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RESUMO

A funcdo do espermatozoide pode ser comprometida por condi¢cdes ambientais
adversas. Estudos ji demonstraram que a exposicdo in vivo e in vitro de
espermatozoides bovinos a temperatura elevada induz a morte celular, reduz a
motilidade espermadtica e o potencial fertilizante do espermatozoide. No entanto, as
alteracdes celulares induzidas pelo choque térmico em espermatozoides bovinos ainda
sdo controversas. Portanto, o objetivo deste estudo foi determinar o efeito do choque
térmico em espermatozoides de touros holandeses na motilidade espermatica, producéo
de espécies reativas de oxigénio (EROs), atividade mitocondrial, atividade de caspase,
potencial de fertilizacdo, cinética e desenvolvimento embriondrio pré-implantacional.
As amostras de sémen foram descongeladas e submetidas ao gradiente de Percoll. Na
amostra controle (sem incubacdo) os espermatozoides foram avaliados imediatamente
apdés o gradiente de Percoll. Posteriormente, as amostras foram incubadas a 35 °C
(Controle da temperatura testicular), 38,5 °C (temperatura corporal) e 41 °C (choque
térmico) por 4 horas. O choque térmico de 41 °C reduziu a motilidade espermética apds
2 h de incubacdo em comparagdo com 35 e 38,5 °C. A exposicdo de espermatozoides a
diferentes temperaturas aumentou a producdo de EROs, sendo este efeito mais
acentuado no grupo 41°C em relagdo aos demais tratamentos. O aumento das EROs em
espermatozoides submetidos ao choque térmico foi seguido da reducdo na atividade
mitocondrial espermética e aumento na atividade de enzimas caspases. A exposicao de
espermatozoides ao choque térmico também reduziu o potencial fecundante do
espermatozoide, alterou a cinética de desenvolvimento de embrides de 2-células, a
cinética da clivagem embriondria e o desenvolvimento a blastocisto. Em conclusdo, a
exposicdo de espermatozoides de touros holandeses ao choque térmico desencadeou o
estresse oxidativo, alteragdes celulares compativeis com apoptose e comprometeu o

desenvolvimento embrionario.



ABSTRACT

Sperm function can be compromised by adverse environmental conditions. It has
been demonstrated that in vivo and in vitro exposure of bovine sperm to elevated
temperature induces cell death, reduces sperm motility and fertilizing potential.
However, the role of heat shock on sperm apoptosis still controversial. Therefore, the
objective of this study was to determine the effect Holstein sperm heat shock on sperm
motility, oxidative stress production, mitochondrial activity, caspase activity, fertilizing
potential and subsequent preimplantation embryonic development. Frozen-thawed
Holstein sperm were subjected to control (non-incubation: sperm were evaluated
immediately after Percoll gradient) and incubation at 35°C (testicular temperature
control), 38.5°C (body temperature) and 41°C (heat shock) for 4 hours. Heat shock
reduced sperm motility after 3 and 4 h incubation at 41°C as compared to 35 and
38.5°C. Sperm mitochondrial activity was reduced by 38.5 and 41°C when compared to
control. Heat shock also increased caspase activity after 41°C incubation for 4 hours as
compared to 35°C and control. When sperm were incubated at different temperature for
4 h, there was a evidence enhance in ROS quantity induced by heat stress. Initial
cleavages, evaluated as 2-cell embryo, were more expressive at 35 hpi when compared
with other times of evaluation. Total cleavage was also more significant at 35 hpi.. The
percentage of oocytes fertilized, cleaved and that reached the 2-cell and blastocyst stage
was reduced by 41°C when compared to 35°C and control. There was no differences
between 38.5 and 41°C for these variables. In conclusion, exposure of Holstein sperm to
heat shock during 4 hours reduced sperm function as compared to sperm at testicular

temperature.
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1 INTRODUCAO E JUSTIFICATIVA

O Brasil € o pafs com o segundo maior rebanho bovino do mundo e o maior
exportador de carne desde 2004 (Brasil, 2012/2013 a 2022/2023). Também ¢
considerado um grande produtor mundial de leite bovino e sua projecdo de crescimento
estd em torno de 1,9% ao ano (Brasil, 2012/2013 a 2022/2023).

Em sistemas de pecudria extensiva, a presenca fisica dos touros corresponde a
apenas 5% do total de animais. No entanto, na cadeia produtiva da bovinocultura, um
macho € responsdvel por mais de 70% do melhoramento genético do rebanho (Ferreira
et al., 2009).

Por centenas de milhares de anos a evolucgdo das subsepécies Bos taurus taurus e
Bos taurus indicus ocorreu sob diferentes condigdes ambientais (Hansen, 2004). Os
bovinos taurinos evoluiram em clima temperado e ndo foram expostos ao desafio dos
estresses presentes nas regides tropicais, sendo pouco produtivos nestes ambientes.
Todavia, os zebuinos evoluiram nos tropicos na presenca de elevadas cargas de calor, de
doencas tropicais e de alto desafio de parasitas internos e externos (Assis, 2007).
Ademais, esses animais tendem a ter uma menor exigéncia nutricional e a responder
melhor do que animais Bos taurus taurus em ambientes com certo grau de restricdo
nutricional (Medeiros e Vieira, 1997). Entretanto, os bovinos em condi¢des de estresse
térmico, induzidos artificialmente quanto naturalmente pela estacio do ano, apresentam
inibi¢do da secrecio de GnRH (hormonio liberador de gonadotrofinas). Como
consequéncia, na hipofise anterior, hd a queda na liberacio de LH (hormdnio
luteinizante) e de FSH (hormonio foliculo estimulante). A diminui¢do na liberacdo das
gonadotrofinas (LH e FSH) afeta producao de estrégenos, acarretando varios problemas
de ordem reprodutiva no macho e na fémea (Butler et al., 2003; De Rensis e
Scaramuzzi, 2003)

Grande parte dos animais de produgdo apresentam perda de sua performance
reprodutiva com o aumento de 1 °C na temperatura retal (MCDowell et al., 1976). Este
aumento de temperatura quando nas primeiras 12 h ap6s inseminacdo artificial diminui
a fertilizagdo em cerca de 16% e aumenta a taxa de mortalidade embriondria de 45 para
61% entre os dias 35 e 42 de gestagcdo (Ulberg e Burfening, 1967). Assim, em vacas
lactantes a exposi¢do em temperaturas e umidade elevadas causa hipertermia, resultando
em estresse térmico e diminui¢do dos indices de gestagdo (Al-katanani et al., 1999).

Nestas condicdes, os animais podem atingir e até ultrapassar temperaturas retais de 41
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°C (Ealy et al., 1993) estando esta temperatura associada a baixa taxa de prenhez
(Ulberg e Burfening, 1967).

A infertilidade ou sub-fertilidade de touros € um dos principais problemas em
criacdo animal, pois tem um impacto significativo sobre o desempenho reprodutivo do
rebanho. Os efeitos das mudangas climdticas e do aquecimento global afetam
imensamente a saide dos bovinos (Nardone et al., 2010). As altas temperaturas tipicas
do Brasil promovem o aumento da temperatura corporal em animais de aptidao para a
produgdo de leite e carne, o que resulta em diminui¢do da produtividade e fertilidade
(Hansen, 2009).

Entre as diversas causas que provocam a diminui¢io do desempenho reprodutivo
de touros, destacam-se as condi¢des ambientais adversas (Hansen, 2009). Segundo
Skinner Louw (1966), a temperatura ambiente critica para prejuizo na espermatogénese
em touros Bos taurus indicus e Bos taurus taurus estd entre 27 °C e 32 °C. Estas
temperaturas causam estresse térmico levando ao aumento da temperatura escrotal e
testicular com consequente degeneragio testicular (Waites, 1970).

Estudos utilizando modelo de insulagdo escrotal demonstraram que o aumento
da temperatura escrotal causa erros na espermatogénese com aumento na produgdo de
espermatozoides anormais, reducdo da motilidade e comprometimento da maturagéo
espermdtica. Nestes estudos, as alteracdes esperméticas ocorreram 12 a 14 dias apds a
exposicdo do animal ao estresse térmico, permanecendo por 26 a 90 dias pds-insulacio
escrotal, dependendo da severidade de estresse térmico ao qual os animais foram
submetidos (Setchell, 1998). Além disto, a insulag@o escrotal reduziu o nimero total de
espermatozoides ejaculados possivelmente devido reabsor¢cdo dos espermatozoides com
defeitos morfolégicos no epididimo e ductos deferentes. No entanto, o nimero de
espermatozoides ejaculados retornou aos valores experimentais iniciais apds a remocao
da insulacdo escrotal (Setchell, 1998). Nestes estudos, as taxas de clivagem
demonstraram-se semelhantes quando odcitos foram fecundados com espermatozoides
de touros pré-insulagdo e nos dias 7 e 14 pos- insulacdo. No entanto, as taxas de
blastocisto foram reduzidas quando os odcitos foram fecundados com espermatozoides
coletados no dia 14 e 21 pds-insulagido (Fernandes et al., 2008). Além de reduzir a
capacidade fecundante do espermatozoide, o estresse térmico também aumentou as
taxas de blastomeros positivos para apoptose apds a fecundagdo de odcitos com sémen

coletado de touros submetidos a insulagéo escrotal de 48 horas (Walters et al., 2005).
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Os efeitos diretos da temperatura elevada na fungdo espermdtica também ja
foram demonstrados em experimentos in vitro (choque térmico). A exposicdo de
espermatozoides bovinos as temperaturas entre 41 a 43 °C reduziram a viabilidade
espermadtica em funcdo do tempo de exposi¢ido quando comparados ao controle 39 °C. A
exposicdo dos espermatozoides a temperatura de 41 °C por 3 ou 4 horas, levou a
diminuicdo da motilidade espermética. As temperaturas de 41 °C e 42 °C reduziram a
velocidade espermdtica, enquanto que a temperatura de 43 °C reduziu
significativamente a viabilidade e motilidade dos espermatozoides (Monterroso et al.,
1995). No entanto, ndo foram observadas diferencas na resisténcia ao choque térmico
entre espermatozoides Bos taurus indicus e Bos taurus taurus (Chandolia et al., 1999).

O efeito deletério do choque térmico na capacidade fecundante do
espermatozoide e na capacidade de produzir embrides depende da intensidade do
estresse (Chandolia et al., 1999; Rahman et al., 2014). A incubagdo de espermatozoides
a 38,5 °C e 40 °C por 4 horas diminuiu a motilidade espermdtica em ambos os grupos,
sendo esta reducdo mais severa na temperatura de 40 °C. Outrossim, a incubagdo dos
espermatozoides a 40 °C por 4 horas ndo afetou as taxas de fecundagdo, clivagem e
desenvolvimento a blastocisto (Hendricks et al, 2009). Entretanto, quando
espermatozoides foram submetidos ao choque térmico de 41 °C por 4 horas houve
reducdo na porcentagem de células espermdticas com motilidade progressiva, na
integridade de membrana plasmdtica, no potencial de membrana mitocondrial, na
proporcao de odcitos fecundados (formagdo de pré-nicleos), clivados e que atingiram o
estdgio de blastocisto (Rahman et al., 2014).

Deste modo, a infertilidade causada pelo estresse térmico é um problema de
ordem multifatorial, pois afeta as fungdes fisioldgicas e celulares em varios tecidos. No que diz
respeito a func¢do reprodutiva do touro, o estresse térmico causa erros na espermatogénese
com aumento na producdo de espermatozoides anormais, comprometimento da
maturacdo espermadtica no epididimo e reducdo da motilidade (Setchell, 1998). Jd no
trato reprodutor da vaca o estresse térmico compromete o crescimento folicular (Badinga et al.,
1993; Wolfenson et al., 1995), a fungdo do endométrio (Malayer et al., 1988), o fluxo sanguineo
para o utero (ROMAN-PONCE et al., 1978) além de reduzir a taxa de fertilizacdo e aumentar a
morte embriondria (Ulberg e Burfening, 1967). Com tal caracteristicas, o intuito deste
trabalho foi avaliar o efeito do trato reprodutor da vaca no choque térmico de

espermatozoides de touros holandeses.
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2 REVISAO DE LITERATURA

2.1 Espermatogénese em touros

O desenvolvimento do gameta masculino € um programa de diferenciacio
complexo que produz espermatozoides altamente especializados (Hess e Renato De
Franca, 2008). Este processo chamado de espermatogénese é caracterizado como uma
etapa de divisdo e diferenciag@o, através do qual, os espermatozoides sdo produzidos em
tdbulos seminiferos dos testiculos (Johnson et al., 2000).

Durante o desenvolvimento embriondrio, células especiais chamadas células
germinativas primordiais migram da direcdo do saco vitelinico do embrido para as
gbénadas indiferenciadas. Depois de atingir a gbénada fetal, as células primordiais
dividem-se vdrias vezes antes de formar as células chamadas gondcitos. No macho,
estes gondcitos parecem sofrer uma diferenciacdo imediatamente antes da puberdade
para formar o tipo de espermatogdnia A(Q das quais originam-se outras células
germinativas. O tipo de espermatogdnia Al divide-se progressivamente para formar o
tipo A2, tipo A3 e tipo A4. O tipo A4 divide-se novamente para formar
espermatogoOnias intermedidrias (tipo In) e entdo novamente para formar o tipo B de
espermatogonia. Este processo é chamado espermatocitogénese. Todo processo de
espermatocitogénese divisional, desde espermatogbnia até espermadtide, leva
aproximadamente 45 dias no touro. Todavia estas divisdes sdao incompletas desde que
pequenas pontes citoplasmadticas ou intercelulares ficam retidas entre a maioria das
células de uma série ou de um ‘“clone” de células germinativas de células de
desenvolvimento (Bloom e Fawcett, 1975; Izadyar et al., 2002).

A espermatogénese comeca pouco depois do nascimento por proliferacdo das
células espermatogoniais que se dividem por mitose para manter seus proprios nimeros
e para produzir espermatdcitos primarios, que dividem-se por meiose para produzir
espermatdcitos secunddrios. Este sofrem meiose originando as espermdtides
arredondadas e hapléides que diferenciam-se (sem mais divisdo) em espermatozoides
maduros (Johnson et al., 2000). As mudangas morfoldgicas, tais como a formagdo do
acrossoma e flagelo, modelag@o nuclear e condensa¢@o da cromatina, ocorrem durante a
diferenciagdo das espermdtides arredondadas hapldides apds a divisdo meidtica
(espermiogénese) (Yadav e Kotaja, 2014). A unidade estrutural basica da cromatina € o

nucleossoma, composto de DNA envolvido em torno de varias proteinas de ligacdo
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chamadas histonas. A cromatina é fortemente compactada com a ajuda de protaminas
espermdticas que substituem a maioria das histonas permitindo uma prote¢do mais
eficiente do DNA. As histonas centrais (H2A, H2B, H3 e H4) sdo pequenas proteinas
basicas que permitem a compactacdo do DNA gendmico eucariética nos nicleos. Como
resultado da espermiogénese, os espermatozoides sdo equipados com todas as estruturas
necessdrias para as suas funcdes potenciais. Os espermatozoides sdo liberados no limen
dos tdbulos seminiferos, nos quais posteriormente, se direcionam para o epididimo. O
transito dos espermatozoides através do longo ducto epididiméario é importante para a
sua maturacdo final e aquisicdo da capacidade de motilidade espermética (Yadav e
Kotaja, 2014).

No touro, as fases de divisdo mitdtica, meidtica e a espermiogénese
caracterizadas por divisdes e/ou a diferenciacdes em espermatogonias, espermatocitos e
espermétides tem duracdo de 21, 23 e 17 dias, respectivamente, resultando em 61 dias
(Rp, 1970).

As células germinativas localizadas no compartimento basal do epitélio
seminifero proporcionam uma fonte de células indiferenciadas que permitem a producdo
de espermatozoides ao longo de todo o periodo de maturidade sexual (De Rooij e
Russell, 2000). Curiosamente, estudos recentes t€m conseguido gerar células estaminais
embriondrias totipotentes a partir de células estaminais germinais masculinas (Fagoonee
et al., 2011). Portanto, as células germinativas masculinas isoladas dos testiculos
adultos podem oferecer uma ferramenta poderosa para a medicina regenerativa (Bjork et
al., 2010).

A diferenciacdo das células germinativas masculinas é coordenada por padrdes
de expressdo de genes especificos, que sdo rigidamente controlados ao nivel
transcricional e pds-transcricional. A regulacio pés-transcricional de RNA mensageiros
(RNAm) codificadores de proteinas torna-se proeminente durante os passos finais da
espermatogénese, quando o nidcleo do espermatozoide compactado torna
transcricionalmente inativo (Yadav e Kotaja, 2014). Os miRNAs sdo reguladores
importantes da expressio de genes que funcionam principalmente pés-
transcricionalmente para controlar as propriedades dos seus RNAm alvo (Bartel,
2004). Assim, as células germinais masculinas expressam diversas classes de pequenos
RNAs, incluindo miRNAs Dicer dependentes (Romero et al., 2011; Liu et al., 2012) e
pequenos RNAs endégenos de interferéncia (endo-siRNAs) (Wu et al., 2012) bem
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como RNAs piwi de interacdo Dicer-independentes (piRNAs) (Chuma e Nakano,
2013).

Estudos demonstram que o fator de transcricio ao choque térmico 2 (HSF2)
codifica uma proteina que se liga especificamente ao elemento de choque térmico que é
constitutivamente expresso durante o desenvolvimento embriondrio (Sarge et al., 1991);
(Pirkkala et al., 2001). No entanto, as fungdes do HSF2 nio se limitam apenas a
embriogénese. Em ratos adultos, HSF2 ¢é expresso no nicleo meidtico e na
diferenciacdo de espermatdcitos e espermatides arredondadas (Kallio et al., 2002).

Os alvos moleculares do HSF2 durante a espermatogénese foram identificados
ao nivel de todo o genoma, por Akerfelt et al. (2008). A imunoprecipitacdo de alta
resolucdo da cromatina (CHIP)-on-chip utilizando a andlise de microarray para avaliar
locais em que o HSF2 esta vinculado nos testiculos de ratos adultos, demonstrou que o
HSF2, interage principalmente no cromossomo Y de ratos. Alguns de seus genes-alvo
(Ssty2 e Sly) fazem parte de grupos de genes multi-cOpia na regido macho-especifica do
braco longo do cromossomo Y (MSYq) de ratos, que sdo expressos exclusivamente
durante a espermatogénese. Assim, este estudo demonstrou que a supressido da regido
MSYq provoca defeitos na cabega do espermatozoide e na fertilidade de ratos.

O fator de transcricdo HSF2, expresso em células germinativas, parece atuar
diretamente em genes que controlam a espermatogénese. Entre estes genes (WT1I,
RHOXS5 e SOXS8) estdo os que sdo expressos nas células de Sertoli e em células pos-
mitéticas nos testiculos adultos para interagirem com o desenvolvimento das células
germinativas dos tibulos seminiferos, além de serem importantes para todos os estigios
da gametogénese masculina. Finalmente, um deles (FOXII) atua no epididimo para
controlar uma ou mais das fases finais de maturacdo espermdtica (Bettegowda e

Wilkinson, 2010).

2.2 A célula espermatica

Os espermatozoides sdo células que apresentam um forte flagelo para
impulsiond-lo através de um meio aquoso. Sdo livres de organelas citoplasmadticas, tais
como os ribossomos, reticulo endoplasmdtico ou aparelho de Golgi, que sdo
desnecessdrias para a tarefa de entregar o DNA ao odcito (Gadella et al., 2008 e De

Leeum et al., 1990). No entanto, os espermatozoides contém muitas mitocondrias
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estrategicamente localizadas para fornecer energia de forma mais eficiente ao flagelo
(Jhon, 2002)

Apresenta-se como uma célula altamente diferenciada delimitadas pela
membrana plasmadtica, possuindo uma cauda, a qual impulsiona o espermatozoide ao
odcito e a cabeca, que contém um nicleo hapléide condensado (Alberts, 1994; Dukes,
1988). A cabega, a peca intermedidria e a cauda do espermatozoide sdo divididas pelo
anel posterior e pela estrutura do annulus (Gadella et al., 2008). A peca intermediaria é
um segmento que possui de 5 a 7 um de comprimento e em torno de 1 um de espessura.
Inicia-se da base final da cabeca do espermatozoide e termina no annulus (ou anel de
Jensen, é uma estrutura firmemente aderida 2 membrana plasmatica do flagelo). Contém
a porcao inicial do flagelo com seu axonema (nove pares de microtibulos periféricos
mais dois microtibulos centrais), as nove fibras densas e uma bateria mitocondrial,
sendo esta dltima responsdvel pelo fornecimento de energia para a propulsdo do
espermatozoide. A peca principal estende-se do annulus até praticamente o final da
cauda. Seu comprimento gira em torno de 45 um (Garcia e Fernandéz, 2001). Estas
estruturas funcionam como uma barreira juncional para as trocas lipidicas entre a cabega
e a peca intermedidria e desta com a cauda. A superficie da cabeca do espermatozoide
possui no minimo quatro regides identificadas: a drea apical, a drea pré-equatorial, a
equatorial e a pds-equatorial, sendo que a cabe¢a do espermatozoide, ndo contém
barreiras juncionais para manter estas regides (De Leeuw et al., 1990). No entanto,
sabe-se que cada uma das regides da superficie da cabega do espermatozoide tem papéis
especificos que permitem a fertilizagdao do odcito. Dois tergcos anteriores do nicleo estio
cobertos pelo acrossoma limitado por uma membrana contendo enzimas que facilita a
penetracdo do espermatozoide no odcito é dedicada a zona pelicida, uma area da
superficie da cabeca do espermatozoide que estd envolvida na reagcdo acrossomal (fusdo
intracelular), enquanto que outra regido estd envolvida na ligagdo com a membrana
plasmaética e a fusdo com od6cito (a fusdo da membrana intercelular) (Gadella et al.,

2008).
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2.3 Estresse térmico em touros

As mudancgas climéticas, definidas como uma série de alteracdes meteoroldgicas
de longo prazo, como a temperatura, radiacdo solar e vento podem ser consideradas uns
dos principais desafios para a humanidade neste século (Hansen, 2004). Segundo o
Painel Intergovernamental sobre Mudanca Climética (Intergovernmental Panel on
Climate Change-1PCC) a temperatura média da atmosfera aumentou em 0,6 °C + 0,2 °C
durante o século XX e, se mantido o crescimento atual dos niveis de poluicdo da
atmosfera, a temperatura global aumentara de 1,4 a 5,8 °C entre 1900 e 2100, o que
resultard em extingdes em massa e devastagcdo em dreas costeiras (Marengo, 2006) .

O estresse térmico € definido como o aumento de calor corporal que altera o
equilibrio fisioldgico, metabdlico, celular e molecular. Sendo esse calor uma fungéo da
quantidade de calor produzido pelo animal e da quantidade de calor trocado com o
ambiente (Armstrong, 1994). No Brasil, o clima predominantemente tropical e
subtropical que se caracteriza por temperatura ambiental elevada ao longo de todo ano,
pode resultar em estresse térmico, que compromete a produtividade e a fertilidade dos
animais de interesse zootécnico (Hansen, 2009).

Estudos demonstraram que bovinos zebuinos (Bos taurus indicus) sdo mais
adaptados aos ambientes tropicais quando comparados aos animais taurinos (Bos taurus
taurus). Estas diferencas estdo associadas as caracteristicas genotipicas e fenotipicas
inerentes as diferentes ragas (Ferreira et al., 2006; Brito et al., 2003). Os Bos taurus
indicus foram selecionadas naturalmente para as condi¢cdes de ambiente tropical, que se
caracteriza por apresentar elevadas temperaturas. A faixa de temperatura de conforto
térmico dos zebuinos varia de 10 a 27 °C, com temperatura critica superior de 35 °C e
inferior de 0 °C (Pereira, 2005). Os zebuinos possuem caracteristicas anatdmicas e
mecanismos de termorregulagdo muito eficientes na dissipag¢do de calor, o que torna
estes animais mais resistentes a temperaturas elevadas (Hansen, 2009).

No entanto, as racas de origem européia Bos taurus taurus, foram selecionadas
ao longo de centenas de anos para condi¢des de clima temperado. A faixa de
temperatura de conforto térmico das racas européias varia de 0 a 16 °C, com
temperatura critica superior de 27 °C e inferior de -10 °C (Pereira, 2005). Dessa forma,
em condi¢des de clima tropical as ragas européias sofrem estresse térmico, uma vez que

suas caracteristicas anatomicas e mecanismos de termorregulacdo sdo ineficientes na
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dissipacdo de calor, o que leva ao aumento da temperatura corporal (Skinner e Louw,
1966).

Nos bovinos a temperatura fisioldgica corporal pode variar normalmente entre
36,7 °C a 39,1°C, com média de 38,3 °C. Para os mamiferos que possuem os testiculos
alojados em bolsas escrotais pendulares, inclusive touros, a espermatogénese normal é
dependente da manutencdo da temperatura testicular de 2 a 6 °C mais baixa que a
temperatura corpérea. Sabe-se que existe um gradiente de temperatura na bolsa escrotal
e nos testiculos, que aumenta quanto mais distante estiver a estrutura a cavidade
abdominal. A temperatura média da superficie escrotal de touros € de 30,4 °C (pdlo
dorsal), 29,8 °C (regido média) e 28,8 °C (pdlo ventral) (Kastelic et al., 1997). Assim, é
bem conhecido que o aumento da temperatura testicular reduz a qualidade do sémen,
podendo resultar em um quadro de degeneragdo testicular, doenca ocasionada, entre
muitos fatores, por qualquer processo que determine a elevacdo da temperatura

testicular (Waites, 1970).

2.4 Estresse térmico na reproducao de touros

Pesquisas demonstraram que a exposi¢cdo de touros ao estresse térmico in vivo
resulta no aumento da temperatura escrotal e testicular, o que diminui a qualidade do
sémen, a morfologia espermdtica com um maior nimero de espermatozoides com
problemas de cauda, a motilidade e o perfil bioquimico esperméitico reduzindo a
capacidade fecundante do espermatozoide e comprometendo o desenvolvimento de
embrides gerados a partir de gametas anormais (Brito ef al., 2003; Ferreira et al., 2006);
(Pezzini et al., 2006).

A avaliacdo do estresse térmico na fung@o reprodutiva de bovinos tem sido
amplamente estudada com modelo experimental de insulacdo escrotal (Brito et al,
2003). O modelo de insulacdo escrotal é realizado com o uso de uma bolsa térmica
produzida externamente com material impermedvel a d4gua e internamente com material
isolante térmico, com o intuito de evitar a dissipacdo de calor do testiculo para o
ambiente (Garcia, 2004).

Quando touros Bos taurus taurus (Holandés) e Bos taurus indicus (Curraleiro)
foram submetidos a insulacdo escrotal com aplicacio de uma bolsa térmica nos
testiculos por 48 horas houve reducdo significativa da motilidade espermatica. Neste

experimento, a fase pds-insulagdo correspondeu ao periodo apds a retirada da bolsa



23

térmica dos animais, em que se procedeu a avaliagdo androlégica completa nos touros.
Os valores obtidos no periodo pés-insulacdo foram comparados aqueles do periodo de
pré-insulacdo. No dia 16 apds insulacio escrotal o vigor espermdtico foi reduzido em
touros da raca Holandesa, chegando a 50% a menos que os valores pré-insulacdo. Os
touros da raga Curraleira revelaram apenas uma discreta variacdo no vigor espermatico,
ndo havendo influéncia da insulagdo escrotal. Houve diferenca na porcentagem de
espermatozoides anormais, quando comparadas as duas ragas estudadas. Touros da raga
Curraleira apresentaram, ao redor do 16° dia ap6s a insulagéo escrotal, valores maximos
de espermatozoides anormais no ejaculado. J4 na raca Holandesa, este valor manteve-se
acima de 30% de anormalidades espermadticas, entre o 16° e 44° dia ap6s a insulacdo. Os
autores observaram aumento significativo de gota citoplasmatica proximal a partir do
23° dia, sendo um indicativo da alteragdo de espermatides ou mesmo de espermatécitos
(Pezzini et al., 2006).

Em estudos anteriores com animais taurinos, a insulag@o escrotal (48 h) resultou
no aumento de espermatozoides anormais, com retorno aos parametros normais entre o
32° e 0 42° dia apds a insulacdo escrotal (Austin et al., 1961; Vogler et al., 1991);
(Barth e Bowman, 1994). Em outros experimentos, verificou-se que a insulag@o escrotal
em zebuinos, por periodos longos, de 96 e 168 horas, intensificou a redugdo na
motilidade e morfologia espermdtica, e os animais necessitaram de 105 e 148 dias,
respectivamente, para retornarem aos valores de normalidade (Fonseca e Chow, 1995);
(Gabaldi, 1999).

Brito et al. (2003) desenvolveram modelos de insulacdo usando touros Bos
taurus indicus (Nelore) e Bos taurus indicus X Bos taurus taurus (Canchim 5/8;
Charolés 3/8; Bos taurus indicus). No experimentol, os touros foram alocados nos
grupos controle e insulagdo de todo o escroto por quatro dias. As concentracdes
espermadticas e o total de espermatozoide ejaculado foram maiores no controle, quando
comparados ao grupo insulado no dia 0 e 14. A motilidade espermética foi reduzida a
niveis muito baixos em touros insulados nos dias 11 e 31 p6s insulagdo. Em geral, a
motilidade espermdtica foi maior no grupo controle, que no grupo de insulado. A
porcentagem de espermatozoides normais no tratamento insulado demonstrou-se baixa
em relacdo ao periodo de pré-insulagdo e grupo controle a partir do dia 11. Os autores
detectaram, patologias espermadticas como cabegas soltas (dia 11), defeitos de peca

intermedidria (dias 11 e 14), gotas proximais (dias 14, 18 e 27), vacuolos espermaticos
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(dias 18 e 21), e defeitos no acrossoma (dias 27 e 31) nos touros insulados, em
comparagdo ao periodo de pré-insulacdo e ao grupo controle. No experimento 2 os
touros foram alocados nos grupos controle, insulagdo de todo o escroto e insulagdo
scrotal-neck (apenas a regido do corddo espermdtico). Da mesma forma as
concentragdes espermaéticas e o total de espermatozoides ejaculados no periodo de pds-
insulacdo foram maiores no controle, quando comparados ao insulado e scrotal-neck nos
dias -4 e 0. A motilidade espermatica apresentou-se reduzida entre os dias 21 e 31 apds
a insulacdo. No dia 24, a motilidade também foi mais baixa que os grupos controle e
scrotal-neck. O scrotal-neck nio afetou a motilidade espermética em touros Bos faurus
indicus x Bos taurus taurus. A propor¢do de espermatozoides normais no grupo
insulacdo escrotal foi mais baixa que no periodo de pré-insulagdo e que os grupos
controle e scrotal-neck nos dias 14 a 25. O scrotal-neck ndo afetou significativamente a
morfologia espermética. Outros estudos avaliando a relagdo entre os espermatozoides
submetidos a insulagdo escrotal por 5 horas e sua habilidade de fertilizacdo in vitro
demonstraram que a frequéncia de clivagem dos odcitos foram similares entre os
periodos de pré-insulacdo escrotal e nos dias 7 e 14 pés-insulagio escrotal. No entanto,
no dia 21 pds-insulag@o a taxa de clivagem dos odcitos foi menor quando comparado
aos outros periodos. Nao obstante, em relacdo as taxas de blastocistos, verificaram uma
diminuic¢do nos dias 14 e 21 pds-insulagdo escrotal, quando comparado ao periodo de
pré-insulacdo escrotal. Ainda neste estudo, os autores demonstraram que houve um
aumento de espermatozoides morfologicamente anormais durante o periodo de 14 dias
pos-insulacdo escrotal, sendo que os defeitos de cabeca e cromatina aumentaram
significantemente quando comparados ao periodo pré-insulacdo escrotal (Fernandes et
al., 2008).

Sekoni e Gustafsson (1987) avaliaram os efeitos do estresse térmico sazonal nas
anormalidades morfolégicas em espermatozoides de touros (Bos taurus taurus). Neste
experimento, as amostras de s€men de 19 touros foram colhidas uma vez ao més, por
um periodo de um ano. Estes autores apontaram maior porcentagem de anormalidades
na cabeca do espermatozoide e gota proximal, no periodo do verdo, quando comparado
com as demais estagdes do ano. Entretanto, a porcentagem de cabecas soltas foram mais
significativas no inverno. Ja, Gholami et al. (2011) avaliaram a qualidade do sémen de
touros Bos taurus taurus (in natura e descongelado) durante o periodo de estresse

térmico, e verificaram diminuic@o significativa no volume de sémen, na concentracio
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de espermética e na producao total de espermatozoides nas nove semanas de estudo. A
suplementagdo dos animais com Omega 3 e 4cidos graxos afetou positivamente a
motilidade total e progressiva dos s€émen in natura apdés nove semanas. No entanto nao
foram observadas diferencas nos padrées de motilidade no s€men descongelado.
Meyerhoeffer et al. (1985), avaliaram 16 touros da raca Angus em cdmara
climatica com temperatura controlada por 8 semanas, a fim de determinar os efeitos do
estresse térmico sobre caracteristicas do s€émen. Camaras climdticas sdo equipamentos
usados para realizar a simulag¢do de determinadas condi¢cdes de temperatura e umidade.
Estes equipamentos sdo utilizados em diversos segmentos industrias (farmacéutico e
alimenticio) e em instituicdes de pesquisas (universidades, laboratoérios, etc.) para os
mais diversos fins, tais como: sistemas de calibracio, pesquisas sobre conforto térmico,
estudo de estabilidade de produtos farmacéuticos, ensaios de produtos (componentes
eletronicos, e dispositivos mecanicos) (Brionizio e Mainier; 2006). No grupo estressado
a temperatura da cAmara climdtica foi de 35 °C por oito horas e a 31 °C por 16 horas
completando um total de 24 h. Os touros do grupo controle foram mantidos a 23 °C
durante todo o experimento. As cimaras nao tinham controle de umidade relativa (UR),
que variou de 46 a 80% na camara climatica do grupo estressado e de 60 a 85% no
controle. O estresse térmico aumentou a frequéncia respiratéria e a temperatura retal dos
animais, quando comparados com o controle. O volume de sémen por ejaculado
diminuiu no grupo estresse térmico durante a sexta semana de tratamento. A
porcentagem de motilidade total e progressiva foram semelhantes em ambos os grupos
na primeira e segunda semana de tratamento. No entanto, no grupo estressado a
motilidade total foi reduzida duas semanas apds o tratamento e a progressiva apos
quatro semanas. A porcentagem de espermatozoides moéveis diminuiu de 76% (pré-
tratamento) para 48% apds o estresse térmico. A porcentagem de células espermadticas
anormais foram maiores no grupo estressado em comparagdo ao controle, trés a quatro
semanas apds o tratamento. De seis a oito semanas os touros estressados apresentaram
cerca de 30% de espermatozoides com acrossoma alterado em comparacdo a 10% de
anormalidades encontradas nos espermatozoides dos touros controle. Contudo, a
recuperagdo da normalidade morfologia ocorreu de 3 a 8 semanas apds o estresse

térmico.
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2.5 Choque térmico em espermatozoides

A exposi¢do de espermatozoides bovinos as temperaturas entre 41 a 43 °C
(choque térmico) reduziram a integridade da membrana plasmadtica em func@o do tempo
de exposicdo (1 a 4 horas) quando comparados a populacdo de espermatozoides a
temperatura de 39 °C (grupo controle). Além disso, quando os espermatozoides foram
submetidos a temperatura de 41 °C por 3 ou 4 horas apresentaram redugdo da motilidade
espermadtica em relagdo ao controle nao incubado. (Monterroso et al., 1995; Chandolia
et al., 1999).

Maya-Soriano et al. (2013) avaliaram o efeito de diferentes temperaturas in
vitro (4 °C/temperatura de refrigeraco, 22 °C/temperatura ambiente, 32 °C/temperatura
do escroto e 41,5 °C/estresse térmico, por 3 horas) em espermatozoides de touros Bos
taurus taurus e verificaram que a viabilidade espermadtica foi afetada principalmente
pela temperaturas de 41,5 °C, demonstrando que o espermatozoide é sensivel a
temperaturas de choque térmico. Neste experimento, todos os grupos estudados
apresentaram valores de motilidade total e progressiva baixas em comparagdo as
amostras in natura (controle), muito embora, a queda mais significativa tenha sido
observada na temperatura de 41,5 °C. A porcentagem de acrossoma reagido foi
detectado em todos os grupos estudados. Nada obstante, este efeito foi mais acentuado
nas amostras incubadas a 32 °C e a 41,5 °C em comparacio ao controle. A porcentagem
de integridade da membrana plasmdtica também foi afetada negativamente pelas
temperaturas, sendo significativamente mais baixa para os grupos incubados a 4 °C, 32
°C e 41,5 °C em relacdo ao controle in natura. Ainda assim, ndao foram detectadas
diferencas em termos de anormalidades morfoldgicas.

Hendricks et al. (2009) detectaram diminuicio da motilidade em
espermatozoides incubados por 4 horas nas temperaturas de 38,5 e 40 °C, em relagdo ao
controle ndo incubado. Esta redu¢do foi mais evidente a temperatura de 40 °C. Além
disto, a incubacdo dos espermatozoides nestas temperaturas reduziu as taxas de
clivagens. Entretanto, ndo foi observado o efeito da temperatura em relacdo a
porcentagem de odcitos que se tornaram blastocistos ou na porcentagem de embrides
clivados que se tornaram blastocistos.

Rahman et al. (2013) ao incubarem espermatozoides a temperatura de 38,5 °C e
41 °C por 4 horas verificaram reducdo da motilidade, da integridade da membrana

plasmdtica e do potencial mitocondrial em comparacdo ao grupo controle (ndo
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incubado). A reducdo destes parametros foram mais acentuados a incubacdo a 41 °C.
Outrossim, observaram reducdo na proporcao de odcitos fecundados (formacao de pré-
nucleos), clivados e que atingiram o estdgio de blastocisto no grupo submetido a 41 °C
em comparagdo ao controle. Da mesma forma, a qualidade do embrido foi
negativamente afetada pela incubacdo de espermatozoides a 41 °C, indicado por uma
maior proporcdo de apoptose celular em blastocistos D7 em comparagdo ao grupo
controle. Os autores também encontraram redugdo da atividade da Mitogen-activated
protein kinase 14 (MAPK14) ao inibirem a via p38 da MAPK com um inibidor
especifico, quando os espermatozoides foram incubados a 38,5 e 41 °C. A hipétese dos
autores era que a MAPKI14 poderia ser ativada durante o choque térmico e estar
relacionada com a via de sinalizagdo para apoptose quando induzida pelo calor. Neste
grupo experimental observaram o aumento da motilidade espermatica, da atividade da
Mitogen-activated protein kinase 14 (MAPK14) e reducdo da fragmentacdo de DNA no
grupo 41 °C em comparacdo ao grupo controle sem tratamento. Entretanto, ndo
identificaram melhoras na fertilizacdo e no desenvolvimento embriondrio no grupo 41
°C em relacao ao controle.

Chandolia et al. (1999) descreveram o efeito do choque térmico na funcdo
espermdtica de touros Brahman, mesticos Brahman, Angus e Holandés. Os
espermatozoides p6s descongelados foram submetidos a incubag¢@o em temperaturas de
38,5; 41 e 42 °C por 4 horas. Os autores identificaram reducdo da motilidade e da
velocidade de trajeto a temperatura de 41 e 42 °C. No entanto, ndo houve interacdo

entre racgas.

2.6 Espécies Reativas de Oxigénio (EROS) em espermatozoides

A membrana plasmatica de espermatozoides de mamiferos € constituida por
mais de 60% de acidos graxos poli-insaturados, ricos em duplas ligacdes, fornecendo
fluidez a membrana espermatica (Valenga e Guerra, 2007).

As EROs produzidas pelos espermatozoides sdo o anion superdxido, o peroxido
de hidrogénio e o radical hidroxila (Aitken, 1995; De Lamirande e Gagnon, 1999).
Aitken (1995) sugere que a nicotinamina adenina dinucleotideo fosfato, NADPH, seja a
principal fonte de elétrons responsdveis pela producdo de (O,) pelo espermatozoide
humano com o possivel envolvimento do sistema NADPH-oxidase. Uma segunda

7z

hipdtese para a producdo de EROs ¢é a diaforase espermatica (uma oxidoredutase
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NADPH-dependente), localizada na peca intermedidria do espermatozoide e integrada a
cadeia respiratéria mitocondrial (Gavella e Lipovac, 1992). Os danos causados pelo
desbalanceamento na producdo de EROs afetam a viabilidade do espermatozoide,
caracterizada pela redugcdo da motilidade, lesdes ao DNA espermatico e mitocondrial
podendo interferir na capacidade fecundante do espermatozoide (Irvine et al., 2000). J&
no ejaculado, as principais fontes de EROs s@o os espermatozoides morfologicamente
anormais e leucdcitos (Gavella e Lipovac, 1992).

Um estudo avaliando o efeito da dieta (selénio e vitamina E) na inibicdo da
apoptose pelo calor e do estresse oxidativo sobre a espermatogénese em camundongos
apds hipertemia escrotal (42 °C /30 minutos), identificou que a hipertermia induz a
apoptose (TUNEL) de células espermatogénicas e aumenta a producdo de EROS
avaliadas pela sonda diclorofluorescein diacetato (DCFHDA). Estas observagdes
indicaram claramente o desenvolvimento de estresse oxidativo e da apoptose apds
hipertermia. Andlises adicionais nos grupos de choque térmico + selénio e choque
térmico + vitamina E mostraram um comportamento protetor em relacdo aos efeitos do
grupo de choque térmico (Kaur e Bansal, 2015).

Pino et al. (2013), demonstraram um aumento da produ¢do de EROS em
espermatdcitos no estdgio de paquiteno a temperatura de 40 °C. J4 em espermatides
redondas a produgdo de EROS ndo se alterou quando expostas a temperaturas superiores
a 33 °C. Os autores verificaram que o consumo de oxigénio aumentou com a
temperatura e foi significativamente maior em espermatides redondas do que os
espermatdcitos de paquiteno, indicando um desacoplamento mitocondrial em
espermatozoide redondo em altas temperaturas. Entretanto, a capacidade antioxidante
foi maior em espermdtides redondos do que espermatdcitos de paquitenos quando
submetidos a 40 °C. Contudo, estes resultados sugerem que espermatdcitos paquitenos
sd0 mais suscetiveis ao estresse oxidativo quando expostos a altas temperaturas,
entretanto, as espermdtides redondas sdo mais protegidas por causa de um
desacoplamento mitocondrial induzido pela temperatura, juntamente com uma maior

capacidade antioxidante.

2.7 Apoptose em espermatozoides
A apoptose em espermatozoides pode ser induzida por alteracdes enddcrinas que

levam a secre¢@o do ligante do receptor de morte Fas (FasL) pelas células de Sertoli. O
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receptor Fas € uma proteina de superficie celular que pertence a familia dos receptores
TNF (tumor necrosis factor) e NGF (nerve growth factor). O sinal apoptético induzido
por Fas € iniciado quando um ligante de Fas se une ao receptor, o que dispara uma via
iniciada por caspase-8, que culminard com a ativacdo de caspases -3, -6, e —7,
envolvidas com a fragmentacdo de DNA (Thornberry, 1998; Paasch et al., 2004). Apds
a ativacdo da Fas pelo ligante FasL, a degradacdo do DNA ocorre dentro de 3 horas e a
célula pode estar morta dentro de aproximadamente 5 horas (Nagata, 1996). Um dos
sinais da apoptose € a exteriorizacdo de fosfatidilserina (PS), sinal esperado pela célula
de Sertoli para a fagocitose da célula alvo. Células de sertoli de ratos fagocitam células
espermatogénicas degeneradas in vitro, devido ao reconhecimento da fosfatidilserina na
membrana plasmadtica externa (Young e Nelson, 2001). Falhas na fagocitose das células
apoptdticas resultariam em um alto nimero de células anormais no ejaculado e, como
consequéncia, baixa fertilidade (Sakkas et al., 1999).

A caspase-3 foi identificada pela primeira vez em espermatozoides de humanos
por Weng et al. (2001), ao avaliarem a relagdo da apoptose com a infertilidade por
citometria de fluxo. Estes autores encontraram uma estreita relacdo entre os altos niveis
de caspase-3 ativada, com a translocag@o de fosfatidilserina e a fragmentacdo de DNA
em pacientes inférteis e em amostras com baixa motilidade. Wang et al. (2002)
observaram a ativagdo de caspase-3 na pe¢a intermedidria de espermatozoides de
humanos, juntamente com fragmentacio de DNA em espermatozoides com baixa
motilidade de homens inférteis. Alteracdes na polarizagdo da membrana mitocondrial
estdo envolvidas na formacao do apoptossomo, responsavel pela ativacdo da caspase-3.

Sabendo que a apoptose é comum durante a espermatogénese, Hendricks e
Hansen (2008) testaram se a apoptose poderia ser induzida em espermatozoide de touros
e equinos apds a ejaculacdo. Os autores incubaram os espermatozoides de touros as
temperaturas de (38,5 °C) e choque térmico (40 °C e 41 °C) durante 4 h e ndo
verificaram o aumento na propor¢do de espermatozoides positivo para a reacdo de
TUNEL. Também nao houve reducdo na polaridade mitocondrial causada pela
exposicdo de 40 ou 41 °C. Entretanto, na segunda incubacdo, nas mesmas temperaturas
durante 24 h identificaram um ligeiro aumento na propor¢do de espermatozoides que
foram TUNEL positivo em comparagdo com o controle nido incubado (1,0-1,4%).
Assim, o aumento na marca¢do de TUNEL ndo foi afetado pela temperatura de

incubacdo e ocorreu mesmo na presenca de um inibidor da caspase do grupo II (z-
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DEVD-fmk). Em espermatozoides de equinos também ndo foi observado TUNEL
positivo, mesmo com o uso de um despolarizador de membranas mitocondriais (cianeto
de carbonilo 3-clorofenilhidrazona CCCP), em resposta a incubagdo a 41 °C durante 4
h. Assim, os espermatozoides pés-ejaculados de equinos foram resistentes a indugdo de
apoptose e esta resisténcia, pelo menos nos touros, foi devido a refratariedade das
mitocOndrias a despolarizacio induzida por choque térmico, a falta de procaspase-9, e

uma auséncia de procaspase-3.

2.8 Desenvolvimento embriondrio inicial

Os gametas femininos possuem niveis varidveis de capacidade de
desenvolvimento. Este ponto contribui para as taxas de sucesso relativamente baixas em
tecnologias de reprodugdo assistida. Por exemplo, nas ultimas décadas, estudos tém
explorado as causas da competéncia de odcitos ou embrides iniciais com base na sua
qualidade, utilizando estratégias, a fim de determinar esta capacidade de
desenvolvimento, incluindo o momento da divisdo celular embriondria. As
caracteristicas quantificidveis como a taxa de blastocistos, a sobrevivéncia do embrido
apods a criopreservacdo e a prenhez apds a transferéncia de embrides apoiam o uso da
cinética de clivagem embriondria inicial (Orozco-Lucero et al., 2004)

Durante o periodo de desenvolvimento pré-implantacio, o zigoto sofre véarias
divisdes mitdticas para se transformar em um blastocisto composto por em média por
100 blastomeros. Em bovinos, o tempo necessario para a penetracio de espermatozoides
in vitro é menor que 4 h, a decondensagdo do espermatozoide leva 1-2 horas e o
prontcleo masculino aparece de 9-11 h apds-inseminacdo (hpi) (Xu, 1998). O momento
da primeira clivagem zigédtica pode variar de 8 h, nos seres humanos (entre 22 e 30 hpi;
(Nagy et al., 1998; Patel et al., 2007) e mais de 20 h em bovinos (entre 22 e 48 hpi;
(Grisart et al., 1994; Yoshioka e Iwamura, 2000), com um pico de embrides na fase de
2-células de 36 hpi (Van Soom et al., 1992).

Lonergan et al. (1999) e Vandaele er al. (2006) indicam que a maioria dos
blastocistos sdo oriundos de zigotos que clivaram precocemente. Em bovinos, os
embrides de melhor qualidade surgem de zigotos que clivaram 30 hpi e o potencial de
desenvolvimento diminui a medida que o tempo de inseminacdo para a primeira
clivagem aumenta. Os embrides derivados de zigotos que clivavam muito tarde (> 42

hpi) geralmente ndo atingiram o estdgio de blastocisto (Lonergan, et al., 1999; Van
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Soom et al., 1997). Holm et al. (1998) descreveu que o intervalo 6timo para a selecéo
de embrides vidveis foi de 32-36 hpi. Sugerindo que o momento da primeira clivagem
influencia significativamente na capacidade do embrido atingir o estdgio de blastocisto.
Alguns fatores podem afetar o tempo da clivagem embrionaria. Por exemplo,
fatores intrinsecos do odcito e / ou espermatozoides, tais como maturagdo do ooplasma,
diferencas na capacidade do espermatozoides ou anormalidades cromossomicas (Sakkas
et al., 1998). Em espermatozoides, Ward et al. (2001) verificaram que a taxa de zigotos
clivados 33 hpi foi o melhor preditor de potencial reprodutivo de touro in vivo. A taxa
de clivagem precoce variou significativamente entre os touros de alta (55,3%) e baixa
(6,4%) taxa de retorno (representa a taxa de vacas inseminadas que ndo retornam ao
estro antes de 56 dias ap0ds a primeira inseminagéo). Larson et al.(2000), indicaram que
o estado da cromatina dos espermatozoides pode influenciar a clivagem embrionaria
precoce. Niveis elevados de danos ao DNA (> 27%) detectados pelo sperm chromatin
structure assay (SCSA) estavam relacionados com uma reducgéo significativa das taxas
de fertilizacdo e gestacdo em seres humanos. A porcentagem de espermatozoides com
DNA danificado foi significativamente maior (31,1%) nos casos de gestacdes com falha

em relacdo aos ciclos de sucesso (15,4%).
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3 OBJETIVOS

3.1 Objetivo geral
Avaliar o efeito do trato reprodutor da vaca no choque térmico de

espermatozoides de touros holandeses.

3.3 Objetivos especificos
Determinar o efeito da incubacido de espermatozoides de touros holandeses nas
temperaturas 35 °C (controle de incubacio), 38,5 °C (temperatura corporal fisioldgica) e

41 °C (choque térmico) por 4 horas na:

o Inducdo de espécies reativas de oxigénio (EROs), atividade mitocondrial e de
enzimas caspases em espermatozoides;

o Motilidade espermatica;

o Potencial fecundante dos espermatozoides;

o Cinética de desenvolvimento embrionério ao estagio de 2-células;

o Cinética de clivagem embrionario;

o Desenvolvimento embriondrio ao estdgio de blastocisto

4 HIPOTESES
O choque térmico induz a produgdo de EROS afetando a motilidade, atividade
mitocondrial, atividade de caspase, desta forma reduzindo a fung@o espermadtica e sua

capacidade fecundante.
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ABSTRACT

Sperm function can be compromised by adverse environmental conditions. For
example, the sperm cell may be damaged by elevated temperature in the reproductive
tract of heat stressed cows. It has been demonstrated that in vivo and in vitro exposure
of bovine sperm to elevated temperature compromises sperm cellular function.
However, the mechanisms triggered by elevated temperature in the sperm cell are still
controversial. Therefore, the objective of this study was to determine the effect of heat
shock on ejaculated sperm oxidative stress, mitochondrial and caspase activity, motility,
fertilizing potential and preimplantation developmental kinetics. Frozen-thawed
Holstein sperm were subjected to control (non-incubation: sperm were evaluated
immediately after Percoll gradient) and SP-TALP incubation at 35°C (testicular
temperature control), 38.5°C (body temperature control) and 41°C (heat shock) for 4 h.

Heat shock reduced sperm motility after 3 and 4 h incubation at 41°C as compared to 35
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and 38.5°C. Sperm mitochondrial activity was reduced by 38.5 and 41°C when
compared to control. Heat shock also increased sperm ROS production and caspase
activity as compared to 35°C and control. The percentage of oocytes fertilized, cleaved
and that reached the 2-cell and blastocyst stage was reduced by 41°C as compared to
35°C and control. There was no difference between 38.5 and 41°C for these variables.
In conclusion, exposure of Holstein sperm to heat shock during 4 h reduced sperm

function as compared to sperm at testicular temperature.

Key words: oxidative stress, sperm motility, mitochondrial and caspase activity,

fertilization, embryo developmental kinetics.

1. INTRODUCTION

The fully mature spermatozoais a highly differentiated and quiescent cell.
During the final process of spermatogenesis the structure of the sperm chromatin
becomes highly condensed and transcriptionally silent (Dadoune, 2003; Meistrich et al.,
2003; Bukowska et al., 2011). Such unique chromatin architecture has suggested that
the mature sperm has reduced ability to respond to environmental insults such as
elevated temperature, cryopreservation, and oxidative stress (Gonzdlez-Marin et al.,
2012).

The sperm cell is very susceptible to elevated temperature. Environmental stress
has been shown to damage pre- and post-ejaculatory bull spermatozoa (Hendricks and
Hansen, 2009; Hendricks et al., 2009). Studies using scrotal insulation models
demonstrated that increased scrotal temperature leads to spermatogenesis errors,
production of abnormal sperm, reduced sperm motility, maturation (Setchell, 1998) as
well as reduced embryonic development following fertilization (Fernandes et al., 2008).
It is also possible that insemination of heat stressed cows during the summer affects
sperm function in the female reproductive tract. Moreover, direct exposure of post-
ejaculatory bovine spermatozoa to heat shock at 41-43°C for 3-4 h reduced sperm
motility, plasma membrane integrity (Monterroso et al., 1995; Chandolia et al., 1999),
mitochondrial membrane potential (MMP) and subsequent embryonic development as
compared to non-incubated control (Rahman et al., 2014).

There is evidence that scrotal hyperthermia (42°C/30 minutes) during mice

spermatogenesis increased ROS production and induced apoptosis in spermatocytes,
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round spermatids and elongated spermatids (Kaur and Bansal, 2015), indicating that
elevated temperature exerted a direct and ROS-mediated deleterious effect in these
cells. The sperm cell is prone to oxidative damage. The small amount of cytoplasm
limits sperm enzymatic antioxidant system (Mazur et al., 2000) and the abundance of
polyunsatured fatty acids (PUFA) in sperm membranes (Parks and Hammerstedt, 1985)
turns this cell more vulnerable to ROS. Cellular ROS unbalance damages DNA,
proteins, lipids and other cellular components (Benchaib et al., 2003) leading to sperm
poor functionality (Du Plessis et al., 2010). Moreover, increased mitochondrial ROS
generation (Koppers et al., 2011) causes mitochondrial pore opening, release of pro-
apoptotic factors (Liu et al., 1996; Du, C et al., 2000), activation of caspases and
caspase-dependent DNases leading to apoptosis.

The susceptibility of mature spermatozoa to heat shock-induced mitochondrial
alteration and apoptosis is controversial. Hendricks and Hansen (2009) demonstrated
that incubation of ejaculated bovine sperm at 41°C for 4 h did not affect mitochondrial
polarity or induce apoptosis (TUNEL-positive sperm). This study indicated
refractoriness of the mitochondria to heat shock-induced depolarization, lack of
procaspase-9 and procaspase- 3. On contrast, Rahman et al. (2014) demonstrated that
MMP was reduced by 41°C heat shock for 4 h as compared to 38.5°C and non-
incubated control. Other studies have also demonstrated that the susceptibility of
ejaculated spermatozoa to mitochondrial-associated apoptosis is due to MMP alteration
and caspase activation. This has been shown after sperm exposure to specific
mitochondrial-apoptosis inducer that triggered caspase-9 activation, MMP damage and
activation of the downstream effector caspase-3 (Paasch, Grunewald, Agarwal, et al,
2004). Similar events were also noted after sperm cryopreservation (Marchetti et al.,
2004; Paasch, Grunewald, Dathe, et al., 2004; Ortega-Ferrusola et al., 2008).

Therefore, it was hypothesized that exposure of ejaculated Holstein spermatozoa
to heat shock induces ROS production affecting sperm motility, mitochondrial activity
caspase activity and fertilizing capacity. In order to test this hypothesis, experiments
were conducted to determine the effect of incubation temperature (testicular temperature
control: 35°C, body temperature physiological control: 38.5°C and heat shock: 41°C) on
bovine sperm motility and fertilizing ability, oxidative stress, mitochondrial and caspase

activity as well as embryonic developmental potential and kinetics.
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2. MATERIALS AND METHODS

2.1 Materials

Unless otherwise stated all chemicals were purchased from Sigma-Aldrich
(St.Louis, MO, USA). MitoTracker®Red CMX-Ros was purchased from Invitrogen
(Carlsbad, CA, 132 USA), Philphilux®G1D2 from Oncolmmunin, Inc (Gaithersburg,
MD, USA) and CellROX® Green from Molecular Probes (Eugene, OP,U.S.A). Most of
the media was as described before (Rodrigues et al., 2016). Oocyte collection medium
(OCM) was tissue culture medium-199 (TCM-199) containing L-glutamine and phenol
red (GIBCO®, Grand Island, NY, USA) supplemented with 2.2 mg/ml sodium
bicarbonate, 1% (v/v) fetal bovine serum (FBS) (GIBCO®) (containing 2 U/ml heparin),
0.01 pg/ml streptomycin, 0.01 U/ml penicillin-G. Pre-IVM medium was TCM-199
HEPES with Hanks salts (GIBCO®), supplemented with 10% (v/v) FBS, 50 pg/ml
gentamicin and 0.2 mM sodium pyruvate. Oocyte maturation medium (OMM) was
TCM-199 sodium bicarbonate with earle’s salts (GIBCO®) supplemented with 10%
(v/v) FBS, 50 ug/ml gentamicin, 0.2 mM sodium pyruvate, 1 ug/ml estradiol 17-f, 10
png/ml FSH (FOLLTROPIN-V® Bioniche Animal Health Canada Inc. - Bellevile,
Ontario, Canada) and 10 pg/ml luteinizing hormone (LH) (Chorulon® Intervet Schering
Plough — Roseland, NJ). Pre-in vitro fertilization (IVF) medium was TCM-199 HEPES
(GIBCO®) supplemented with 3 mg/ml bovine serum albumin fraction V (BSA-V), 50
pg/ml gentamicin and 0.2 mM sodium pyruvate. In vitro fertilization (IVF) medium was
a modified Tyrode’s albumin-lactate-pyruvate (TALP) medium (Parrish er al., 1988)
containing 6 mg/ml essentially fat acid free BSA (EFAF-BSA), 50 ug/ml gentamicin,
0.2 mM sodium pyruvate, 100 pg/ml heparin and 41.66 pl/ml PHE (penicillamine
2.7ug/ml, hipotaurine 1pg/ml, epinephrine 0.33 pg/ml in 0.9% (w/v) NaCl). SP-TALP
medium used during sperm purification was as described by Parrish et al (Parrish et al.,
1988). Frozen semen was acquired from CRV Lagoa (Sertdozinho, Sdo Paulo, Brazil).
In vitro culture medium was a modified synthetic oviduct fluid (SOF)-CLEAV
containing 0.4 mM pyruvate, 50 mg/ml amikacin sulphate and 0.04% (w/v) EFAF-BSA.
SOF-IVC was supplemented 2.5% (v/v) FBS (Wells et al., 1999).

3. Experimental design
Experiments were designed to determine the effect of heat shock on Holstein

sperm function. In all experiments described sperm cells were subjected to percoll
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gradient, evaluated immediately after Percoll purification (O h non-incubation control)
and incubated in SP-TALP for 4 h under the following temperature treatments: 35°C
(testicular temperature control) and 38.5°C (cow body temperature control) in an
atmosphere of 5% CO; (v/v) in humidified air and 41°C (heat shock: cow body
temperature during hyperthermia) in an atmosphere of 7% CO; (v/v) in humidified air.
The CO, concentration was adjusted due to temperature-dependent changes in gas

solubility to maintain the same pH at all temperatures.

3.1 Experiment 1: The effect of heat shock on sperm motility of Holstein
bulls

The objective of this study was to determine the effect of heat shock and time of
exposure on sperm motility of Holstein bulls. Sperm motility was evaluated
immediately after Percoll gradient (control) and after incubation at 35°C, 38.5°C and

41°C every h for 4 h. This experiment was replicated five times.

3.2 Experiment 2: The effect of heat shock on Holstein sperm oxidative
stress

The objective of this study was to determine whether exposure of Holstein
sperm to heat shock induces oxidative stress. Sperm oxidative stress was evaluated at
control and after incubation at 35°C, 38.5 °C and 41°C for 4 h. This experiment was

replicated four times.

3.3 Experiment 3: The effect of heat shock on mitochondrial activity of
Holstein sperm

The objective of this study was to determine the effect of heat shock on
mitochondrial activity of Holstein sperm. Sperm mitochondrial activity was evaluated at
control and after incubation at 35°C, 38.5°C and 41°C for 4 h. This experiment was

replicated five times.
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3.4 Experiment 4: The effect of heat shock on caspase activity of Holstein
sperm

The objective of this study was to determine the effect of heat shock on caspase
activity of Holstein sperm. Sperm caspase activity was evaluated at control and after

incubation at 35°C, 38.5°C and 41°C for 4 h. This experiment was replicated five times.

3.5 Experiment 5: The effect of Holstein sperm heat shock on sperm
fertilization potential and subsequent early embryonic development

The objective of this study was to determine the effect of Holstein sperm heat
shock on fertilization potential and embryonic development to the 2-cell stage. A
preliminary study was conducted to determine the best timing for 2-cell embryo
evaluation. In this preliminary experiment cumulus-oocyte complexes (COCs) were
subjected to standard in vitro maturation, fertilization and culture. The percentage of 2-
cell embryos was determined at 29, 32, 35, 38 and 41 h post insemination (hpi). This
experiment was replicated 5 times using 115 to 150 oocytes/treatment. For the next
experiment, in vitro matured oocytes were fertilized with sperm subjected to control,
35°C, 38.5°C and 41°C for 4 h. Fertilization rate [(number of cleaved embryos +
number of penetrated oocytes)/total number of oocytes] and embryonic development to
the 2-cell was accessed at 35 hpi to determine the 2-cell rate at every temperature. This

experiment was replicated 7 times using 140 to 210 oocytes/treatment.

3.6 Experiment 6: The effect of Holstein sperm heat shock on early embryo
developmental kinetics
The objective of this study was to determine the effect of Holstein sperm heat shock on
developmental kinetics of early preimplantation embryos. In vitro matured oocytes were
fertilized with sperm subjected to control, 35°C, 38.5°C and 41°C treatment for 4 h. The
percentage of 2-cell embryo and early cleavage rate was evaluated at 29, 32, 35, 38 and
41 hpi. Cleavage rate was also evaluated at D3 post insemination. Oocytes fertilized
with sperm from different treatments were placed in different culture dishes so that the
same embryos could be evaluated in each time point after fertilization. An IVF
laboratorial control was also conducted in each replicate. This experiment was

replicated 4 times using 84 to 120 oocytes/treatment.
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3.7 Experiment 7: Developmental competence of bovine embryo derived
from Holstein sperm exposed to heat shock

The objective of this study was to determine the developmental competence of
bovine embryos derived from heat-shocked sperm. After 22-24 h maturation, COCs
were fertilized with sperm from control, 35°C, 38.5°C and 41°C for 4 h. Cleavage rate
was evaluated at day 3. Development to blastocyst stage was accessed at day 8 post
insemination. This experiment was replicated 7 times using 140 to 210

oocytes/treatment.

4. Methods

4.1 Sperm sample preparation

The experiments were performed with cryopreserved Holstein bull semen stored
in liquid nitrogen at -196°C. Five bulls were used in order to neutralize the individual
effect of bull and semen date ensuring greater statistical robustness. In each replicate 2
straws of semen from different bulls were randomly selected from a pool of 5 Holstein
bulls. The straws were thawed in a semen electronic defroster at 36°C for 30 seconds.
The semen was subjected to sperm separation in Percoll® gradient. To this end, 400 pl
of 90% Percoll was deposited on the bottom of the microcentrifuge tube and 400 pl of
45% Percoll was deposited on the top of the tube for further centrifugation at 9000 x g
for 5 minutes. After centrifugation, 200 to 250 pl of the spermatic pellet was removed
from Percoll gradient, transferred to microcentrifuge tubes containing 400 pL. of wash
medium (SP-TALP) and centrifuged at 9000 x g for 2.5 minutes. After this procedure,
200 to 250 pL of last pellet was removed from the microcentrifuge tube. A 5 pL sperm
sample was used to evaluate sperm motility and 5 pL. for sperm concentration. Sperm
concentration was adjusted to 1 x 10° spermatozoa/ml. Sperm samples were evaluated
immediately after Percoll purification (non-incubated control) and incubated in 2 ml of

SP-TALP at different temperature treatments.

4.2 Sperm motility

Frozen-thawed spermatozoa were subjected to Percoll gradient. Sperm motility
was evaluated immediately after Percoll gradient purification (0 h non-incubation
control) and after incubation in SP-TALP at 35°C, 38.5°C and 41°C for 4 h. After

incubation, a 5-10 pL drop of semen was placed on microscopy glass slides mounted
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with coverslips. Sperm motility was examined at 100x magnification using an inverted
microscope (Carl Zeiss Primo Vert™ Inverted Microscope) and expressed as the

percentage of mobile sperm.

4.3 Reactive oxygen species (ROS)

Sperm ROS was determined using CellROX® Green. In this assay sperm ROS
oxidizes the probe producing green fluorescence. After Percoll gradient, the sperm
pellet was resuspended in SP-TALP to a concentration of 1 x 10° sperm/ml. Sperm
oxidative stress was evaluated immediately after Percoll gradient purification (0 h non-
incubation control) and after incubation in SP-TALP at 35°C, 38.5°C and 41°C for 4 h.
For oxidative stress assay, fresh sperm were incubated in CelROX® Green - 5 uM for
30 min in the dark at 37°C. Samples were washed by centrifugation (9000 x g) in 10
mM PBS containing 1 mg/ml polyvinylpyrrolidone (PBS-PVP) for 5 minutes at 37°C,
fixed in 3.7% (v/v) formaldehyde and transferred to 10% (v/v) poly-l-lysine-coated
slides mounted with coverslips. Samples were analyzed by epifluorescence microscope
Axio Imager.A2 - Carl Zeiss equipped with fluorescein isothiocyanate filter (FITC
emission 520 nm, excitation 460—490 nm) Images were analyzed using ImageJ software
1.45s. Sperm fluorescence intensity was quantified using a “free hand” tool to delimit
de region of interest (ROI - sperm). This experiment was replicated 4 times using

1x10° sperm/treatment.

4.4 Sperm mitochondrial activity

Sperm mitochondrial activity was evaluated by Mitotraker®Red CMXRos
combined with Hoechst 33342. Mitotracker®Red is absorbed by functional
mitochondria. The chloromethyl group reacts with thiol nucleophile of peptides and
proteins composing an aggregate capable to emit red fluorescence (Martin et al., 2007).
Hoechst 33342 was used to identify sperm DNA avoiding technical artefacts (Celeghini
et al., 2007). After Percoll gradient, the sperm pellet was resuspended in SP-TALP to a
concentration of 1 x 10° sperm/ml. In this experiment, O h non-incubation control
sample was evaluated immediately after Pecoll gradient and samples were incubated in
SP-TALP at 35°C, 38.5°C and 41°C for 4 h. For Mitotracker assay, all samples were
incubated in 10 mM PBS containing 1 mg/ml PVP (PBS-PVP) containing Hoechst
33342 (5 pg/ml) and Mitotraker®Red CMXRos (0.05 mg/ml) for 8 min in the dark at
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37°C. Samples were washed by centrifugation (9000 x g) in 10 mM PBS containing 1
mg/ml PVP (PBS-PVP) for 5 minutes at 37°C and transferred to 10% (v/v) poly-Il-
lysine-coated slides mounted with coverslips. Samples were analyzed by
epifluorescence microscope Axio Imager.A2 - Carl Zeiss equipped with a Texas red
filter (emission 590 nm, excitation 510-550 nm) and DAPI filter (emission 420 nm,
excitation 330-385 nm). Images were analyzed using Imagel software 1.45s. Sperm
tail fluorescence intensity was quantified using a “free hand” tool to delimit de region of
interest (ROI - sperm tail). One hundred sperm were evaluated per treatment in each
replicate. 10 mM PBS containing 1 mg/ml PVP (PBS-PVP). This experiment was

replicated 5 times using 1x10 6sperm/‘[reatment.

4.5 Sperm caspase activity

Group II caspase activity (caspase -3, -7 e -2) was evaluated using
PhiPhiLux®G ;D> as fluorogenic substrate. After Percoll gradient, the sperm pellet was
resuspended in SP-TALP to a concentration of 1 x 10° sperm/ml. In this experiment O h
control sample was evaluated immediately after semen purification by Pecoll gradient
and samples incubated at 35°C, 38.5°C and 41°C were evaluated after 4 hours
incubation. For caspase assay, samples were incubated in 1.5 ml SP-TALP containing
HEPES and 1 mg/ml polyvinylalcohol (PVA) (TCM-199 HEPES-PVA) and 5 uM
PhiPhilLux-GD; during 40 minutes at 39°C in humid chamber in the dark. Negative
control sperm was incubated in the absence of PhiPhiLux-G;D, Sperm were washed by
centrifugation in 1 ml TCM-HEPES-PVA, transferred to poly-L-lysine coated slides
and mounted with a coverslip. Samples were analyzed with epifluorescence microscope
Axio Imager A2 - Carl Zeiss equipped with an FITC filter (emission 520 nm, excitation
460—490 nm). Images were analyzed using Image] software 1.45s. Sperm fluorescence
intensity was quantified using a “free hand” tool to delimit de region of interest (ROI -

sperm). This experiment was replicated 5 times using 1x10 6spelrm/treatment.

4.6 In vitro maturation, fertilization and culture

Slaughterhouse ovaries from crossbred cattle were transported to the laboratory
in sterile saline [0.9% (w/v) NaCl containing 100 U/ml penicillin-G and 100 pg/ml
streptomycin) at 37°C for 2 h. Cumulus-oocyte complexes (COCs) were collected by
slicing 2 to 8 mm follicles in OCM (Rodrigues et al., 2016; Lima et al., 2016). Grade 1
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and II COCs were selected as previously described (Leibfried e First, 1979) and washed
once in Pre-IVM medium. Groups of 10 COCs were transferred to 50 ul drop of OMM
overlaid with mineral oil for 22 to 24 h at 38.5°C in an atmosphere of 5% CO, (v/v) in
humidified air. After IVM, COCs were washed once in pre-IVF medium. Groups of 10
COCs were transferred to 90 pl drop IVF-TALP.

At the time of fertilization, 2 straws of semen from different randomly selected
bulls were thawed and purified in Percoll gradient. Control sperm was used to fertilize
oocytes immediately after Percoll purification. After Percoll gradient, sperm from the
other treatments were incubated at 35°C, 38.5°C and 41°C for 4 h. Oocytes were
fertilized with an insemination dose of 1 x 10° sperm/ml for 8 h at 38.5°C and 5% (v/v)
CO; in humidified air. Presumptive zygotes were removed from fertilization drops,
denuded of cumulus cells by vortexing in Pre-IVF medium for 5 minutes and washed
once in SOF-CLEAYV. Groups of 25-30 presumptive zygotes were transferred to 100 ul
drop of SOF-CLEAYV covered in mineral oil at 38.5°C and 5% (v/v) CO, in humidified
air. After 42 hs of the culture, 80 pl of SOF-CLEAV was removed from the culture
drops and replaced with 80 ul of fresh SOF-IVC medium. The percentage of 2-cell
embryos (number of embryos at the 2-cell stage x 100 /total number of oocytes) was
determined at 29, 32, 35, 38 and 41 hpi. Depending on the experiment, cleavage rate
(percentage of cleaved embryos: number of embryos > 2-cell x 100 /total number of
oocytes) was evaluated at 29, 32, 35, 38 and 41 hpi or at day 3 after fertilization.
Development to blastocyst stage was determined at day 8 after fertilization,

respectively.

4.7 Sperm penetration and fertilization rates

In order to determine sperm penetration rate at 35 hpi presumptive zygotes that
did not cleave were washed three times in 10 mM PBS containing 1 mg/ml PVP (PBS-
PVP), fixed in 3.7% (v/v) formaldehyde for 30 minutes and washed in PBS-PVP. Non-
cleaved presumptive zygotes were stained with Hoechst 33342 (5 pg/mL) for 15 min,
washed in PBS-PVP and transferred to 10% (v/v) poly-l-lysine-coated slides mounted
with coverslips. Samples were analyzed in epifluorescence microscope Axio Imager.A2
- Carl Zeiss equipped with a DAPI filter (emission 420 nm, excitation 330-385 nm).
Penetration rate was evaluated as the number of oocytes with 2 pronucleus (PN).

Oocytes considered as fertilized were the ones that cleaved or did not cleave but showed
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the presence of male and female pronucleus. Sperm fertilization rate [(number of

cleaved embryos + 2 PN/total number of oocytes] was also determined.

4.8 Statistical Analysis

Analysis of variance (ANOVA) assumptions (normally distributed data and
homogeneity of variance) were initially determined by SAS (SAS, 1989). Parametric
data were analyzed by least-squares analysis of variance using general linear model and
mixed model procedures of SAS. Dependent variables were percentage of sperm
mitochondrial activity, percentage of oocytes fertilized, cleaved, and that developed to
the 2-cell stage. Independent variables were temperature and replicate. The statistical
model considered all the main effects. PDIFF procedure of SAS was used to establish
significant comparisons among means. Non-parametric data (sperm motility, caspase
activity, ROS, embryo developmental kinetics, cleavage in each time and the percentage
of oocytes that reached the blastocyst stage) were analyzed by Wilcoxon test. Data were

shown as least-squares means + SEM.

S RESULTS

5.1 The effect of heat shock on Holstein sperm motility

Sperm motility was affected by temperature and time of incubation. There was
no effect of temperature on sperm motility during the first two h of incubation.
However, exposure of sperm to heat shock (41°C) reduced (P < 0.02) motility at 3 and 4
h incubation as compared to 35 and 38.5°C (Fig. 1). Similarly, motility was affected by
incubation time. A 4 h incubation period reduced motility (P< 0.05) for all temperatures
examined while a period of 3 h incubation only reduced (P< 0.02) motility at 41°C (Fig.
2).
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Figure 1: Effect of incubation temperature on motility of Holstein sperm
exposed to heat shock. Results are least-squares means + SEM of 5 replicates using

1x10° sperm/treatment. Different letters in each bar represents significant difference (P<

0.05).
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Figure 2: Effect of time of incubation on motility of Holstein sperm exposed to

heat shock. Results are least-squares means + SEM of 5 replicates using 1x10°
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sperm/treatment. Different letters within each line represents significant difference (P<
0.05).

5.2 The effect of heat shock on Holstein sperm oxidative stress
Exposure of Holstein sperm to heat shock for 4 h increased ROS as compared to
control (P< 0.001), 35°C (P< 0.001) and 38.5°C (P< 0.001). The amount of ROS

increased as temperature of incubation increased (Fig. 3 and Fig. 4).
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Figure 3: The effect of heat shock on Holstein sperm oxidative stress. Results
are least-squares means £ SEM of 4 replicates using 1x10° sperm/treatment. Different

letters in each bar represents significant difference (P< 0.05).
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Figure 4: Representative image illustrating bovine sperm subjected to CellROX
Green assay as a marker of oxidative stress. Panel A and B are Control and heat-
shocked sperm, respectively. White arrows indicate low fluorescence intensity and low
ROS generation. Red arrows indicate high fluorescence intensity and high ROS

generation.

5.3 The effect of heat shock on mitochondrial activity of Holstein sperm
Exposure of Holstein sperm to heat-shock (41°C) for 4 h reduced (P< 0.05)
mitochondrial activity as compared to control (Fig. 5 and 6). However, mitochondrial

activity was similar among sperm cells exposed to control, 35, 38.5 and 41°C (Fig. 5).
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Figure 5: Effect of heat shock on mitochondrial activity of Holstein sperm.
Results are least-squares means + SEM of 5 replicates using 1x10° sperm/treatment.

Different letters in each bar represents significant difference (P< 0.05).
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Figure 6: Representative image illustrating bovine sperm subjected to Mitotraker
Red CMXRos combined with Hoechst 33342 as a marker of sperm mitochondrial
activity (red) and DNA (blue). White arrows indicate mitochondrial activity and red

arrows low mitochondrial activity

5.4 The effect of heat shock on caspase activity of Holstein sperm
Exposure of Holstein sperm to 35°C, 38.5°C and 41°C for 4 h increased (P<
0.0001) caspase activity as compared to control (Fig. 7; Fig. 8). Moreover, 41°C heat

shock increased (P< 0.01) caspase activity as compared to control and 35 °C.
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Figure 7: Effect of heat shock on caspase activity of Holstein sperm. Results are
least-squares means + SEM of 5 replicates using 1x10° sperm/treatment. Different

letters in each bar represents significant difference (P< 0.05).



61

Figure 8: Representative image illustrating bovine sperm subjected to
PhiPhiLux®G,D,. Green assay as a marker of caspase activity. Panel A and B are
Control and heat-shocked sperm, respectively. White arrows indicate high caspase

activity and red arrows low caspase activity

5.5 The effect of Holstein sperm heat shock on early embryonic
development

A preliminary study was conducted to determine the best timing to evaluate the
percentage of embryos that reached the 2-cell stage. The percentage of oocytes that
reached the 2-cell stage was 9.2 £ 1.11%, 10 £ 1.11%, 24.8 £ 1.11%, 25.2 + 1.11% and
9.6+1.11% at 29, 32, 35, 38 and 41 hpi, respectively. Development to the 2-cell stage
was higher (P< 0.011) at 35 and 38 hpi. Therefore, the percentage of 2-cell embryos
was evaluated at 35 hpi in the subsequent experiment.

The percentage of oocytes fertilized was reduced by sperm heat shock as
compared to control (P< 0.01) and 35°C (P< 0.01), indicating a direct effect of heat
shock on sperm penetration potential. Exposure of sperm to 41°C heat shock also

reduced the percentage of oocytes that reached the 2-cell stage as compared to control
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(P< 0.01) and 35°C (P< 0.05). There was no difference between 38.5 and 41°C sperm
incubation temperature on sperm fertilization rate and the percentage of oocytes that

reached the 2-cell stage (Fig. 9).
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Figure 9: Effect of Holstein sperm heat shock on sperm fertilizing potential and
subsequent embryonic development to the 2-cell stage. The percentage of oocytes
fertilized (A) and that developed to the 2-cell stage (B) are shown. Results are least-
squares means = SEM of 7 replicates using 140 to 210 oocytes/treatment. Different

letters in each bar represents significant difference (P< 0.05).

5.6 The effect of Holstein sperm heat shock on early preimplantation
embryo developmental kinetics

Exposure of sperm at 35°C, 38,5°C e 41°C affected 2-cell embryo development
within each time evaluated. At 41°C the percentage of 2-cell embryos was reduced (P<
0.001) at all moments evaluated (Fig. 10 A). The proportion of oocytes that reached the
2-cell stage over time after fertilization with control and 35°C treated sperm increased
over time from 29 (P< 0.001), 32 (P< 0.001) up to 35 hpi (P< 0.01) declining at 38 (P<
0.001) and 41 hpi (P< 0.001) (Fig. 10 A). In the other hand, the proportion of 2-cell
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embryos derived from oocytes fertilized with sperm incubated at 38.5 and 41°C for 4 h

was the same at 29, 32, 35, 38 and 41 hpi (Fig. 10 B).
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Figure 10: The effect of Holstein sperm heat shock on early preimplantation
embryo developmental kinetics. The effect of temperature (A) and effect of time after
insemination (B) on 2-cell embryo developmental kinetics are shown. Results are least-
squares means + SEM of 4 replicates using 84 to 120 oocytes/treatment. Different

letters in each bar represents significant difference (P< 0.001).
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Cleavage rate was reduced by temperature of sperm incubation. Cleavage rate
was similar over time for sperm incubated at 41°C. Cleavage rate at 29 (P< 0.01), 32
(P< 0.01), 35 (P< 0.01), 38 (P< 0.01) and 41 (P< 0.01) hpi was reduced for oocytes
fertilized with sperm exposed to and 35°C, 38.5° C and 41°C as compared to control
(Fig. 11 A).

However, cleavage rate was affected by time after insemination in each
temperature. For oocytes fertilized with control sperm cleavage rate increased from 29
(P< 0.05) to 32 (P< 0.005) and 38 hpi (P< 0.001). Similarly, sperm exposure to 35°C
increased cleavage rate over time from 29 (P< 0.001), 32 (P< 0.001), 38 hpi (P< 0.001)
and 41 hpi (P< 0.001). Sperm incubation at 38.5°C increased cleavage rate at 35 (P<
0.002), 38 (P< 0.003) and 41 hpi (P< 0.001) (Fig. 11 B). On contrast, sperm heat shock

arrested early cleavage divisions.
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Figure 11: The effect of Holstein sperm heat shock on early preimplantation
embryo developmental kinetics. The effect of temperature (A) and time after
insemination (B) on cleavage rate are shown . Results are least-squares means + SEM of
4 replicates using 84 to 120 oocytes/treatment. Different letters in each bar represents

significant difference (P< 0.05 -A) and (P< 0.001-B).
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5.7 Developmental competence of bovine embryos derived from Holstein
sperm exposed to heat shock

Cleavage rate was inversely proportional to temperature of incubation as
compared to control. The proportion of oocytes that cleaved at day 3 was reduced by
sperm incubation at 35°C (P< 0.0022), 38.5°C (P< 0.0001) and 41°C (P< 0.0001) when
compared to control. Heat shock also reduced cleavage rate as compared to 35°C (P<
0.0002) and control (P< 0.0001) (Fig. 12 A).

The percentage of oocytes that developed to the blastocyst stage at day 8 was
reduced by sperm incubation at 35°C (P< 0.02), 38.5°C (P< 0.002) and 41°C (P<0.001)
when compared to control. The percentage of oocytes that developed to the blastocyst
stage did not differ between embryos derived from sperm exposed to 41 and 38.5°C.
However, 41°C sperm heat shock reduced blastocyst development as compared to
embryos derived from control (P< 0.001) and 35°C (P< 0.014) treated sperm (Fig. 12
B). Similarly, the percentage of cleaved embryos that developed to the blastocyst stage
did not differ between embryos derived from sperm exposed to 41 and 38.5°C.
However, 41°C heat shock (P< 0.002) and 38.5°C (P< 0.016) reduced blastocyst

development as compared to embryos derived from control-treated sperm (Fig. 12 C).
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Figure 12: Effect of Holstein sperm heat shock on cleaved at day 3 (A),
developmental potential of oocytes (B) and cleaved embryos (C) to the blastocyst stage.
Results are least-squares means = SEM of 7 replicates using 140 to 210
oocytes/treatment. Different letters in each bar represents significant difference

(P<0.001-A), (P<0.05-BC).

6 DISCUSSION
Direct exposure of Bos taurus taurus sperm cells to 41°C heat shock for 4 h
impaired sperm function. Sperm heat shock reduced sperm motility and fertilizing

potential, altered the kinetics of early preimplantation embryonic development and
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reduced the proportion of oocytes that reached the blastocyst stage following
fertilization. These functional changes were accompanied by heat shock-induced sperm
oxidative stress and caspase cascade.

The in vitro model used in this study has been broadly used to determine the
direct effect of temperature in sperm cells (Chandolia et al., 1999; Pérez-Crespo et al.,
2008; Hendricks et al., 2009; Rahman et al., 2014). Moreover, the use of frozen-thawed
ejaculated sperm under elevated temperature mimics the adverse environmental
conditions caused by heat stress during natural breeding or artificial insemination (AI)
in the summer. It is well known that summer heat stress leads to hyperthermia in the
lactating dairy cow which can undergo body temperature oscillations above 40-41°C
(Ealy et al., 1993; Rivera and Hansen, 2001). Therefore, the sperm cell is subjected to
these temperatures during transport, capacitation and fertilization in the female
reproductive tract.

Indeed, sperm exposure to 41°C reduced motility in a time-dependent manner.
While heat shock did not affect sperm motility during the first 2 hours of incubation,
there was a great reduction in motility at 3 and 4 h incubation. Sperm motility is a key
factor to determine semen quality and fertilizing capability (Petrunkina et al., 2007). It
is related to the availability of adenosine triphosphate (ATP): the frequency and
amplitude of the tail movement of sperm is closely related to the dephosphorylation of
ATP (Kim et al., 2016). It is possible that heat-shocked sperm has a high energetic
demand leading to ROS unbalance (Aitken et al., 2012) compromising mitochondrial
respiratory chain, reducing ATP synthesis and directly affecting sperm motility
(Ferramosca et al., 2013).

Other studies have investigated the effect of 38.5°C and 41°C incubation for 4 h
demonstrating the negative effect of heat shock on motility at a single time point
(Chandolia et al., 1999; Pérez-Crespo et al., 2008; Hendricks et al., 2009; Rahman et
al., 2014). In the current study the magnitude of the deleterious effects of temperature
on sperm motility was greater over time. Moreover, the heat-shock induced reduction in
motility was followed by a drop in sperm fertilizing potential. For example, heat shock
during 4 hours reduced motility to < 25% and fertilizing potential to < 35%. On the
other hand, sperm incubation at physiological body temperature (38.5°C) did not affect
motility, but reduced sperm fertilizing potential to a level similar to heat-shocked

sperm, indicating the deleterious effect of 38.5°C incubation on the sperm cell. This
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may be due to the fact that this study was conducted with cryopreserved semen. It is
possible that cryopreservation turned these cells more prone do damage. In fact, sperm
incubation at 38.5°C increased ROS production as compared to 35°C and control. There
is evidence that production of ROS causes lesions to the sperm DNA and interfere with
the fertilizing capacity of spermatozoa (Irvine et al., 2000).

The current study demonstrated that heat shock enhanced sperm oxidative stress
indicating that at least part of the deleterious effect of temperature on sperm function is
mediated by ROS. As temperature of sperm incubation increased, ROS generation also
increased. Such heat-induced ROS production was greater in sperm cells subjected to
41°C as compared to other temperatures. The sperm cell is prone to oxidative damage.
The small amount of cytoplasm limits sperm enzymatic antioxidant system (Mazur et
al., 2000). Moreover, the abundance of polyunsatured fatty acids (PUFA) in sperm
membranes (Parks e Hammerstedt, 1985) turns this cell more vulnerable to ROS.
Cellular ROS unbalance damages DNA, proteins, lipids and other cellular components
(Benchaib et al., 2003) leading to sperm poor functionality (Du Plessis et al., 2010). For
example, high ROS levels can negatively affect sperm cell leading to a reduction in
motility and mitochondrial potential (Aitken et al., 2012).

In the current study sperm mitochondrial activity was not different among sperm
incubated at 35°C, 38.5°C and 41°C for 4 hours. This indicated that 41°C for 4 hours
did not affect mitochondrial function as compared to other incubation temperatures.
This result agrees with previous studies. Hendricks and Hansen (2009) demonstrated
that exposure of sperm to heat shock for 4 hours did not affect mitochondrial membrane
potential (MMP). On contrast, Rahman et al. (2014) demonstrated that MMP was
reduced by 41°C heat shock for 4 hours as compared to 38.5°C and non-incubated
control. Therefore, the ability of heat shock to alter sperm mitochondrial function still
controversial. Interestingly, in the current study 41°C heat shock caused a minor
reduction in sperm mitochondrial activity as compared to non-incubated control. This
suggests that this drop on mitochondrial activity was caused by incubation other than
temperature.

Group II caspase activity (caspase 2-, 3- and -7) was greater for heat-shocked
sperm than sperm incubated at physiological testicular temperature and non-incubated
control. This heat-induced increase in caspase activity is indicative that heat shock

triggered the apoptotic cascade in sperm cells. The mitochondrial pathway of caspase
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activation has been described to occur in response to cellular stresses in different cell
types (Du, C. et al., 2000; Patterson et al., 2000). Moreover, caspase-3, -7 and caspase-9
has been immunolocalized in fresh and frozen-thawed spermatozoa (Ortega-Ferrusola et
al., 2008). Even though heat shock-induced increase in caspase activity is suggestive
that the mature sperm can undergo apoptosis, further studies are necessary to confirm
this hypothesis. Previous studies have found controversial results on the ability of the
mature sperm to undergo apoptosis after exposure to heat shock (Hendricks and Hansen,
2009; Rahman et al., 2014). However, there is evidence that cryopreservation of
ejaculated bull semen induced early stage of apoptosis as indicated by
phosphatidylserine translocation across the plasma membranes (Anzar et al., 2002),
indicating the ability of mature sperm to initiate the apoptosis cascade.

The heat shock-induced reduction in sperm motility was accompanied by a
reduction in sperm fertilizing potential. Sperm exposure to 41°C for 4 h reduced
fertilization rate and the proportion of oocytes that reached the 2-cell and blastocyst
stage as compared to sperm incubated at 35°C and non-incubated control. This suggests
that heat shock can compromise the sperm ability to perform physiological processes in
the female reproductive tract including the competence of the spermatozoa to penetrate
the zona pellucida, undergo acrosome reaction, activate the oocyte and delivery the
paternal genome during fertilization to generate a normal embryo and a healthy
offspring (Anton and Krawetz, 2012; Henkel, 2012).

Sperm heat shock also altered 2-cell embryo and cleavage rate developmental
kinetics reducing the proportion of oocytes that reached the 2-cell stage and cleaved at
all the moments evaluated (29 to 41 hpi). This indicated that sperm heat shock
compromised early cleavage divisions arresting early preimplantation embryonic
development. During fertilization, sperm delivery PLC zeta into oocyte leading to a

serial cytosolic Ca*"

oscillations (Saunders et al., 2002) that are prerequisite to oocyte
activation and normal pre- and pos-implantation embryo development (Ozil et al., 2005;
2006). Moreover, spermatozoa with lack and/or defect of PLC zeta fail to promote

adequate pattern of Ca®"

oscillations negatively affecting oocyte activation, pronucleus
formation, cleavage and development to the blastocyst stage (Knott et al., 2005).
Therefore, it is reasonable that heat shock could compromise the PLC zeta, affecting

subsequent oocyte activation, pronucleus formation and first cleavage.
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The low cleavage rate from oocyte fertilized with heat-shocked spermatozoa
could also be due the oxidative stress. In the present study, heat shock resulted in an
increased level of ROS in spermatozoa. In agreement with this hypothesis, it has been
described that sperm level of oxidative stress and/or susceptibility to oxidative stress
affect the first cleavage and embryo development after bovine oocyte fertilization
(Simdes et al., 2013; de Castro et al., 2016). In this way, sperm oxidative stress induced
by heat shock could be responsible for the low cleavage from oocytes fertilized with
heat-shocked spermatozoa. Spermatozoa oxidative stress is associated with DNA
fragmentation (Aitken et al., 2014). Interesting, mouse zygotes respond to sperm DNA
damage delaying DNA replication in the paternal pronuclei, retarding embryonic
development particularly in the first cell cycle at the G2/M and ultimately arresting
embryo development (Gawecka et al., 2013). In the present study, sperm damage was
not evaluated by DNA fragmentation, but by caspase activity instead. However,
Rahman et al. (2014) detected an increase in DNA fragmentation in bovine heat-
shocked spermatozoa. In this way, we speculate that that the increase in caspase activity
in heat-shocked spermatozoa observed in the present study, could have resulted in

sperm DNA fragmentation leading to cleavage delay and embryonic arrest.
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7. CONCLUDING REMARKS
This study aimed to mimic the effect of heat stress on sperm behavior in the
reproductive tract of the cow. It is well known that heat stress in the lactating dairy cow

leads to a hyperthermia with body temperatures ranging from 40-41°C. Exposure of
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mature sperm to heat shock (41°C for 4h) reduced sperm motility and fertilizing
potential, altered the kinetics of 2-cell embryo development and cleavage rate and
reduced the proportion of oocytes that reached the blastocyst stage following
fertilization. These functional changes were accompanied by heat shock-induced sperm
oxidative stress and induction of caspase cascade. Even though sperm incubation at
body temperature physiological control (38.5°C) did not affect sperm motility, it
increased ROS production, compromised sperm fertilizing potential and subsequent
preimplantation embryonic development, suggesting a negative effect of this
physiological temperature. Such negative effect of 38.5°C may be because this study
was conducted with cryopreserved semen. It is possible that cryopreservation turned the
sperm cell prone to further temperature stress. Even though cryopreservation is
advantageous to preserve sperm for undetermined time, it reduces sperm metabolism,

motility and integrity compromising sperm fertilizing ability.



