (IACUC 17178)
and University of Southern California (IACUC 12033)
endorsed the animal protocol for the Hybrid Mouse
Diversity Panel (HMDP) inbred strains. Strains and
genotypes are accessible from the Jackson Laborato-
ries (www.jax.org). All results required to corroborate
the conclusions presented here are provided entirely
within this article.

Hybrid Mouse Diversity Panel Strains and
Genotypes

The HMDP is a collection of common inbred strains
composed of 30 classical inbred strains (CI) providing
genetic resolution and allelic diversity, and more than
70 recombinant inbred strains (RI) that enhance
resolution and increase power (Bennett et al. 2010).
Five-week-old female mice (n=635) from 102 Hybrid
Mouse Diversity Panel strains (n=6-7/strain) were
purchased from the Jackson Laboratories. A detailed
characterization of the HMDP is provided in Bennett
et al. (2010). Mice were aged until 5 weeks and
accommodated in sterilized cages with autoclaved
food and water with an average daily ambient noise
level of 40 dB. The phenotypes in the HMDP strains
were managed using genotypes of 500,000 single
nucleotide polymorphisms (SNPs) obtained from the
Mouse Diversity Array (minor allele frequencies >
5 %; missing genotype frequencies <10 %) (Van Nas
et al. 2010).

ABR Wave 1 P1-N1 Values for Wave 1
Suprathreshold Amplitude Calculations

In order to analyze pre- and post-noise exposure ABR
wave 1 P1-N1 measurements, stainless steel electrodes
were placed subcutaneously at the vertex of the head
and the right mastoid, with a ground electrode at the
base of the tail. Mice were anesthetized with an
intraperitoneal injection of ketamine (80 mg/kg body
wt) and xylazine (16 mg/kg body wt). Mouse body
temperature was maintained through the use of a
TCAT-2DF temperature controller and the HP-4 M
heating plate (Physitemp Instruments Inc., Clifton,
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NJ). Artificial tear ointment was applied to the eyes
and each mouse was recovered on a heating pad.

Test sounds were presented using a (Intelligent
Hearing Systems) speaker attached to an 8-in. long
tube that was inserted into the ear canal. Auditory
signals were presented as tone pips with a rise and a
fall time of 0.5 msec and a total duration of 5 msec at
the frequencies 4, 8, 12, 16, 24, and 32 kHz. Tone pips
were delivered below threshold and then increased in
5 dB increments until a maximum of 100 dB was
reached. Signals were presented at a rate of 30/s.
Responses were filtered with a 0.3-3 kHz pass-band (x
10,000 times). For each stimulus intensity 512 wave-
forms were averaged. Data was stored for offline
analysis of ABR peak-to-peak (P1-N1) values for wave
1 amplitudes at 80 dB SPL. Post-exposure thresholds
were evaluated by the same method 2 weeks post-
exposure.

All hearing tests were performed in a separate
(MAC-1 soundproof) chamber in order to eliminate
both environmental and electrical noise. An acquisi-
tion board (National Instruments Corporation, Aus-
tin, TX) was regulated by custom software used to
generate the stimuli and to measure the responses.
Stimuli were provided by a custom acoustic system
(two miniature speakers, and sound pressure was
measured by a condenser microphone).

Noise Exposure Protocol

Using a method adapted from Kujawa and Liberman
(2009) 6-week-old mice were exposed for 2 h to
10 kHz octave band noise (OBN) at 108 dB SPL.
The noise exposure protocol was previously described
by White et al. (2009). The cage was arranged in a
soundproof chamber (MAC-1) created by Industrial
Acoustics (IAC, Bronx, NY) and the sound chamber
was lined with soundproofing acoustical foam. Noise
recordings were performed with a speaker (Fostex
FT17H Tweeter) constructed into the top of the
sound chamber. Calibration of the deleterious noise
was done with a B&K sound level meter with a
variation (1.5 dB) over the cage. For 2 h, mice were
positioned in a circular exposure cage with 4 shaped
compartments and were capable to move about within
the compartment. ABR testing involved the right ear
only.

Data Analysis

We performed the association analysis using FaST-
LMM (factored spectrally transformed linear mixed
model), a method accounts for population structure
(https://www.microsoft.com/en-us/download/
details.aspxzid=52559 Version 2.0.7 downloaded Oc-
tober 2017). This method set SNPs according to their

linear regression p values and then constructs kinship
matrices using the SNPs from all other chromosomes
to improve power when testing all SNPs on a specific
chromosome (Lippert et al. 2011). This procedure
includes the SNP being tested for association in the
regression equation only once.

Genome-wide significance threshold in the HMDP
was determined by the family-wise error rate (FWER)
as the probability of observing one or more false
positives across all SNPs per phenotype. We per-
formed 100 different sets of permutation tests and
parametric bootstrapping of size 1000 and observed
that the genome-wide significance threshold at a
FWER of 0.05 corresponded to p=4.1x 10'6, similar
to that used in previous studies with the HMDP
(Bennett et al. 2010). This is approximately an order
of magnitude larger than the threshold obtained by
Bonferroni correction (4.6 x 10'7), which would be an
overly conservative estimate of significance because
nearby SNPs among inbred mouse strains are highly
correlated with each other.

In order to prioritize candidate genes, we used
EMMA (Efficient Mixed-Model Association) to per-
form an association between all SNPs and array
probes mapping within each region. EMMA is a
statistical test for association mapping correcting for
population structure (Kang et al. 2008). An R package
implementation of EMMA (version 1.1.2) is available
online at www.mouse.cs.ucla.edu/emma.

GWAS Candidate Genes

RefSeq genes were downloaded from the UCSC
genome browser (https://genome.ucsc.edu/cgi-bin/
hgTrackszdb=mm10) using the GRCm38/mm1l0 ge-
nome assembly to characterize genes located within
each association. The 95 % confidence interval for the
distribution of distances between the most significant
and the true causal SNPs, for simulated associations
that explain 5 % of the variance in the HMDP, is
2.6 Mb (Bennett et al. 2010). Only SNPs mapping to
each associated region were used in this analysis. We
selected SNPs that were variants in at least one of the
HMDP CI strains.

Cochlear Whole Mount Immunolabeling

We used immunolabeling of synaptic ribbons and
glutamate receptors to quantify the functional synap-
ses in strains with the highest and lowest
suprathreshold wave 1 amplitudes pre- and post-
noise exposure. Animals were euthanized and intra-
cardially perfused after the second hearing measure-
ment and their cochleae were post-fixed with 4 % PFA
for 1 h. Fixed samples were rinsed extensively in
phosphate-buffered saline (PBS) and dissected under
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a microscope to three half turns and permeabilized in
1 % Triton X-100 solution for 15 min at room
temperature. The specimens were washed three times
with PBS and blocked with 10 % goat serum for 1 h at
room temperature. Tissues were incubated at 37 °C
overnight with the following primary antibodies:
monoclonal mouse anti-carboxyl-terminal binding
protein 2 (CtBP2) IgG1 at 1:200 (612044; BD Biosci-
ences), monoclonal mouse anti-GluR2 IgG2a at 1:1000
(MAB397; Millipore) and polyclonal rabbit ant-
myosin VIIa at 1:200 (25-6790; Proteus Biosciences).
The following day, after three 15-min PBS washes, the
tissues were incubated with the appropriate Alexa
Fluor 594, Alexa Fluor 488 and Alexa Fluor 633-
conjugated secondary antibodies at a concentration of
1:1000 for 1 h in darkness at room temperature.
Following the final washes after secondary incuba-
tions, samples were mounted on slides using ProLong
Glass antifade mountant and left to dry for at least
24 h before image acquisition.

Frequency regions corresponding to 16 and 32 kHz
were located through their distance from cochlear
apex, based on the placefrequency map from Miiller
et al. (2005) and imaged with a 20 x 1.4NA on a Zeiss
880 LSM airyscan confocal microscope (Carl Zeiss,
Oberkochen, Germany). After acquisition, images
were Airyscan processed and post-processed and
analyzed using Imaris software (BITPLANE) to quan-
tify the number of functional synapses. Briefly, the
puncta corresponding to synaptic ribbons and gluta-
mate receptors were reconstructed using the option
of spots recognition and limited to cytoplasmic
volume through Myo7a staining and a threshold level
of 12 voxels to define the minimum size of objects
selected was applied to all processed images and the
spot colocalization option was number of paired
synapses.

Gene Expression Data

Cochleae from each 6-week-old mice were isolated
from the 64 HMDP strains (3 mice/strain). The inner
ear was microdissected and the surrounding soft tissue
and the vestibular labyrinth was removed. The dis-
sected cochleae were then frozen in liquid nitrogen
and ground to powder. RNA was extracted and
purified by placing cochlea samples in RNA lysis
buffer (Ambion). The sample was incubated over-
night at 4 °C, centrifuged (12,000xg for 5 min) to
pellet insoluble materials, and the RNA isolated
following manufacturer’s recommendations. This pro-
cedure generated 300 ng of total RNA per mouse.
Gene expression analysis was performed, and gene
expression measurements were taken using Illumina’s
mouse whole genome expression kit, BeadChips.
Amplifications and hybridizations were performed

according to Illumina’s protocol (Southern California
Genome Consortium microarray core laboratory at
University of California, Los Angeles). RNA (100 ng)
was reverse transcribed to ¢cDNA using the Ambion
cDNA synthesis kit (AMIL1791) and then converted to
cRNA and labeled with biotin. Subsequently, 800 ng
of biotinylated ¢cRNA product was hybridized to
prepare whole genome arrays and was incubated
overnight (16-20 h) at 55 °C. Arrays were washed
and then stained with Cy3-labeled streptavadin. Excess
stain was removed by washing and then arrays were
dried and scanned on an Illumina BeadScan confocal
laser scanner.

Reagent and Data Availability

The authors state that all data necessary for
confirming the conclusions presented in the article
are represented fully within the article.

RESULTS

Baseline and Post-noise Exposure Phenotypic
Variation Within the HMDP

We tested 5-week-old female mice (n=635) from 102
HMDP strains (n=6-7/strain) at baseline and post-
noise exposure using ABR and calculated wave 1
suprathreshold amplitudes (P1-N1) at 8, 12, 16, 24,
and 32 kHz tone burst stimuli. A broad range of
suprathreshold ABR wave 1 amplitudes were detected
across the HMDP with differences between the lowest
and the highest strains at specific ABR stimulus
frequencies demonstrated Prior and after exposure
to damaging noise levels.

Figure 1 characterizes the variation in ABR wave 1
amplitude at baseline in HMDP strains. Frequencies
of 8, 12, 16, 24, and 32 kHz demonstrated differences
of 3.82,2.42, 2.62, 3.75, and 3.43-fold between highest
and lowest strains respectively prior to noise (Fig. 1).

At the baseline, several wave 1 amplitude patterns
were noticeable by looking to the highest and lowest
deciles: three strains among the top ten (BXH20/
KCc], BTBR T+tf/] and BALB/cBy]) exhibited higher
wave 1 amplitude measurement across four consecu-
tive or all frequencies. Other strains showed a
particular strength in specific cochlear regions. For
example, CXB9/HiA] had preferentially high wave 1
amplitude values across low frequencies while BXH9/
Ty] had stronger measurement at high frequencies.
SJL/J and BXA7/Pgn] were more consistent at mid
frequencies. A similar pattern was also seen among
the worst performer decile, NOR/Lt and AKR/]
recorded lowest wave 1 amplitude across all frequen-
cies. Other strains (BXD84/Rww], 129S1/SVIm] and
A/]) had a particular low wave 1 amplitude value at
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FIG. 1. Characterization of pre-exposure P1-N1 wave 1 amplitudes (at 80 dB SPL) in 102 HMDP inbred mouse strains

low frequencies while BXD55/Rww] and AXBI19b/
Pgn] were more affected at high frequencies.

The exposure to noise increased level of strain
variation particularly at mid and high frequencies.
Frequencies of 8, 12, 16, 24, and 32 kHz demonstrated
differences of 3.75, 2.43, 3.23, 5.20, and 7.5-fold post-
noise exposure (Fig. 2), respectively.

An analysis of the highest wave 1 amplitude decile
after noise shows that six strains (NZB/BINJ, SJL/],
LJ/], KK/Hi], BXD31/Ty] and AXB24/Pgn]) resisted
the noise induced decrease in wave 1 amplitude.
Another noticeable pattern was the low frequency
specific strength in wave 1 amplitude value at BXAl/
Pgn] and AXBI13/Pgn]. A similar analysis for the
lowest wave 1 amplitude deciles shows that four strains
BXD84/Rww], BXD55/Rww], 129S1/SVIm]J, and
AXB19b/Pgn] preserved their lower wave 1 amplitude
measurement across consecutive or all tested frequen-
cies. This strain associated variation in suprathreshold

ABR amplitudes prior and post-exposure to noise
support the hypothesis that this phenotype has a
genetic basis.

Next, we wanted to explore the relationship
between PI-N1 wave 1 amplitudes and their corre-
sponding ABR thresholds in HMDP strains prior and
after noise exposure. Scatter plots and Spearman
correlation data from Fig. 3 show a small but
significant inverse correlation between wave 1 ampli-
tudes and ABR threshold across all tested frequencies
prior and post-noise exposure. The degree of corre-
lation increases from low to high frequencies and
from pre- to postnoise exposure: 8 kHz frequency
pre-noise, (p=-0.353, p<0.001, Fig. 3a) vs 8 kHz post-
noise (p= -0.396, p<0.001, Fig. 3f). For 12 kHz
frequency pre-noise, the Spearman’s p = -0.395
(p<0.001, Fig. 3b) vs (p=0.476, p<0.001, Fig. 3g) in
post-noise exposure. The Spearman correlation for
16 kHz pre-noise (p= -0.370, £<0.001, Fig. 3c) vs
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FIG. 2. Characterization of post-noise exposure P1-N1 wave 1 amplitudes (at 80 dB SPL) in 102 HMDP inbred mouse strains

(p=-0.541, p<0.001, Fig. 3h) for 16 kHz post-noise.
Figure 3d shows (p =-0.442, < 0.001) for 24 kHz pre-
noise vs (p=-0.496, p<0.001) for 24 kHz post-noise
in Fig. 3i; while the highest Spearman’s p correlation
is attributed to 32 kHz prenoise (p= -0.570, p
<0.001, Fig. 3e) and 32 kHz post-noise (p= -0.562,
£<0.001, Fig. 3j).

Variation in Wave 1 Amplitudes Correlates with
Number of IHC Paired Synapses

To test the relation between suprathreshold wave 1
amplitudes and the number of functional synapses in
the HMDP, we selected the strains with highest and
lowest suprathreshold wave 1 amplitudes pre-
(BALB/cBy] and BXD84/Rww] respectively) and
postnoise exposure (NZB/BINJ and BXD55/Rww]
respectively) for paired synapse quantification.

Figure 4b shows that the number synapses varied in
conjunction with the corresponding wave 1 amplitude
values. At the 16 kHz frequency pre-noise, the paired
synapses mean for BALB/cBy] was 16.15+1.17 per
inner hair cell vs 13.59 +0.57 for BXD84/Rww] (p=
0.044). The difference was higher in the post-noise
comparison with the NZB/BIN]J strain having a mean
value of 8.428 + 1.82 vs 3.908 £ 1.91 for BXD55/Rww]
(p=0.005) demonstrating variation in the synapse
and/or ANF sensitivity to a noise. Mean ABR repre-
sentative waves (Fig. 4c) from the strains representing
the lowest and the highest ABR wave 1 measurement
prior and after noise exposure followed similar
pattern to the synaptic count of these strains; the
number of functional THC synapses varied in conjunc-
tion with the corresponding wave 1 amplitude values.
ABR threshold (Fig. 4d) corresponding of these 4
extreme strains inversely correlated with synapses
count in these strains. Mean ABR representative waves
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FIG. 3. Scatterplot and Spearman correlation between wave 1
amplitude and ABR threshold for individual mice pre- (left) and post-
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FIG. 4. a Representative images of synaptic immunolabeling for
the 16 kHz cochlear region pre-noise of highest BALB/cBy) and
lowest wave 1 BXD84/Rww] and the 32 kHz frequency region for the
highest and lowest wave 1 values post-noise exposure NZB/BINJ) and
BXD55/Rww] respectively. n=5 for each strain. Scale bar 10 ym. b
presents the quantification of paired synapses per IHC from the four

(Fig. 4¢) from the strains representing the lowest and
the highest ABR wave 1 measurement prior and after
noise exposure followed similar pattern to the synap-
tic count of these strains; the number of functional
IHC synapses varied in conjunction with the corre-
sponding wave 1 amplitude values. ABR threshold
(Fig. 4d) corresponding of these 4 extreme strains
inversely correlated with synapses count in these
strains.

GWAS for Suprathreshold ABR P1-N1 Variation at
Each Tested Frequency

Association analysis was applied to the response to
each tone pip stimulus separately to identify genetic
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conditions presented in a. ¢ Mean ABR trace recorded representing
four extreme strains upon 80 dB sound pressure level n=5 for each
strain. d ABR threshold (in dB SPL) plotted as a function of auditory
stimulus frequency (in kHz) n=5 for each strain. All data presented
as mean = SEM. The statistical tests were a priori selected
independent samples ttest. *p<0.05; *p<0.01

associations for the five tone-burst stimuli. We per-
formed a GWAS for both pre- (Fig. 5 a and b) and
post-noise exposure ABR P1-N1 suprathreshold (Fig. 5
¢ and d) in order to identify loci associated with the
various frequencies tested. Association p values
(adjusted) were calculated for 200,000 SNPs with
minor allele frequency of >5 % (p<0.05 genome-
wide equivalent for GWA using FaST-LMM in the
HMDP is p=4.1x 107°, - loglOP =5.39) as described
above.

At the genome-wide significance threshold (-logP =
5.39), associations on Chr. 3 and Chr. 16 were
identified pre-noise exposure (Fig. 5) and on Chr. 2
and Chr. 13 post-noise exposure. The details of each
association are provided in Table 1.
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a 16 kHz Pre Noise

C 8kHzPost Noise

FIG. 5. GWAS results for ABR wave 1 PI-N1 suprathreshold
amplitude in the HMDP. Manhattan plots showing the association
(~log10) p values (—logP) for 16 kHz (a) and 24 kHz (b) at pre-noise
and 8 kHz (¢) and 32 kHz (d) post-noise exposure in 102 HMDP
mouse strains. The analysis was performed using ~ 200,000 SNPs

Association Analysis

In order to characterize these 4 associated genomic
regions, we defined 2.6 Mb as our interval (Table 1).
Pre-noise exposure, ABR wave 1 PI-NI associations
exceeding the genome-wide significance threshold
were identified on chromosome 3 (Fig. 6a) and 16
(Fig. 6b). For post-noise exposure, associations were
significant on chromosome 13 (Fig. 6¢) and chromo-
some 2 (Fig. 6d).

Exploring Candidate Genes

Quantitative variation in gene expression levels in a
specific tissue can act as an intermediate phenotype

with a minor allele frequency>5 %. Each chromosome is plotted on
the x-axis in alternating brown and blue colors. SNPs on Chr. 16,
Chr. 3, Chr. 13, and Chr. 2 exceeded the predetermined genome-
wide significance threshold (—logP = 5.39 red line)

between genomic sequences variation and phenotypes
to explain the remaining “hidden” heritable factors.
The heritability of gene expression means it can be
subject to the same quantitative trait loci (QTL)
analyses as conventional trait data to reveal the so-
called expression quantitative trait loci (eQTLs).
Transcript abundance of each gene which will be
the phenotype analyzed, can therefore be mapped to
the genome using standard linkage methods, allowing
identification of eQTLs loci that explains fractions of
a gene expression phenotype.

Our cochlear expression data allowed us to analyze
all 50 identified candidate genes at each association
interval. Except the chromosome 16 locus, we identi-

TABLE 1

Genome-wide association results at baseline and post-noise exposure

Trait® Chr SNP Position (Mb)" -logP No. of genes® Human region
(Chr: start Mb-end Mb)
16 kHz pre-Exposure 16 JAX00424604 73.0 9.02E-07 2 Chr3:77.5-79.8
24 kHz pre-exposure 3 JAX00105429 25.7 1.12E-06 1 Chr3:171.3-1742
8 kHz post-exposure 13 JAX00049416 116.5 1.07E-06 23 Chr5:50.7-54.9
32 kHz post-exposure 2 JAX00497967 101.9 3.68E-08 14 Chr11:34.8-37.1

*Pre- and post-noise exposure suprathreshold ABR wave 1 P1-N1 amplitudes at different stimulus frequencies

Locations based on genome assembly (NCBI's Build37)

“Number of ReiSeq genes (NCBI's Build37 assembly) located in the mouse association confidence interval 2.6 Mb)
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FIG. 6. Genomic interval of the significant association centered on
the lead SNP for 24 kHz (a) and 16 kHz (b) pre-noise exposure and
8 kHz () and 32 kHz (d) post-noise exposure in 102 HMDP inbred
mouse strains. The blue diamond represents the most significant SNP
and SNPs are colored based on their LD with the most significant

fied genes within each of the intervals regulated by a
local eQTL. In order to perform eQTL analysis, we
generated gene expression microarray profiles using
RNA isolated from cochleae in 64 HMDP strains (n=3
arrays per strain). We then used EMMA to perform an
association analysis between all SNPs and array probes
mapping within each region. A total of 18,138 genes
were represented by at least one probe, after exclud-
ing probes that overlapped SNPs present among the
classical inbred strains used in the HMDP as describe
in the methods.

Loci in which peak SNPs mapped to within 2 Mb of
the gene whose expression was regulated were
considered “local” or cis-acting eQTLs, while SNPs
mapping elsewhere were considered “distal” and
presumably trans-acting eQTLs. We calculated the
significant p value cutoff (p=1x 10°) for local and
distal associations. These genes were prioritized based
upon whether they were regulated by a local expres-
sion QTL (eQTL). A total of 17 genes (2 genes within
Chr. 3 association, 6 genes within Chr. 2 association,
and 9 genes within Chr. 13 association) were identi-
fied with at least 1 probe whose expression was

-arTe S

nes

cs
ce
o

w 0s "e 028 1903
Posion (Mb)
SNP being red SNPs in LD at r2 > 0.8, orange SNPs in LD at r2 > 0.6
and green SNPs in LD at r2 >0.4. The positions of all RefSeq genes
are plotted using genome locations (NCBI's Build37 genome
assembly)

regulated by a significant cis eQTL in the cochlea
(Table 2). Although there were no cochlear ciseQTLs
identified for genes within the interval associated with
the pre-noise suprathreshold wave 1 amplitude de-
rived from the 24 kHz tone-burst stimulus, the lead
SNP lies within a region containing only two genes,
Robol and Robo2, both associated with innervation of
the mouse cochlea validating our approach (Wang
et al. 2013).

DISCUSSION

This study is the first genome-wide association study in
mice using suprathreshold ABR wave 1 amplitude and
the first large-scale assessment of this phenotype. The
authors acknowledge limitations of this study. First, we
measured wave 1 amplitudes at a single stimulus
intensity (80 dB SPL) and compared these across
strains with varying pre- and post-noise thresholds. A
single stimulus level may not activate the same
contributing elements across strains and conditions,
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TABLE 2

Candidate genes within 3 association peaks regulated by cis eQTL in the cochlea

Gene RefSeq Chr txStart (bp)’ txEnd (bp/’ Local eQTL p°
Ghsr ILMN_2872464 3 27,371,351 27,378,010 1.42E-06
Fndc3b ILMN_2862567 3 27,416,162 27,710,439 2.35E-06
B230118HO7Rik ILMN_2726101 2 101,560,781 101,649,532 3.42E-06
Ldlrad3 ILMN_1217129 2 101,950,203 102,186,385 3.56E-06
Trim44 ILMN_2471289 2 102,300,119 102,407,828 3.6E-06
Cd44 ILMN_3114585 2 102,810,241 102,901,665 3.65E-06
Slc1a2 ILMN_2642339 2 102,658,659 102,790,784 3.82E-06
Traf6 ILMN_2427560 2 101,678,429 101,701,669 3.90E-06
Slc38a9 ILMN_1242435 13 112,660,766 112,738,743 4.01E-06
Esm1 ILMN_1257574 13 113,209,659 113,218,098 2.03E-07
Ndufs4 ILMN_1234521 13 114,287,795 114,388,094 1.84E-06
Ppap2a ILMN_1222991 13 112,800,894 112,867,881 2.46E-06
Itgal ILMN_2701778 13 62,677,826 62,783,982 9.28E-07
Dhx29 ILMN_2892376 13 112,927,730 112,969,431 2.58E-06
Pelo ILMN_2853658 13 115,088,357 115,090,188 2.62E-06
Ccno ILMN_2736471 13 112,987,802 112,990,778 2.87E-06
Gpx8 ILMN_2653166 13 113,042,763 113,046,388 3.10E-06

“iStart, location of transcription (NCBI Build37 genome assembly) start
PtxEnd, location of transcription (NCBI Build37 genome assembly) end

“Statistically significant p value < E-06 (Bonferroni corrected for the number of probes tested)

potentially confounding the phenotypic analysis. Also,
because of the tail structure of neural frequency
tuning curves (Taberner and Liberman 2005), ABR
input/output curves are not frequency-place specific.
Thus, damage to inner hair cells or neurons at the
basal end of the cochlea may impact the apparent size
of wave 1 regardless of stimulus frequency. Converse-
ly, tuning curve tails resist changes that pathology
often causes at the tips of tuning curves, so that basal
injury need not affect wave I at high sound levels as
long as the neurons survive. While it remains possible
that differences in wave 1 do not reflect true genetic
differences in synaptic operation at the cochlear
locations targeted by the frequencies we used, the
plausibility of the candidate genes we identified
supports our approach. These data will assist re-
searchers in the study of genes and pathways involved
in cochlear innervation both at baseline and after
noise exposure. The HMDP has been used successful-
ly to examine the genetics of a wide array of
phenotypes by us and others including plasma lipids
(Bennett et al. 2009), bone density (Farber et al
2011), blood cell traits (Davis et al. 2013), conditioned
fear responses (Park et al. 2011), gene-by-diet interac-
tions in obesity (Parks et al. 2013), inflammatory
responses (Orozco et al. 2015), age-related hearing
loss (Ohmen et al. 2014), NIHL (Lavinsky et al. 2015),
diabetes (Parks et al. 2015), and heart failure (Rau
et al. 2015). In many of these studies including ours,
genes at the identified loci were validated as causal
using engineered mouse models and several of them
corresponded to loci identified in human GWAS.

Recent expansion of the depth of genotyping and
the number of HMDP strains has led to an increase in
the number of significant associations detected (Rau
et al. 2015). There exist additional resources for the
study of complex traits in mice such as the Collabo-
rative Cross (CC), outbred rodent populations (OS),
and Chromosome Substitution Strains (CSS) that have
the added advantage of wild strain variation and the
potential for identifying additional loci (Buchner and
Nadeau 2015). The HMDP has the advantage of
genomic homozygosity and complete reproducibility
of phenotypic measurements and recent additions to
the HMDP including the addition of ~75 additional
strains and higher density SNP genotyping have
substantially increased the power and genomic cover-
age (Rau et al. 2015). Although the HMDP may not
capture SNP variation from wild strains, the limita-
tions of the other resources, including the need for
whole genome genotyping of successive generations
in the OS and CC and the need for generation of
subcongenics in the CSS compelled us to use the
HMDP resource.

Our data showed a broad range of suprathreshold
ABR wave 1 amplitudes with a discernable pattern
detected prior and after noise exposure across HMDP
strains and a significant small inverse correlation
between ABR wave 1 amplitudes values and their
corresponding ABR thresholds. Using ABR measure-
ment, we and others previously identified several
distinct patterns of baseline hearing deficits (Zheng
et al. 1999) (Myint et al. 2016). We have also
characterized several distinct patterns of noise-



Boussaty e1 aL.: The Genetics of Variation of the Wave 1 Amplitude of the Mouse

sensitivity using HMDP strains (Myint et al. 2016).
This strain associated variation in ABR amplitudes
presented here support the hypothesis that this
phenotype has a genetic background.

The analysis of synaptic counts from the 4 extreme
strains representing the lowest and the highest ABR
wave 1 measurement prior and after noise exposure
supported the hypothesis that the number of func-
tional THC synapses varied in conjunction with the
corresponding wave 1 amplitude values and that ABR
P1-N1 amplitude can be used as a reliable metric to
indirectly analyze the synaptic function and
synaptopathy in large populations. Sergeyenko et al.
(2013) have shown that loss of IHC synapses correlate
with decrease in wave 1 amplitude. Although the
significant variation in synapses count between the
strains presented in pre-noise condition may not have
reflected the fullscale difference in ABR wave 1
amplitude measures, synaptopathy can present itself
in the form of abnormal Synaptic function instead of
the more common absence of these synapses, partic-
ularly at baseline condition. Recently, Clrn 1
Myol5-Cre”~ a mouse model lacking a variant of
Clarinl was shown to have diminished wave I ampli-
tude, defective exocytosis and disorganized distribu-
tion of Cay1.3 Ca” channels (Dulon et al. 2018). Otof

C2C/C2C is another model lacking an otoferlin functional C2C
calcium binding site, showed reduced ABR wave I amplimude and
disrupted vesicle pool replenishment compared with their wildtype
controls (Michalski et al. 2017). These two models presented similar

synapses numbers to theirs control despite the apparent synaptopathy.

Our GWAS generated significant associations in
two regions for baseline hearing and another two
separate regions after exposure to damaging noise
generating a total 50 identified candidate genes.
Using our cochlear gene expression data and eQTL
analysis we were able to narrow down candidate genes
substantially. Our findings demonstrate that the
genetic architecture of noise induced cochlear
synaptopathy is distinct from that of baseline auditory
nerve/synapse integrity.

One locus at baseline and two loci at post-exposure
to noise had at least two genes within the association
peak regulated by a significant local cochlear eQTL
(Table 2) and the other locus resides within a region
containing only two genes, Robol and Robo2. All 17
candidate genes with cise¢QTLs, are expressed within
the cells of the cochlear epithelium and spiral
ganglion (https://umgear.org/).

Slcla2 is a strong candidate for the 32kHz (post-noise
exposure) locus based on our cochlear eQTL data. Slcla2
encodes a member of a family of solute transporter
proteins (Arriza et al. 1994). This membrane-bound
protein is the key transporter that clears the excitatory
neurotransmitter glutamate from the extracellular space
at synapses in the nervous system. Glutamate clearance is

required for precise synaptic activation and to prevent
neuronal damage from excessive activation of glutamate
receptors. The synapse is composed of a presynaptic
ribbon enclosed by a halo of neurotransmitter-containing
vesicles within the inner hair cells (Nouvian et al. 2006)
and a postsynaptic active zone on the cochlear nerve
terminal with glutamate (AMPA-type) receptors for the
released neurotransmitter (Puel et al. 1995). Abnormal
regulation of this gene is thought to be related to several
neurological disorders (Xu et al. 2016). Puel et al. (1998)
has shown that local application of glutamate receptor
(GluR) agonists can produce dose-dependent swelling of
cochlear nerve terminals contacting IHCs. The dendritic
inflammaton is observed under inner hair cells, but not
outer hair cells, and is prevented by prior intracochlear
perfusion of glutamate antagonists (Ruel et al. 2007).
Based on conjectures (Kujawa and Liberman 2009), this
excitotoxicity would be a primary initial insult in the
inflammatory cascade observed after noise. Thus, Skla2
could play an important role in the susceptibility to noise-
induced cochlear synaptopathy by regulating the gluta-
mate clearance after exposure.

Neuroglinl, a candidate gene at the 24-kHz (pre-
noise exposure) locus, is a synaptic cell adhesion
molecule that connects pre- and post-synaptic neu-
rons. Neuroglinl is responsible for signaling across the
synapse which regulates synaptic activity and deter-
mines the properties of neuronal networks (Gjorlund
et al. 2012) but has no known function in the auditory
system.

Wang et al,, 2013 have previously demonstrated
that both Robol and Robo2 were actively expressed
by spiral ganglion neurons. Also, in Robol/2 double
mutants at EI8, spiral ganglion neurons were
dislocated in the space dorsal to the cochlear
epithelium and did not innervate hair cells. Thus,
Robo signaling mediates spatial positioning of spiral
ganglion neurons during development of cochlear.
Interestingly, there were no significant alterations of
the overall cochlear structure in Robol/2 double
mutants in comparison with their heterozygous litter-
mates (hair cells persisted unaffected) (Wang et al.
2013). Thus, our baseline GWAS data on chromosome
16 with the peak SNP within Robol validates our
approach.

Future studies will be dedicated to the validation of
candidate genes through the analyses of the strains
with the most extreme phenotypes and the use of
transgenic and/or CRISPR models.

CONCLUSIONS

We have performed the first comprehensive analysis
of suprathreshold ABR wave 1 amplitude in mice and
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have begun to elucidate the genetic architecture of
the auditory hair cell synapse and the susceptibility to
noise- induced cochlear synaptopathy. We identified
multiple novel loci and, using our cochlear eQTLs, we
prioritized positional candidate genes. These findings
validate the utility of the HMDP for detecting genes
related to auditory function and provide potential
candidates for more in-depth analyses.
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10. ANEXOS
10.1. TABELA SUPLEMENTAR 1

Wave | Basal Amplitudes Wave | post-noise exposure Amplitudes
Strain Id Mice Id 8KHz 12KHz 16KHz 24KHz 32KH 8KHz 12KHz 16KHz 24KHz 32KHz

1 12951/Svim) 1 0,23 0 0 0,88 0,75 0 0 0 0,81 0
2 12951/Svim) 2 0,08 0 0 0,1 0,22 0 0 0 0 0
3 AXB1/Pgn) 1 0,44 0,52 0,48 1,08 0,44 0,2 0,28 0,24 0 0
4 AXB1/Pgn) 2 2,4 3,33 3,08 2,15 1,18 1,53 1,98 1,66 1,1 0,53
5 AXB1/PgnJ 3 2,39 3,7 3,35 2 1,22 1,83 2,38 2,2 1,54 0,93
6 AXB6/PgnJ 1 0,76 2,17 1,71 1,7 0,85 0,4 0,48 0,44 0,36 0,4
7 AXB6/PgnJ 2 1,72 2,58 1,81 2,06 1,49 0,44 0,52 0,52 0,52 0,52
8 AXB8/Pgn) 1 1,36 2,16 2,31 1,56 0,74 1,22 1,96 0 0 0
9 AXB8/Pgnl 2 1,44 1,62 2,05 1,55 1,08 0,65 0,2 0,4 0 0,29
10 AXB8/Pgn) 3 1,21 2,26 2,31 1,24 1,55 1,2 0,07 0,33 0,37 0,14
11 AXB10/PgnJ 1 1,21 3,29 2,51 1,92 1,13 0,97 1,53 1,63 0,68 0,01
12 AXB12/PgnJ 1 1,83 2,22 2,64 0,99 0,86 1,27 1,91 1,38 0,77 0,65
13 AXB12/Pgn) 2 1,21 3,56 3,06 0,29 1,18 0 1,53 1,76 0 0,27
14 AXB19a/Pgn. 1 2,62 2,37 1,16 0,32 0,26 0,52 0,06 0,21 0,22 0,05
15 AXB19b/Pgn. 1 1,51 1,88 1,34 0,18 0,18 1,25 0 0,16 0,17 0,03
16 A/J 1 0,17 0,14 0,04 0,05 0,32 0 0 0 0 0
17 A/) 2 0,22 0,16 0,11 0,27 0 0 0 0 0 0
18 A/J 3 0,09 0,13 0,31 0 0 0 0 0 0 0
19 A/J 4 0 0 0,5 0 0 0 0 0 0 0
20 A/J 5 0 0 0 0 0,45 0 0 0 0 0
21 A/) 6 0 0 0,75 0,74 0,43 0 0 0 0 0
22 A/) 7 0 0 0 0 0,12 0 0 0 0 0
23 A/) 8 0,06 0,15 0,1 0,25 0 0 0 0 0 0
24 AKXL17A/Ty) 1 0,07 0,16 0,12 0,06 0,11 0 0 0 0 0
25 BXH2/Ty) 1 0,15 0,08 0,1 0,1 0,22 0 0 0 0 0
26 BXH2/Ty) 2 0,17 0,11 0,11 0,19 0,21 0 0 0 0 0
27 BXH2/Ty) 3 0,08 0,18 0,08 0,1 0,09 0 0 0 0 0
28 BXH2/Ty) 4 1,84 2,03 2,63 1,92 2,28 0 0 0 0 0
29 BXH2/Ty) 5 1,35 1,98 2,86 1,85 1,74 0 0 0 0 0
30 BXH2/TyJ 6 1,54 1,52 2,21 1,97 1,53 0 0 0 0 0
31 BXH2/Ty) 7 2,07 1,89 2,72 1,72 1,35 0,96 0,73 0,47 0,06 0,05
32 BXH2/Ty) 8 2,15 2,4 2,7 1,82 1,33 1,49 1,36 1,21 0,5 0
33 BXH6/Ty) 1 1,28 2,49 3,01 1,6 0,17 0,38 0,72 0 0,55 0
34 BXH7/Ty) 1 1,27 1,71 2,13 1,42 1,95 1,07 1,36 1,61 0,85 1,15
35 BXH8/TyJ 1 0,95 1,84 2,29 1,43 1,79 0,4 0,08 0,2 0,2 0,48
36 BXH8/TyJ 2 1,3 2,79 4,22 1,97 2,04 0,48 0,48 0,4 0,4 0,52
37 BXH8/Ty) 3 0,27 0,93 0,7 0,72 1,02 0 0 0 0 0
38 BXH8/Ty) 4 0,04 0,05 0,02 0,65 0,79 0 0 0 0 0
39 BXH8/TyJ 5 0,69 1,59 0,12 0,2 1,27 0 0 0 0 0
40 BXH8/Ty) 6 1,34 2,5 2,34 1,33 1,21 0,12 0 0,2 0,27 0,39
41 BXH8/Ty) 7 0 0 0 2,3 0 0 0 0 0 0
42 BXH8/Ty) 8 0,51 0,15 0,13 0,07 0,5 0 0 0 0 0
43 BXH9/Ty) 1 2,16 5,46 4,22 2,79 2,38 0,2 0,16 0,08 0,36 0,44
44 BXH9/Ty) 2 1,69 3,3 2,83 1,99 2,51 0,48 0,44 0,56 0,44 0,36
45 BXH9/Ty) 3 1,94 3,5 4,5 3,42 3,53 1,49 1,8 1,59 0,13 0,17
46 BXH9/Ty) 4 2,2 2,48 2,35 2,46 3,08 1,61 1,92 2,32 1,35 1,47
47 BXH14/Ty) 1 0,48 0,76 0,48 0,44 0,76 0,48 0,4 0,4 0,32 0,4
48 BXH14/Ty) 2 0,56 0,52 0,48 0,52 0,48 0,44 0,44 0,4 0,44 0,44
49 BXH19/Ty) 1 0,48 0,4 0,52 0,2 0,48 0,48 0,24 0,36 0,08 0,2
50 BXH20/KCc) 1 2,34 2,67 2,99 2,56 2,38 0 0 0 0 0
51 BXH20/KCc) 2 1,97 3,54 3,69 2,13 2,78 0 0 0 0 0
52 BXH20/KCc) 3 1,76 3,08 3,61 2,49 2,7 0 0 0 0 0
53 BXH22/KCc) 1 15 2,14 1,93 1,06 1,32 0,24 0,4 0,2 0,24 0,16
54 BXH22/KCc) 2 1,38 2,59 2,05 0,28 1,1 0,48 0,36 0,24 0,04 0,44
55 BXH22/KCc) 3 1,46 2,43 2,56 2,33 2,03 1,41 0,74 0,6 0,15 0
56 BXH22/KCc) 4 2,01 2,76 2,19 1,95 1,85 0,37 1,15 0,42 0,17 0,37
57 BALB/c) 1 1,55 3,13 3,19 1,77 1,91 0,03 0,21 0,04 0,05 0,15
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