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RESUMO

A espermatogénese ¢ um processo ciclico e organizado que resulta na forma¢do do gameta
masculino, o espermatozoide, a partir de células espermatogoniais indiferenciadas. Estas
espermatogobnias indiferenciadas podem sofrer divisdes que resultardo na produc¢do de células
comprometidas com o desenvolvimento da espermatogénese (diferenciacao) ou na produgdo de
novas espermatogonias indiferenciadas (auto renovagao), sendo o balango entre estes dois tipos
de divisdo crucial para a manutencao da espermatogénese ao longo da vida reprodutiva do
animal. A regulacdo do equilibrio entre a auto renovagao e a diferenciacao das espermatogonias
indiferenciadas em peixes adultos é um processo ainda pouco conhecido, particularmente nos
aspectos relacionados a influéncia de fatores paracrinos. O INSL3 (peptideo 3 semelhante a
insulina) é membro da familia relaxina de peptideos expresso pelas células de Leydig nos
testiculos dos vertebrados. Em mamiferos, ¢ sabido que o INSL3 é importante no processo de
descenso testicular durante o desenvolvimento e para a sobrevivéncia de células germinativas
durante a vida adulta. Em peixes, embora nao ocorra processo de descenso testicular, o gene
insl3 é altamente expresso pelas células de Leydig, ndo somente durante o desenvolvimento mas
também durante a vida adulta, indicando a existéncia de potenciais fungdes biologicas ainda nao
identificadas conservadas ao longo do processo evolutivo. Estudos anteriores demonstraram que
0 hormonio anti-miilleriano (Amh), além de inibir a diferencia¢do espermatogonial e a producao
de androgenos, foi capaz de reduzir o efeito estimulatério do horménio Foliculo estimulante
(Fsh) sobre a transcricdo do gene insi3 nos testiculos de zebrafish. Neste contexto, decidimos
investigar se o Insl3 em zebrafish teria uma func¢ao antagdnica aquela observada para o Amh.
Assim, nossos estudos envolvendo cultura de testiculo de zebrafish demonstraram que o INSL3
humano (hINSL3) aumentou o indice de proliferacio de espermatogdénias do tipo A
indiferenciadas (A,.4), 20 mesmo tempo em que reduziu o indice de proliferacao das células de
Sertoli associadas a este tipo espermatogonial quando estas células germinativas apresentavam-se
em proliferacdo. Ainda, experimentos em cultura utilizando-se testiculos de zebrafish com
espermatogoOnias pré-marcadas com BRdAU in vivo mostraram que o hINSL3 reduziu a area e o
numero de cistos de espermatogbnias do tipo A, no parénquima testicular, enquanto a area
ocupada por cistos de espermatogdnias do tipo A diferenciadas (Agg) mostrou-se aumentada.
Estas analises morfométricas foram confirmadas pelas analises moleculares, nas quais o PCR
quantitativo demonstrou que o hINSL3 reduziu de forma significativa a transcricdo do gene
nanos2, que ¢ um marcador de espermatogbnias indiferenciadas em zebrafish e outros
vertebrados. Desta forma, concluimos que o hINSL3 promoveu a diferenciagdo das
espermatogobnias do tipo A,,q em cultura de testiculos de zebrafish. No entanto, nossos estudos
ndao demonstraram a¢do moduladora do hINSL3 na produgdo e liberacdo de andrdgenos.
Finalmente, estudo utilizando-se animais com deficiéncia androgénica e de gonadotrofinas, em
decorréncia do tratamento iz vivo com o hormonio 17f-estradiol, mostrou que a transcricio do
gene insi3 € drasticamente reduzida em condi¢bes favoraveis a auto renovagdo e, ainda, que a
recuperagdao parcial da espermatogénese observada apds a introdu¢do do hormoénio 11-
cetoandrostenediona no tratamento iz vivo foi independente da elevagdo dos niveis de transcricao
do gene insi3. Neste contexto, nossos resultados indicam que o hINSL3 estimula
a proliferacao e diferenciagdo de espermatogénias do tipo A, nos testiculos de zebrafish
sexualmente maduros independentemente da participacao de androgenos, potencialmente como
um mediador dos efeitos do Fsh na espermatogénese.



ABSTRACT

Spermatogenesis is a cyclical and organized process that leads to the production of male
gamete, the spermatozoa, from undifferentiated spermatogonia. Undifferentiated
spermatogonia have the capacity to produce, by cell division, either more undifferentiated
spermatogonia (self-renewal) or germ cells committed to the development of
spermatogenesis (differentiation). Therefore, the balance between self-renewal and
differentiation is crucial for the maintenance of spermatogenesis during the reproductive life.
Nevertheless, the regulation of this balance in adult fish still needs to be elucidated,
particularly the aspects involving paracrine regulation. INSL3 (insulin-like peptide 3) is a
relaxin peptide family member produced by Leydig cells in vertebrate testes. In mammals, it
is known that INSL3 has a crucial role on testicular descent during development and also on
germ cell survival during adult life. In teleosts, although the testes remain inside the body
cavity, the gene insi3 is highly expressed during development and also during the adult life,
potentially indicating evolutionary older functions yet undiscovered. Previous observations
showed that Amh (anti-miillerian hormone), in addition to inhibiting spermatogonial
differentiation and androgen release, inhibited Fsh (follicle-stimulating hormone)-induced
increase in insl3 transcript levels in zebrafish testis. Therefore, we investigated if the two
growth factors might have antagonistic effects. Ex vivo studies indicated that hINSL3
increased the proliferation of type A undifferentiated (A,.q) spermatogonia, while reducing
proliferation of Sertoli cells associated with proliferating A,,s. Moreover, ex vivo experiments
using zebrafish testes with in vivo pre-labeled type Aung spermatogonia showed that hINSL3
decreased the number and area of testicular parenchyma occupied by cysts of type Aung
spermatogonia, and increased the area occupied by cysts of type A differentiating (Aai)
spermatogonia. Corroborating the morphometric data, quantitative PCR analyses showed
that hINSL3 decreased the transcription of nanos?2 gene, a marker for type Auna
spermatogonia in zebrafish and other vertebrates. Hence, we conclude that hINSL3
promoted differentiation of type A, spermatogonia in zebrafish testes culture. However,
our investigations did not indicate effects of hINSL3 on androgen release. Finally, the
investigations using animals with androgens and gonadotropins deficiency, due to an iz vivo
exposure to 17B-estradiol, showed that mRNA levels for /nsi3 gene were drastically reduced
in this pro self-renewal condition. Additionally, the partial recovery of spermatogenesis
observed after the introduction of 11-ketoandrostenedione on the in vivo treatment was not
related to the recovery of insi3 transcription. In this context, our data corroborate the
hypothesis that hINSL3 recruited A,,¢ spermatogonia into differentiation without androgen
participation, potentially mediating an Fsh effect on spermatogenesis.
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Introducao



1. Introducao

1.1 Peixes teleosteos

O grupo dos peixes teledsteos representa cerca de 50% do total de ~50 mil
espécies de vertebrados atualmente catalogadas (Nelson, 2006). Seu sucesso adaptativo
pode ser atribuido a variadas especializagdes nos mecanismos de locomogao, habitats,
comportamento e, especialmente, reprodugdo, caracterizadas pela ampla diversidade de
estratégias reprodutivas (Le Gac & Loir, 1999; Nakatani et al., 2001; Moyle & Cech,
2003). Neste contexto, a liberagdo dos gametas para a fertilizagdo externa; o
desenvolvimento de 6rgaos especializados para fertilizagao interna; os mais variados
niveis de cuidado parental; e a migracao reprodutiva, seja na forma de “piracema” ou
naquelas acompanhadas por grandes alteracdes osmoticas, sdo exemplos da
complexidade reprodutiva dos teledsteos.

Além da inegavel relevancia das investigagcdes envolvendo a biologia comparada
dos varios sistemas constituintes dos organismos vertebrados, é importante que se
conheca as peculiaridades relacionadas a biologia reprodutiva dos peixes devido, por
exemplo, ao grande potencial econdmico da piscicultura no mercado mundial de
alimentos. Além disto, algumas espécies de teledsteos sdao modelos bioldgicos
experimentais amplamente utilizados nas d4reas de reprodugdo, genética e
melhoramento, como por exemplo o zebrafish (Danio rerio), o medaka (Oryzias latipes), a
truta arco-iris (Oncorhynchus mykiss) e a tilapia (Oreochromis niloticus) (Feitsma et al., 2007,

Nakamura ez al., 2012; Lacerda et al., 2013; Rolland ez al., 2013).

13



1.2 Zebrafish (Danio rerio) como modelo experimental

O zebrafish (Figura 1 — pagina 58), no Brasil também conhecido como
“paulistinha”, é um teledsteo de agua doce originario da India, pertencente a familia
Cyprinidae (Engeszer et al., 2007; Nasiadka & Clark, 2012). Este teledsteo possui vida
média de trés anos, atingindo a maturidade sexual aos trés meses de vida. Sua
reprodugdo ocorre em temperaturas médias de 26-28°C, por cerca de 18 meses. A fémea
deste teledsteo pode desovar aproximadamente 100-200 ovos por semana (McGonnel &
Fowkes, 2006).

Esta espécie é amplamente utilizada como modelo experimental em pesquisas
biomédicas, no estudo de genética evolutiva, comportamento e fisiologia. A ampla e
crescente popularidade do zebrafish como modelo experimental pode ser atribuida a
caracteristicas como condi¢des simples de manuseio em laboratorio, prole numerosa,
fertilizagdo externa (de facil manipulacao), facil observacdo do desenvolvimento
embrionario propiciado pelo aspecto transparente de seus embrides, além do genoma
totalmente sequenciado e disponibilizado, facilitando assim a geragao de diversas
linhagens de animais transgénicos (Grunwald & Eisen, 2002; Nasisdka & Clark, 2012).
Neste contexto bastante favoravel, o zebrafish vem sendo também utilizado com sucesso
em pesquisas envolvendo regulagdo da fungdo testicular (Leal er al., 2009a; Leal et al.,

2009b; Nobrega, et al., 2010; Morais et al., 2013).

1.3 Estrutura dos testiculos

A exemplo das demais espécies de vertebrados, os testiculos em teledsteos
desempenham fungbes gametogénica (produ¢dao do gameta masculino, o0
espermatozoide) e endocrina (produgao hormonal) e siao constituidos por

compartimentos tubular e intersticial (Figura 2 — pagina 59) (Schulz ez al., 2010; Schulz
14



& Noébrega, 2011). O compartimento tubular é formado, da periferia para o centro, pelas
células peritubulares mioides (de atividade contratil), membrana basal, epitélio
seminifero e o lume tubular. As células de Sertoli sao as unicas células somaticas no
epitélio seminifero. Elas desempenham papel crucial no processo de formagao dos
gametas masculinos, sendo essenciais para a sobrevivéncia e desenvolvimento das
células germinativas durante a espermatogénese (Schulz & Miura, 2002; Schulz et al.,
2010). O epitélio seminifero em testiculos de teledsteos se organiza em estruturas
denominadas “cistos”, os quais sao formados por células de Sertoli que envolvem as
células germinativas que se diferenciam / progridem de maneira sincrénica (Figura 3 —
pagina 59). Ao receberem estimulos hormonais as células de Sertoli produzem fatores
que irao influenciar e direcionar a espermatogénese (Schulz ez al., 2010). Neste contexto,
atribuem-se as células de Sertoli as funcOes de sustentacdao e nutricdo das células
germinativas, secre¢ao de fluido para a formacio do limen tubular, producao de
proteinas e de varios fatores de crescimento, liberagdo de espermatides maduras
(espermiagao) e intermediacao hormonal da espermatogénese através de receptores para
esteroides (andrégenos e estrogenos) e para gonadotrofinas e fatores de crescimento
(Schulz et al., 2010; Franga et al., 2015). Outra propriedade importante das células de
Sertoli é sua eficiente capacidade fagocitaria, retirando do epitélio seminifero
produtos/corpos residuais, bem como células germinativas em apoptose e eventuais
espermatozoides que permanecem no lume tubular apds a espermiacao (Almeida ez al.,
2008; Franga et al., 2015).

No compartimento intersticial, além de vasos sanguineos, células e fibras do
tecido conjuntivo, encontram-se as células responsaveis pela produg¢do de hormonios
esteroides nos testiculos, as células de Leydig (Figuras 2 e 3 — paginas 59 e 60) (Schulz et
al., 2010; Schulz & Nobrega, 2011). Em teledsteos, sob o estimulo tanto do hormoénio
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luteinizante (Lh) quanto do foliculo estimulante (Fsh), estas células produzem e
secretam a 11-cetotestosterona (11-KT), que atua na regulagdo da espermatogénese (de

Waal et al., 2008).

1.4 Espermatogénese

A espermatogénese € um processo ciclico, complexo, coordenado e
filogeneticamente conservado, no qual as espermatogOnias-tronco podem sofrer dois
tipos de divisdo: 7) divisdo para auto-renovagdo, garantindo assim a fertilidade em longo
prazo; e #i) divisdo para prover duas células filhas, conectadas por uma ponte
citoplasmatica, as quais formam, ap6s numero de divisdes mitoticas espécie-especifico,
0s espermatocitos primarios. Estes espermatocitos passarao entdo pelo processo de
divisao meiodtica produzindo células haploides (espermatides), as quais, posteriormente,
dardo origem aos espermatozoides (Figura 3 — pagina 60) (Schulz ez al., 2010). O balango
entre esses dois tipos de divisdao espermatogonial ¢ altamente coordenado. Assim,
quando o mesmo ¢ alterado rumo a auto-renovagdo, a formagao de seminomas pode ser
desencadeada. Por outro lado, se este balanco ¢ desequilibrado rumo a diferenciacao, a
populagdo de espermatogOnias-tronco pode ser depletada e a espermatogénese
interrompida (de Rooij & Grootegoed, 1998).

Morfofuncionalmente, a diferenciagdo das células germinativas em
espermatozoides pode ser divida em trés fases: 7) fase mitotica ou espermatogonial,
durante a qual uma série de divisdes mitoticas, as primeiras lentas e as demais rapidas,
expandem exponencialmente o numero de células germinativas; 77) fase meidtica ou
espermatocitaria, na qual o material genético ¢ duplicado, recombinado e segregado
durante as duas divisdes meidticas, resultando em células haploides; e i) fase

espermiogénica, onde as células germinativas haploides sofrem transformagdes drasticas,
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tais como alta compactagao do material genético, redugao do volume celular e formagao
do flagelo, dando assim origem aos espermatozides (Russell ef al., 1990; Sharpe, 1994;
Eddy, 1999).

Durante a fase mit6tica, o nimero de divisdes / geragdes espermatogoniais pode
variar bastante entre as diversas espécies de peixes (Schulz et al., 2010). Pelo fato da
denominagdo das diferentes geracdes de espermatogOnias ser bastante variada neste
grupo de vertebrados, o uso de nomenclatura semelhante para o mesmo tipo celular
tornou-se necessario. Assim, recentemente, tentativa foi feita no sentido de se classificar
/ caracterizar as células germinativas de teledsteos empregando-se a mesma
terminologia utilizada para vertebrados superiores (Schulz et al., 2010). Desta forma,
baseado em critérios morfologicos, as células espermatogoniais em peixes podem ser
classificadas em dois tipos: tipo A e tipo B (Figura 4 — pagina 61). Funcionalmente, as
espermatogonias do tipo A podem ser subdivididas em espermatogoOnias indiferenciadas
(Auna) (Figura 4A), incluindo-se as células tronco espermatogoniais (SSC); e
espermatogoOnias diferenciadas (Aax) (Figura 4B). As espermatogbnias do tipo Aung
originam as espermatogbnias do tipo Aggy, que compartilham algumas caracteristicas
morfologicas com sua célula precursora. O comprometimento irreversivel com a
diferenciacao/maturacao e alteracoes morfofuncionais, tais como menor tamanho
celular e maior quantidade de heterocromatina, resulta na formag¢do de espermatogonias
do tipo B (Figura 4B) que, caracteristicamente em peixes, passam por varias e rapidas
divisdes. Neste sentido, o melhor critério para discriminar espermatogonias do tipo B
inicial do tipo tardia baseia-se no tamanho celular/nuclear e no numero de células por

cisto (Leal ez al., 2009a; Schulz et al., 2010).
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1.5 Proliferacao das células de Sertoli

Diferentemente de répteis, aves e mamiferos, nos quais ¢ considerado que as
células de Sertoli ndo proliferam apds a puberdade, a espermatogénese em teledsteos e
anfibios estd intimamente associada com a proliferacao desse elemento somatico. O
numero de células de Sertoli presente nos testiculos é o principal fator responsavel pelo
numero de cistos germinativos, o que, em ultima analise, determina o tamanho deste
orgdo e a magnitude da produgdo espermatica (Schulz et al., 2005; Petersen & Soder,
2006; Leal et al., 2009a; Schulz et al., 2010; Franga et al., 2015). Estudos em teledsteos
mostraram que a proliferacdo das células de Sertoli ocorre principalmente na fase
mitdtica ou espermatogonial da espermatogénese, quando o numero de células
germinativas e, consequentemente, o tamanho dos cistos espermatogénicos aumentam
rapidamente (Matta ez al., 2002; Schulz et al., 2005; Leal et al., 2009a; Schulz et al., 2012).
Em tilapia, esta atividade proliferativa persiste até o estabelecimento das jungdes
oclusivas (tight junctions) entre as células de Sertoli no final da meiose (Batlouni et al.,
2009). Pelo fato de ser considerado que as células de Sertoli em peixes nao sofrem
diferenciagdo terminal, retendo assim a sua capacidade mitética ao longo da vida
reprodutiva do animal, cada novo cisto ¢, em tese, composto por novas células de Sertoli
originadas de divisdes mitéticas (Schulz et al., 2005), as quais, a semelhanca de
mamiferos, parecem também sofrer influéncia do Fsh para a sua proliferagdo (Schulz et
al., 2012).

Além da proliferacao que acompanha o crescimento dos cistos espermatogénicos
ja existentes, outra modalidade de proliferacdo das células de Sertoli acontece nos
testiculos de teledsteos no contexto de formagdao de novos cistos, a partir da auto-
renovacao das SSC. Esta premissa parte do principio de que, nesta fase da

espermatogénese a sobrevivéncia das células germinativas depende do seu intimo
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contato com essa célula somatica. Assim, durante a formagdao de novos cistos o primeiro
passo seria a formagdo de mais nichos (ver proximo item) através da produgdo de outras
células de Sertoli, aspecto este crucial para a acomoda¢do de novas células tronco
provenientes da auto-renovag¢do das células tronco espermatogoniais (Schulz et al.,

2012).

1.6 Nicho e regulacao das células tronco espermatogoniais

Em praticamente todos os 6rgaos e sistemas, a fungao das células tronco adultas é
mantida por microambiente especializado, denominado nicho (Voog & Jones, 2010). No
testiculo, este microambiente ¢ composto pelas proprias SSC, células de Sertoli e outros
elementos somaticos adjacentes, além de matriz extracelular (Hofmann, 2008; Nobrega
et al., 2010; Oatley & Brinster, 2012; Yoshida, 2012). Por estar em intimo contato com as
SSC, a célula de Sertoli ¢ considerada como o principal componente do nicho
espermatogonial (de Rooij & Griswold, 2012).

Na ultima década, estudos em mamiferos identificaram diversos fatores de
crescimento que sdao considerados importantes na regulagao do nicho das SSC, ou seja,
envolvidos na auto-renovagdao ou diferenciacao destas células (de Rooij & Griswold,
2012; Oatley & Brinster, 2012). Dentre eles, podem ser citados o fator estimulador de
coldonia 1 (CSF1), promotor da auto-renovacao das SSC e produzido pelas células de
Leydig e peritubulares midide (Oatley et al., 2009; Campos-Junior et al., 2012), o fator
neurotrofico derivado de células da glia (GDNF), a activina A e a BMP4 (bone
morphogenetic protein 4), produzidos pelas células de Sertoli (Meng et al., 2000; Nagano et
al., 2003; Yomogida et al., 2003; Loveland & Robertson, 2005; Kokkinaki ez al., 2009;
Savitt et al., 2012). Estudos em roedores sugerem fortemente que o FSH regula a

producao de GDNF (Tadokoro et al., 2002), que atua nas SSC através de receptores
19



RET (ret proto-oncogene) e GFRal (glial cell line-derived neurotropic Family receptor alfa I)
desempenhando papel importante na auto-renovagdo destas células tronco
espermatogoniais, enquanto a activina A e a BMP4 promovem a diferenciagdo das
mesmas (Buageaw ez al., 2005; Hofmann, 2008; Jijiwa et al., 2008; Johnston ez al., 2011;
Campos-Junior ez al., 2012).

Em teledsteos, o nicho de SSC ¢ ainda pouco investigado (NoObrega et al., 2010).
Porém, alguns marcadores em potencial para SSC tem sido descritos, podendo ser
citados, por exemplo, o Gfral e o Nanos2 (Skaar et al., 2011; Lacerda et al., 2013;
Bellaiche ez al., 2014). Além disso, estudo recente em zebrafish mostrou que o hormoénio
anti-miilleriano Amh (durante a vida adulta do animal, expresso pelas células de Sertoli
em cistos contendo espermatogonias do tipo A,.s) inibe a proliferagao/diferenciagcao
espermatogonial induzida por androgenos (Skaar et al., 2011).

Diferentemente de mamiferos, para os quais ndo existem indicativos de que
hormonios esteroides influenciam no equilibrio entre auto-renovagao e diferenciagao das
SSC, estudos em teledsteos mostraram que o hormoénio 17B-estradiol (E2) foi capaz de
estimular a auto-renovag¢do das SSC em enguias, ao passo que a 11-KT estimulou a
diferenciagdo espermatogonial (Miura e al., 2002). Ainda em teledsteos, estudo em
zebrafish mostrou que a insuficiéncia androgénica em decorréncia ao bloqueio de
producao de gonadotrofinas devido a exposi¢do iz vivo ao E2, possui marcante efeito na
dindmica da espermatogénese, promovendo drastica redu¢do no numero de células
germinativas em diferenciagdo, a0 mesmo tempo em que promove o acumulo de

espermatogonias do tipo A,,q nos testiculos (de Waal ez al., 2009).
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1.7 Peptideo 3 semelhante a insulina (insulin-like 3) INSL3

Os peptideos que constituem a familia das relaxinas e seus respectivos receptores
sdo expressos em grande variedade de Orgdos e sistemas nas mais diversas espécies de
vertebrados. A relaxina foi descoberta por Frederick Hisaw na década de 1920, apos
estudos acerca da endocrinologia reprodutiva em suinos, como fator responsavel pela
expansdo e relaxamento do ligamento pubico, pouco antes do parto em fémeas
gestantes. Posteriormente, a relaxina foi identificada em diversas espécies e classificada
como horménio peptideo (Bathgate er al., 2013). Evolutivamente, acredita-se que nos
vertebrados as relaxinas tenham surgido a partir da familia insulina de peptideos, com a
qual apresentam grande similaridade em sua estrutura quimica (Bathgate ez al., 2006a).
A forma ativa melhor estudada para os peptideos da familia das relaxinas possui duas
cadeias peptidicas (A e B) estabilizadas por trés pontes dissulfidicas; duas
intermoleculares entre as cadeias A e B, e uma intramolecular na cadeia A (Bathgate et
al., 2013). Através de regido bem conservada entre as relaxinas até entdo conhecidas,
estes peptideos se ligam e ativam seus receptores RXFP (Relaxin Family Peptide Receptors),
acoplados a proteina G (Hsu et al., 2002; Bathgate et al., 2013).

O peptideo 3 semelhante a insulina (insulin-like 3 - INSL3) ¢ um membro da
familia relaxina de peptideos que é altamente expresso pelas células de Leydig nas
gonadas masculinas, tanto durante o desenvolvimento embriondrio quanto durante a
vida adulta, em diversas espécies de vertebrados (Bathgate et al., 2013; Good-Avila ez al.,
2009). Embora os testiculos ndo sejam o unico sitio de expressao para essa relaxina, sua
expressao em outros Orgdos ¢ drasticamente menor quando comparada a gonada
(Bathgate et al., 2013). Durante o desenvolvimento em mamiferos, o INSL3 apresenta
papel crucial no processo de descenso testicular, que ¢ fundamental para sucesso da

espermatogénese durante a vida reprodutiva na grande maioria das espécies destes
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vertebrados. Animais knockout para o gene INSL3 bem como seu receptor RXFP2,
apresentam o fenotipo criptorquidico, no qual as génadas permanecem na cavidade
abdominal, devido ao ndo desenvolvimento do gubernaculo (Zimmermann ef al., 1999;
Nef & Parada, 1999; Kumagai ef al., 2002). Apesar da marcante expressao do INSL3 nas
células de Leydig em testiculos de animais sexualmente maduros (Bathgate ef al., 2013),
pouco se sabe a respeito de seu papel sobre a fungao testicular. Recentemente, foi
demonstrado que o INSL3 ¢ capaz de aumentar a capacidade esteroidogénica das
células de Leydig de camundongos in vitro (Pathirana et al., 2012), reforcando a hipdtese
de fungdo autocrina para este peptideo, levantada com o descobrimento da expressao de
seu receptor pelas células de Leydig nesta espécie (Anand-Ivell er al., 2002). Ainda,
embora nenhum efeito tenha sido detectado na espermatogénese em camundongos
(Huang ez al., 2012), efeito anti-apoptotico do INSL3 nas células germinativas em ratos e
em suinos ja foi descrito na literatura (Kawamura et al., 2004; Sagata et al., 2015).

Similar a mamiferos, o gene insi3 é intensamente expresso nas células de Leydig
em zebrafish sexualmente maduros, sugerindo a participagdo deste peptideo na
regulacao da espermatogénese nesta espécie de teledsteo (Good et al. 2012). Estudos
recentes sobre regulagdo do processo espermatogénico em zebrafish mostraram que o
Fsh ¢ capaz de elevar os niveis basais da expressdao do ins/3 nesta espécie, tanto em
abordagens in vivo quanto em abordagens in vitro, sendo este efeito ndo mediado pela
agdo esteroidogénica desta gonadotrofina (Garcia-Lopez et al., 2010). Por outro lado, foi
demonstrado que o Amh, expresso predominantemente em células de Sertoli associadas
com espermatogonias do tipo A4, inibe a acdo estimuladora do Fsh sobre a expressao
do insi3 (Skaar et al., 2011). Uma vez que, juntamente com o efeito inibitério na
expressao do insl3, o Amh é conhecido na literatura como agente bloqueador da

diferenciagdo das espermatogodnias do tipo A,., bem como da sintese de hormodnios
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esteroides mediada pelo Fsh (Skaar er al, 2011), surge a hipotese de que -
antagonicamente - o Insl3 em zebrafish pode estar relacionado com a diferenciacao

espermatogonial e com a esteroidogénese.
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2. Justificativa e objetivos

2.1 Justificativa e objetivo geral

Diversos estudos em mamiferos envolvendo peptideos membros da familia
relaxina, incluindo-se o INSL3, tém demonstrado que estes peptideos exercem
importantes fungdes nos mais diversos 6rgaos e sistemas. Especialmente em estudos
envolvendo a biologia da reproducao, o INSL3 ocupou consideravel espaco nas ultimas
décadas, tendo sido demonstradas importantes fungdes no sistema genital masculino nos
aspectos referentes ao desenvolvimento testicular e estabelecimento e evolug¢do da
espermatogénese. Entretanto, embora o interesse acerca desta relaxina tenha crescido
recentemente, até o presente momento dados relevantes acerca da biologia do INSL3 no
trato reprodutivo foram gerados somente a partir de estudos realizados em mamiferos,
sendo os estudos em vertebrados nao mamiferos (e.g peixes e anfibios) limitados a
investigacoes evolutivas e de padrao de expressdao génica.

Em peixes teledsteos, onde o processo de desenvolvimento da gonada masculina
ndo envolve descenso testicular, as células de Leydig produzem Insl3 durante o
desenvolvimento embrionario e durante a vida adulta desses animais. Ainda, estudos
recentes em zebrafish detectaram a produ¢ao de RNA mensageiro (RNAm) para 2
subtipos de receptores para o Insl3 nos testiculos (Good-Avila et al. 2009; Good et al.
2012), o que sugere fortemente a existéncia da participagdao dessa relaxina no controle da
funcdo testicular nessa espécie de teledsteo.

Portanto, diante da necessidade de melhor compreender e de se ampliar os
conhecimentos acerca das fungdes do Insl3 na biologia da reproducao em vertebrados
nao mamiferos, e utilizando-se como base os resultados relativamente recentes acerca da

regulacao da transcricdo do gene #nsi3 nos testiculos de zebrafish (Garcia-Lopez et al.,
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2010; Skaar er al., 2011), o presente estudo teve como objetivo geral a utilizagdo de
ferramentas moleculares e abordagens morfofisiologicas e morfométricas para investigar
o potencial papel modulador do Insl3 na dindmica de divisdo das espermatogdnias e na

liberagao de andrdgenos nos testiculos de zebrafish adultos.

2.2 Objetivos especificos

Com a finalidade de se investigar potenciais efeitos moduladores do Insl3 na dindmica
de divisao das espermatogoOnias e na liberagdao de andrégenos nos testiculos de zebrafish

adultos, os objetivos especificos do presente estudo foram:

» avaliar se o tratamento ex vivo com o INSL3 humano (hINSL3) altera o status de
proliferagdao das geragdes/tipos espermatogoniais iniciais;

» avaliar se o tratamento ex vivo com o hINSL3 altera o status de proliferacao das
células de Sertoli e Leydig;

» investigar a influéncia do hINSL3 na dindmica de proliferagdo das
espermatogonias do tipo A..g, utilizando-se explantes testiculares;

» investigar os niveis de transcri¢ao de potenciais genes modulados pelo hINSL3
através de estudos em explantes testiculares, na tentativa de elucidar possiveis
mecanismos genéticos usados pelo Insl3 na modulagdo da fungao testicular;

» avaliar se o tratamento ex vivo com o hINSL3, sozinho ou em associagao com O
Fsh, modula a liberagdo in vitro de andrdgenos pelas células de Leydig;

» avaliar os niveis de transcri¢ao dos genes insi3 e de seus receptores rxfp2a e rxfp2b
em resposta a diferentes tratamentos hormonais in vivo;

» analisar morfometricamente os testiculos de zebrafish apds a exposigao iz vivo a

diferentes tratamentos hormonais, com o intuito de se comparar potenciais
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mudangas histologicas com o padrao de transcricdo observado para o insi3 e

receptores nas mesmas condigdes.
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3. Materiais e métodos

3.1 Animais

Zebrafish machos sexualmente maduros (123 animais) do tipo selvagem foram
utilizados no presente estudo. Os animais foram mantidos e tratados nas dependéncias
da Faculdade de Ciéncias da Universidade de Utrecht — Holanda, de acordo com o
regulamento nacional da Holanda aprovado pelo Comité Holandés de Uso e Cuidado

Animal.

3.2 INSL3 humano (hINSL3)

O hINSL3, sintetizado de acordo com metodologia previamente publicada na
literatura (Bathgate e al., 2006b), foi gentilmente doado pelo Prof. Dr. John D. Wade,
da Universidade de Melbourne, Victoria, Australia. Este peptideo foi diluido em PBS
estéril e a solugao foi dividida em aliquotas na concentracao de 100 pg/mL. Estas
aliquotas foram entao congeladas em nitrogénio liquido e mantidas a temperatura de -80
°C.

Devido aos seguintes aspectos considerados a seguir, o hINSL3 se apresenta
como excelente candidato para o estudo da atividade biologica desta relaxina nos
testiculos de zebrafish. Dois genes para os receptores de Insl3 (rxfp2a e rxfp2b), paralogos
ao gene RXFP2 humano, sdo abundantemente expressos nos testiculos de zebrafish
(Good et al., 2012; Yegorov et al., 2014). A especificidade da interagdo entre o ligante e o
receptor ¢ principalmente determinada pelos residuos Phe"™' e GIn'*® presentes no
receptor RXFP2 com residuos Trp®’ presente na cadeia B do ligante hINSL3; residuos

Trp'” e Ile'” presentes no receptor RXFP2 com os residuos His"? e Val" presentes na
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cadeia B do ligante hINSL3; e residuos Asp'™ e Glu*® presentes no receptor RXFP2
com residuos Arg'®, Arg” e Asp”’ presentes na cadeia B do ligante hINSL3 (Biillesbach
& Schwabe, 1999; Biillesbach & Schwabe, 2004; Biillesbach & Schwabe, 2005;
Biillesbach & Schwabe, 2006; Rosengren et al., 2006; Scott et al., 2007). O alinhamento
da sequéncia dos receptores para Insl3 do zebrafish Rxfp2a e Rxfp2b com o receptor
humano RXFP2 mostrou que estes receptores contém residuos idénticos nos sitios de
interacdo ligante-receptor, exceto para os residuos Ile'”” e Glu** no receptor RXFP2, que
sdo substituidos pelos residuos Val e Ala nos receptores Rxfp2a e Rxfp2b, sem

potencialmente comprometer a interagdo entre o0 hINSL3 e os receptores em zebrafish.

3.3 Explantes testiculares

Para se analisar o potencial efeito do hINSL3 na proliferacio de células
germinativas e somaticas, bem como na liberagdao de androgenos e nos niveis de mRNA
testicular, o sistema de cultura para testiculos de zebrafish foi utilizado de acordo com
protocolo previamente publicado na literatura (Leal ef al., 2009b), sendo 8 zebrafish
utilizados para analises de proliferacao e cinética espermatogonial e 12 utilizados para
analises de niveis de RNAm. A concentragdo ideal de 100 ng/mL para o hINSL3 foi
escolhida para a realizagao dos experimentos de acordo com analises preliminares e
dados na literatura sobre o uso de hINSL3 em estudos iz vitro (Pathirana et al., 2012).

Com o intuito de se investigar a proliferagao de células germinativas e somaticas,
bem como os niveis de RNAm testicular, os peixes foram sacrificados e tiveram os
testiculos coletados. Os dois testiculos de cada animal foram entdo submetidos a um
periodo de 7 dias de incubagdo, um (escolhido de forma aleatoria) servindo como
controle para o seu contralateral. Cada testiculo foi colocado sobre uma membrana de
nitrocelulose de 0,25 cm?® (25 um de espessura e poros de 0,22 um; Millipore, Billerica,
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MA, EUA) no topo de um cilindro de agarose de 750 uL [1.5% w/v, Ringer’s solution
(pH 7,4)] em placas de cultura de 24 wells (Corning Inc., New York, USA), contendo
ImL de meio de cultura (Figura 5 — pagina 62). Para as andlises de liberagdo de
androgenos, os testiculos foram incubados diretamente em 200 uLL de meio de cultura
em placas de 96 wells, durante um periodo de ~18 horas. Todos os componentes
utilizados para a preparagdo da cultura de tecido foram preparados a fresco, de acordo

com protocolo publicado (Leal ez al., 2009b).

3.4 Analises morfométricas

3.4.1 Incorporacao de BrdU ex vivo

Para avaliar se o hINSL3 afeta a atividade de proliferagdo de diferentes
geracdes/tipos espermatogoniais, bem como das células de Sertoli e de Leydig em
zebrafish, 50 pg/mL do marcador de proliferagdo celular 5-bromo-2’-deoxyuridine (BrdU)
(Sigma-Aldrich, St. Louis, MO, EUA) foram adicionados ao meio de cultura durante as
ultimas 6 horas do periodo de 7 dias de incubagdo, de acordo com protocolo publicado

para este tipo de abordagem em zebrafish (Leal ez al., 2009b).

3.4.2 Incorporacao de BrdU in vivo

Neste experimento, 12 zebrafish machos foram expostos ao BrdU (4 mg/mL)
dissolvido na agua do aquario durante periodo de ~12 horas/dia por 3 dias
consecutivos, de forma a permitir que este marcador de proliferagdo se incorporasse ao
DNA das espermatogonias do tipo A,.g, que apresentam ciclo celular mais lento quando
comparado as outras células germinativas (Nobrega er al., 2010). Posteriormente a
exposi¢ao in vivo ao BrdU, os peixes foram mantidos em agua normal durante 4 dias,

periodo suficiente para que as demais espermatogonias de ciclo celular mais acelerado
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avancem no processo espermatogénico e também de modo a diluir a marcag¢do do BrdU
nestes tipos celulares (Nobrega er al., 2010). Subsequentemente, os testiculos foram
coletados e colocados em cultura, conforme descrito no item 3.3, durante 4 dias na
presenca (100 ng/mL) ou auséncia do hINSL3. Este tipo de abordagem nos permite
analisar de modo confiavel os efeitos do hINSL3, particularmente na dindmica de

proliferagdao de espermatogonias do tipo A« pré marcadas in vivo com o BrdU.

3.4.3 Preparacao histologica e analises em microscopia de luz

Ap0s o periodo de cultura, os testiculos destinados a andlises morfométricas e de
proliferacdao celular foram fixados por 16 horas a 4°C em methacarn [(v/v) 60% &lcool
absoluto, 30% cloroférmio e 10% de acido acético glacial] preparado a fresco. Em
seguida, o material foi desidratado, incluido em Technovit 7100 (Heraeus Kulzer),
seccionados em 4 um de espessura. As amostras destinadas as analises de proliferacao
celular foram submetidas a imunohistoquimica (IHC) para a detec¢do das células
marcadas com BrdU, conforme protocolo publicado na literatura (Leal ez al., 2009b). Os
cistos/células germinativas foram identificados de acordo com critérios morfologicos ja
bem estabelecidos na literatura para células germinativas de zebrafish, tais como
tamanho nuclear, propor¢do entre eucromatina e heterocromatina e numero de células
germinativas por cisto (Leal et al., 2009a; Schulz ez al., 2010).

Com o intuito de se avaliar os efeitos do hINSL3 sobre a proliferagcdo e dindmica
das células espermatogoniais/somaticas, 100 cistos/células foram avaliados de forma
aleatoria para cada tipo celular investigado e o indice de proliferagdo/marcagdo com
BrdU foi calculado com base na porcentagem de células BrdU positivas encontradas.
Com base no numero de pontos obtidos sobre os diferentes tipos espermatogoniais, a
propor¢ao da area de parénquima testicular ocupada por cistos de espermatogonias do

tipo Aung, Aarr, € do tipo B, foi também calculada. Para tal finalidade, 30 campos
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aleatdrios foram fotografados em aumento de 400x utilizando-se microscopio de luz
convencional com camera digital acoplada e analisados no software Imagel (Image

Processing and Analysis in Java), utilizando-se reticulo com 540 pontos.

3.5 Analise dos niveis de RNAm testicular

A capacidade do hINSL3 em modular os niveis de RNAm testicular foi
investigada apos 7 dias de cultura de testiculo, na auséncia ou presenca de hINSL3,
conforme descrito no item 3.3, utilizando-se PCR quantitativo (QPCR). O RNA total foi
extraido das amostras utilizando-se o micro-kit RNAqueous® (Ambion, Austin, TX,
EUA), seguindo as instru¢des do fabricante. Para a quantificagdo dos niveis de mRNA
de genes selecionados [amh, gsdf, sycp3, piwill (Garcia-Lopez et al., 2010), igf3 (Morais et
al., 2013) e odfb3 (Leal et al., 2009b) e nanos2], o cDNA foi sintetizado utilizando-se 2 pg
de RNA para cada uma das amostras, conforme protocolo publicado na literatura (de
Waal et al., 2008). Os niveis de RNAm do fator de alongamento 1 alfa (efla), que
permaneceram estaveis sob as diferentes condi¢des experimentais investigadas, serviram
como controle enddgeno (inset Figura 10 — pagina 67). Todas as reagdes de qPCR foram
realizadas com volume de 20 pL de reagdo e os valores quantitativos dos ciclos (Cq)
foram determinados utilizando-se o sistema 7900HT de PCR em tempo real (Applied
Biosystems), mantendo-se as configuragdes padrao. A Tabela 1 apresenta os primers

utilizados nas reagdes de qPCR.

3.6 Analise da liberacao de andrdégeno in vitro

Para investigar se o hINSL3 modula a liberagdo de andrégenos (basal ou
estimulada pelo Fsh), os niveis de 11B-hidroxiandrostenediona (OHA), precursor da 11-

KT, foram medidos no meio de cultura utilizando-se bioensaio adaptado para analises
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de liberagdo de andrégenos em zebrafish (Garcia-Lopez et al., 2010). Os resultados
foram expressos como nanograma (ng) de OHA liberado por miligrama (mg) de
testiculo. Os testiculos foram colocados em cultura conforme descrito no item 3.3, na

presenga ou auséncia de 25 ng/ml de Fsh e/ou 100 ng/mL de hINSL3, respectivamente.

3.7 Tratamento hormonal in vivo

Zebrafish adultos foram separados em trés grupos de 25 animais e mantidos
separadamente em 3 aquarios, todos contendo igualmente 13 litros de agua e devido
sistema de aeracdo. Para se efetuar o tratamento, solugdes estoque para os hormonios
17B-estradiol (E2) e 11-cetoandrostenediona (OA), que é precursor da 11-KT, foram
preparadas em agua Milli-Q nas concentragdes de 10uM e 100uM, respectivamente, para
posterior dilui¢ao na agua dos aquarios. Apods 2 dias de aclimatagao, diferentes tanques
receberam diferentes tratamentos hormonais (Figura 6 — pagina 63). No tanque numero
1, os animais foram expostos a dose de 10nM de E2 durante 5 semanas consecutivas; no
tanque numero 2, os animais foram expostos a dose de 10nM de E2 durante as 5
semanas consecutivas, sendo adicionada dose de 100nM de OA durante as tltimas duas
semanas; no tanque numero 3 os animais ndo receberam nenhum tratamento hormonal
e foram utilizados como grupo controle. Durante o periodo de exposi¢ao, todos os
tanques tiveram a agua renovada diariamente. Os procedimentos de preparo das
solugdes estoque, a escolha das concentragdes utilizadas, bem como o manuseio dos
animais durante o periodo de tratamento foram feitos de acordo com especificagdes ja
descritas na literatura (Van der Ven ez al., 2003; de Waal et al., 2009).

Ap0s o periodo de 5 semanas, os animais foram sacrificados para dissecagao e
coleta dos testiculos. Foram entdo obtidos os pesos corporal (Pc) e testicular (Pt) para

cada um dos animais dos trés grupos para o calculo do indice gonadosomatico (IGS),
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utilizando-se a féormula 100x[Pt/Pc]. Em cada um dos grupos, testiculos de 8 animais
foram processados para analises histoldgicas, conforme descrito no item 3.4.2. A
frequéncia de cistos nas trés diferentes fases da espermatogénese para os trés diferentes
grupos foi calculada com base no nimero de cistos encontrados no total de 500 cistos
aleatoriamente avaliados por animal. Ainda, testiculos de 12 animais de cada um dos
trés grupos investigados foram processados para analises de qPCR para os genes insi3, e
seus receptores rxfp2a e rxfp2b (Good et al., 2012), conforme descrito no item 3.5. Os
niveis de RNAm do fator de alongamento 1 alfa (efla), que permaneceram estaveis sob
as diferentes condigdes experimentais investigadas, serviram como controle endogeno

(inset Figura 14 — pagina 69)

3.8 Analise estatistica

Para a realizacao de analises estatisticas foi utilizado o software GraphPad Prism
5.0 (GraphPad Software, Inc., San Diego, California, USA). Os grupos controle e
tratado foram testados para diferencgas significativas utilizando-se os testes “t” de
Student’s para as observagoes pareadas e ANOVA (Newman-Keuls) para comparagao de
multiplos grupos. O nivel de significancia p<0,05 foi considerado em todas as analises.

Os dados obtidos foram apresentados como média * erro padrao.
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4. Resultados

4.1 Proliferacao de células germinativas e somaticas

Apb6s 7 dias de incubagdao na auséncia (basal) ou presengca de 100 ng/mL de
hINSL3, e com base nas contagens de cistos/células positivas para marcagao de BrdU
(Figura 7A-B, e Figura 8A-C), foram calculados os indices de proliferacdo para
espermatogonias do tipo Aua € Agr (Figura 7C), células de Leydig, células de Sertoli e
células de Sertoli especificamente associadas a espermatogodnias do tipo A.,¢ BrdU
negativas ou positivas (Figura 8D). Os resultados deste experimento indicaram que, em
cultura, o hINSL3 foi capaz de aumentar de forma significativa a proliferacao de
espermatogonias do tipo A,.i, a0 passo que nenhum efeito foi observado para cistos de
espermatogonias do tipo Agg (Figura 7C), ou para as células de Leydig, células de Sertoli
e células de Sertoli especificamente associadas a espermatogonias do tipo A,,q BrdU
negativas (Figura 8D). No entanto, foi possivel observar decréscimo (p<0,05) no indice
de proliferagdao das células de Sertoli que se encontravam associadas a espermatogonias
do tipo A,ug, positivas para BrdU (Figura 8D).

Ainda que os resultados indiquem que o hINSL3 foi capaz de aumentar a taxa de
proliferacao das espermatogdnias do tipo A..g, €sta observagdo por si s6 nao traduz a
natureza desta divisdo celular (auto-renovac¢ao versus diferenciacao). No entanto,
considerando-se que a atividade proliferativa das células de Sertoli associadas a
espermatogonias do tipo A« BrdU positivas, ou seja, em proliferacao, foi parcialmente
inibida em resposta ao hINSL3, é improvavel que novos nichos espermatogoniais e,
consequentemente, novos cistos, estejam sendo produzidos para a acomodagao das

novas células. Portanto, ¢ plausivel inferir que as duas células filhas provenientes da
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divisio de uma espermatogdénia do tipo A,g permaneceriam no mesmo Cisto

espermatogénico, caracterizando um processo de diferenciagdo espermatogonial.

4.2 Analise da cinética espermatogonial

Para averiguar a hipdtese de que a atividade proliferativa observada para as
espermatogonias do tipo A, apOs o tratamento com o hINSL3 levaria a diferenciagao
espermatogonial (resultando na formagao de clones de espermatogdnias em um mesmo
cisto espermatogénico) € ndo a auto-renovagdo (resultando na formagao de dois cistos
individuais), espermatogbnias A, foram marcadas in vivo com BrdU, através da
exposi¢ao dos peixes a BrdU dissolvido na agua do aquario, conforme descrito no item
3.4.2. Considerando-se que o BrdU foi incorporado ao DNA das espermatogonias do
tipo Auna antes do inicio do periodo de incubagdo com o hINSL3, é possivel inferir se o
efeito proliferativo promovido pelo tratamento ex vivo com este peptideo resultaria na
auto-renovagdo ou diferenciacao espermatogonial, através da observagdo das mudangas
nos indices de marcagdo para BrdU para estas células e através das geragdes
espermatogoniais subsequentes, apos o tratamento em cultura com hINSL3.

As analises mostraram que o tratamento em cultura com o hINSL3 resultou num
decréscimo de ~3 e ~2 vezes para os indices de marcagdo com BrdU para as
espermatogonias do tipo Aua € Agg, respectivamente, enquanto nenhum efeito foi
observado para este parametro em cistos de espermatogdnias do tipo B (Figura 9A).
Interessantemente, em analises morfométricas no mesmo experimento foi possivel
observar decréscimo significativo na propor¢ao da area de parénquima testicular
ocupado por cistos de espermatogdnias do tipo A4, 20 passo que aumento significativo
para o mesmo parametro foi observado para espermatogdnias do tipo A (Figura 9B).
Em conjunto, essas observagdes indicam que o hINSL3 provocou o declinio da
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populagdo de espermatogbdnias do tipo A, através de estimulo proliferativo,
culminando na diferenciagcdo destas células germinativas e na consequente formagdo de

cistos contendo espermatogonias do tipo A

4.3 Analises dos niveis de RNAm testicular

Objetivando-se elucidar os mecanismos moleculares usados pelo hINSL3 na
modulagao da proliferacio de células germinativas, foram realizadas por meio de
reacoes de qPCR quantificacdes dos niveis de RNAm de genes especificos selecionados.
Assim, foram analisados os niveis de RNAm de trés genes expressos pelas células de
Sertoli (amh, gsdf e igf3), além dos genes piwill, sycp3 e odf3b, expressos respectivamente
por células espermatogoniais, espermatocitos e espermatides. Nossos resultados ndo
indicaram diferencas significativas nos niveis de RNAm para nenhum dos genes acima
citados (Figura 10). No entanto, o hINSL3 foi capaz de reduzir em ~6 vezes (p<0,05) os

niveis de transcricdo para o gene marcador de espermatogdnias tronco, nanos2.

4.4 Analise da liberacdao de androgeno in vitro

Com o objetivo de se avaliar se os efeitos observados apOs o tratamento em
cultura com hINSL3 estariam associados com a modulagao da liberagdo de andrdgenos,
basal ou estimulada pelo Fsh, os niveis de OHA no meio de cultura apos ~18 horas de
incubagcdo foram medidos. Este precursor do principal androgeno produzido nos
testiculos de teledsteos, a 11-KT, é apontado na literatura como excelente indicador da
atividade esteroidogénica das células de Leydig em testiculos de zebrafish (Garcia-Lopez
et al., 2010). No entanto, nossos resultados indicaram que o hINSL3 nao apresenta

atividade regulatoria na liberagdo de androgenos, tanto basal quanto na liberagcdo de
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androgenos estimulada pelo Fsh, sugerindo que os efeitos observados na proliferagcao

espermatogonial ndo estariam relacionados com a produgao de andrégenos (Figura 11).

4.5 Tratamento hormonal 7#n vivo

Estudos em zebrafish demonstraram que a insuficiéncia androgénica provocada
pela exposicdo in vivo ao hormoOnio E2 resultou no bloqueio da diferenciagdo
espermatogonial e no acimulo das espermatogdnias do tipo A,.q no testiculo, bem como
na deplegdo de células germinativas em diferenciagdo (i.e. espermatogdnias do tipo A,
espermatogonias do tipo B, espermatdcitos e espermatides) (de Waal ez al., 2009). Ainda,
a exposi¢ao associada ao andrégeno OA durante as duas ultimas semanas de tratamento
foi capaz de recuperar parcialmente a espermatogénese nestes animais (Gonzalez, 2012).
Utilizando-se a mesma metodologia, foram avaliados os niveis de RNAm dos genes insi3
e seus receptores rxfp2a e rxfp2b em testiculos em quadro de insuficiéncia androgénica em
decorréncia do bloqueio da produgdo de gonadotrofinas promovida pela exposicao in
vivo ao E2, e em testiculos em recuperagdo apos a exposi¢do iz vivo ao OA. Conforme
esperado, apos 5 semanas de exposi¢ao ao E2 diluido na agua do aquario, foi possivel
observar decréscimo significativo no indice gonadosomatico para os animais tratados
(Figura 12), em relagdo aos animais do grupo controle. Este parametro foi parcialmente
recuperado no grupo dos animais adicionalmente expostos ao horménio OA durante as
duas ultimas semanas do tratamento (Figura 12). A analise morfométrica demonstrou
que a exposi¢do em longo prazo ao hormoénio E2 reduziu significativamente a
frequéncia de cistos de espermatogdnias do tipo Aggy, do tipo B, espermatocitos e
espermatides, a0 mesmo tempo em que aumentou drasticamente a frequéncia para cistos
de espermatogobnias do tipo A, (Figura 13). Ainda, recuperagao deste parametro foi

observada para cistos de espermatogdnias do tipo A € do tipo B no grupo de animais
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adicionalmente expostos ao hormoénio OA durante as duas ultimas semanas do
tratamento (Figura 13).

Os resultados das reagdes de qPCR para o gene insl3 e os receptores rxfp2a e
rxfp2b, mostraram que O tratamento iz vivo com E2 possui forte efeito inibitério na
transcri¢ao do gene insl3, a0 mesmo tempo em que nenhuma alteragdo significativa em
relagdo ao grupo controle foi observada para os genes dos receptores rxfp2a e rxfp2b, nos
diferentes grupos tratados analisados (Figura 14). Ainda, o tratamento adicional com
OA ndo foi capaz de recuperar os niveis de transcricdo do gene insi3 para os niveis

observados para o grupo controle (Figura 14).
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5. Discussao

Embora informagdes acerca da evolugdo e expressao de relaxinas em peixes
teledsteos ja tenham sido publicadas na literatura (Good-Avila ef al., 2009; Yegorov et
al., 2009; Good et al., 2012), no nosso conhecimento ndo existem estudos que reportem
atividades biologicas destes peptideos neste grupo de vertebrados. Devido ao fato de que
residuos identificados como importantes na interacao INSL3-RXFP2 (ligante-receptor)
em humanos sao idénticos nos receptores Rxfp2a e Rxfp2b em zebrafish (com exce¢ao
dos residuos Ile'” e Glu**’, que sdo substituidos pelos aminoacidos Val e Ala), o hINSL3
se apresenta como promissora ferramenta para o estudo do papel fisiologico desta
relaxina em peixes teledsteos. Tal afirmativa é corroborada pelos interessantes resultados
obtidos nos nossos experimentos, sendo os mesmos o primeiro indicativo de que os
receptores Rxfp2 retiveram a sua capacidade de responder ao INSL3 durante a evolugao
dos vertebrados, ainda que promovendo a regulagao de processos biologicos diferentes
(e.g. descenso testicular em mamiferos, e proliferagdo espermatogonial em zebrafish).

Ainda, embora estudo relativamente recente tenha demonstrado que o processo
espermatogénico em camundongos adultos ¢ independente da participagao INSL3
(Huang et al., 2012), estudos em outras espécies de mamiferos apontaram a participa¢ao
desta relaxina na sobrevivéncia de células germinativas bem como na quantidade e
qualidade de espermatozoides produzidos (Kawamura et al., 2004; Sagata et al., 2015).
Assim, devido ao fato de que em algumas espécies de mamiferos os receptores para o
INSL3 sdo expressos no testiculo, exclusivamente nas células germinativas (Sagata ez al.,
2015), e de que o INSL3 produzido pelas células de Leydig ¢ transportado para o interior

dos tubulos seminiferos (Minagawa et al., 2014), é provavel que esta relaxina
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desempenhe outros papeis fisioldgicos ainda desconhecidos durante o desenvolvimento
da espermatogénese em animais adultos.

Através da utilizacao da cultura de testiculos, técnica esta ja bem estabelecida no
estudo da fisiologia reprodutiva de zebrafish (Leal ef al., 2009b), foi possivel demonstrar
que o hINSL3 aumentou de forma significativa a atividade proliferativa das
espermatogonias dos tipo A,.a. Além disso, investigacdes mais detalhadas indicaram que
a proliferacdo deste tipo espermatogonial, quando estimulada pelo hINSL3, levaria a
diferenciagdo e ndo a auto-renovagao espermatogonial.

As espermatogodnias do tipo A, sdo células isoladas, envolvidas por uma ou
duas células de Sertoli (Leal et al., 2009a), sendo as SSC consideradas parte integrante da
populagdo deste tipo celular (N6brega et al., 2010). Como células indiferenciadas, as SSC
tétm a capacidade de produzir através de divisao celular tanto novas SSC (auto-
renovacao), quanto células comprometidas com o processo espermatogénico e a
formacgao final dos espermatozoides, sendo o primeiro passo nesta dire¢do, a formagao
de pares de espermatogonias do tipo Age (Schulz ez al., 2010). Estas ultimas apresentam
volume celular consideravelmente menor quando comparadas as espermatogonias do
tipo Auna (~44%), o que facilita a sua identificagdo em cortes histologicos, permanecendo
ainda no mesmo cisto espermatogénico conectadas por ponte citoplasmatica (Leal et al.,
2009a; Schulz ez al., 2010). Em contrapartida, o processo de auto-renovagao resulta na
producao de duas novas SSC completamente separadas devido a citocinese completa,
sendo necessaria a formagao novas de células Sertoli para a produg¢do de dois novos
cistos espermatogénicos independentes, cada um contendo uma das duas células filhas
produzidas apos a divisao mitotica (Franga ef al., 2015). Nossos resultados indicaram
decréscimo no indice de proliferagdo das células de Sertoli quando associadas a

espermatogonias do tipo A,,a em divisao (positivas para BrdU), apos a exposi¢ao do
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testiculo ao hINSL3 em cultura. Uma vez que o aumento da proliferacao observado para
as espermatogonias do tipo A,,¢ ndo é acompanhada da formacao de novas células de
Sertoli e, consequentemente, novos nichos disponiveis para a formag¢ao de novos cistos
espermatogénicos, é plausivel interpretar este resultado como indicativo circunstancial
de que as novas células espermatogoniais formadas permanecem no mesmo Ccisto
espermatogénico, caracterizando assim o inicio do processo de diferenciagdo. Para se
obter evidéncias diretas para esta hipotese, foram utilizadas abordagens morfométricas e
moleculares adicionais.

Desta forma, através das analises de PCR quantitativo foi demonstrado que os
niveis de RNAm para 3 dos 4 genes marcadores de células germinativas investigados se
mantiveram estaveis apds a exposi¢cdo dos testiculos ao hINSL3 em cultura.
Interessantemente, foi possivel observar decréscimo significativo nos niveis de
transcri¢do para o gene nanos2 apés o tratamento. Em camundongos, a manuten¢do da
populagdo das SSC estd relacionada a produgdo da proteina NANOS2 (Sada er al.,
2009). A deficiéncia induzida dessa proteina em animais adultos leva ao desequilibrio
entre os processos de auto renovacao e diferenciagdo das SSC e a consequente deplecao
da populagdo deste grupo de células germinativas, enquanto a sua superproducdo leva
ao acumulo de SSC nos testiculos (Sada ez al., 2009; Yu et al., 2014). Em tele6steos, o
gene ortodlogo nanos? parece desempenhar papel semelhante ao encontrado em
mamiferos, considerando-se que a perda induzida de sua fung¢do resultou em testiculos
com numero células germinativas drasticamente reduzido em tilapias (Li et al., 2014) e,
que tanto seu RNAm e quanto sua proteina foram detectados em espermatogdnias do
tipo A.,na nesta espécie de teledsteo (Lacerda e al., 2013). Ainda em teledsteos, estudo
recente em truta (0. mykiss) aponta o nanos? como excelente candidato a marcador

molecular para as SSC nesta espécie, sendo expresso apenas por uma subpopulagdo de
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espermatogonias do tipo A,.a (Bellaiche er al., 2014). Apesar de ainda ndo existirem
informagoes publicadas sobre o nanos2 em testiculos de zebrafish adultos, estudo recente
demonstrou que este gene ¢ importante para a manuten¢ao de células tronco
germinativas em ovarios nesta espécie (Beer & Drapper, 2013). Portanto, neste cenario,
a diminui¢do dos niveis de RNAm para nanos2 em testiculos de zebrafish que foram
expostos ao hINSL3 é compativel com a hipotese de que esta relaxina participa do
processo de diferenciacao das espermatogdnias do tipo A,. em testiculos de animais
adultos desta espécie.

Num outro contexto, estudo publicado na literatura demonstrou que o Amh é um
fator inibitorio da diferenciacao espermatogonial, além de reduzir significativamente a
producao de RNAm para insi3 em testiculos de zebrafish (Skaar e al., 2011). Uma vez
que nossos dados sugerem que o hINSL3 estimula a diferenciagcao espermatogonial, nos
investigamos se este efeito incluiria a regulagdo negativa da transcri¢do do gene amh. No
entanto, nenhum efeito significativo foi observado. Ainda, nenhum efeito foi observado
para os genes gsdf e igf3, que estdo envolvidos na proliferagdo espermatogonial em truta e
zebrafish respectivamente (Sawatari ez al., 2007; Morais et al., 2013), demonstrando que
a acdo observada em nossos estudos para o hINSL3 ndo envolvem a regulagdo da
transcricao destes fatores de crescimento.

Em consonancia com os baixos niveis de RNAm para o nanos2 encontrado nas
analises moleculares, abordagens morfométricas demonstraram que o tratamento com o
hINSL3 levou ao decréscimo significativo da area de parénquima testicular ocupado por
cistos de espermatogonias do tipo A, 20 passo que este mesmo parametro aumentou
significativamente para espermatogdnias do tipo Agg. Tal resultado sugere que o
hINSL3 promoveu o declinio da populagao de espermatogdnias do tipo A..q através de

estimulo proliferativo, demonstrado pelo aumento no indice de proliferacao para essa
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populagdo espermatogonial, resultando na diferenciagao destas células germinativas e na
consequente formagdo de cistos contendo espermatogonias do tipo A

Ainda no contexto morfoldgico, os resultados das analises do efeito do hINSL3
na dindmica de proliferacao de populagdes espermatogoniais previamente marcadas com
BrdU reforcam a hipotese sugerida no presente estudo. Considerando-se que o indice de
marcagao, ou seja, o numero de células marcadas para BrdU seja semelhante em ambos
os grupos (controle e tratado) no inicio do periodo de incubagdao com o hINSL3, o
declinio observado na populagdo de espermatogénias do tipo A,.a BrdU-positivas,
associado ao aumento no seu indice de proliferacao e diminui¢do da area de parénquima
testicular ocupado por este tipo celular e, ainda, a diminui¢do nos niveis de RNAm para
nanos?2 e o aumento da area representada por espermatogbnias do tipo Agy no
parénquima testicular, reflete diretamente a a¢ao pro6 diferenciagao deste peptideo.

Apesar da analise do indice mitético nao ter indicado efeito do hINSL3 na
proliferagdao das espermatogodnias do tipo Agx, foi observado decréscimo significativo no
indice de marcagao para BrdU para este tipo celular, nos experimentos envolvendo a
dindmica de proliferacio de populagdes espermatogoniais previamente marcadas com
BrdU. Este resultado pode ser explicado tomando-se por base as consideragdes
apresentadas a seguir. NoObrega e colaboradores, utilizando-se de metodologia
semelhante para o estudo da dindmica de divisdao de subpopulagdes espermatogoniais
em zebrafish (Nobrega et al., 2010) demonstrou que o ciclo celular das espermatogonias
iniciais nesta espécie de teledsteo possui duragdo aproximada de 30 horas. Neste caso, 0s
4 dias (~96 horas) de incubagao utilizados neste experimento sdao suficientes para que
ocorram cerca de 3-4 ciclos celulares destes tipos espermatogoniais, representando uma
diluicao de 8-16 vezes no numero de espermatogdnias do tipo A,.a BrdU-positivas

presente no inicio do periodo de incubagdo, e também uma dilui¢ao de 8-16 vezes na
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concentra¢do de BrdU detectavel nas geragdes espermatogoniais posteriores. Além disso,
o tratamento em cultura com o hINSL3 resulta no recrutamento tanto de
espermatogonias do tipo A,.q BrdU-positivas (~55% no inicio do periodo de incubagao,
Figura 9A) quanto BrdU-negativas (~45% no inicio do periodo de incubagao, Figura
9A). Consequentemente, o tratamento com hINSL3 em cultura leva ao aumento do
numero de espermatogdnias do tipo Agy BrdU-negativas, originadas a partir de
espermatogonias do tipo A,,q BrdU-negativas.

Portanto, uma vez observado aumento na propor¢do da area de parénquima
ocupada por cisto de espermatogonias do tipo Agg, a0 passo que este mesmo parametro
se apresentou estavel para espermatogdnias do tipo B apds o periodo de incubagdao com
hINSL3, no nosso entendimento, a redu¢ao do numero de espermatogdnias do tipo A
BrdU-positivas, mesmo que seu indice mitético ndo se encontre alterado apds o
tratamento com hINSL3, ¢ reflexo da formagdo deste tipo de célula germinativa a partir
do recrutamento de espermatogdnias do tipo A,.s BrdU-negativas, associada a perda da
capacidade de se detectar o BrdU por meio de técnicas de imunohistoquimica devido sua
diluigao apos repetidos ciclos celulares.

A participagdo de andrégenos na diferenciagao de espermatogonias em teledsteos
ja foi demonstrada através de estudos in vitro (Miura et al., 1991; Amer et al., 2001; Leal
et al., 2009b) e in vivo (Cavaco et al., 1998). Estudo relativamente recente demonstrou que
o INSL3 possui efeito autocrino sobre as células de Leydig em camundongos,
estimulando a produgdo e liberagdao de androgenos in vitro (Pathirana et al. 2012). Uma
vez que o Fsh é um potente fator estimulador da produgao tanto de andrégenos quanto
de Insl3 em zebrafish e, ainda, considerando-se o fato de que o Fsh recombinante de
zebrafish foi capaz de induzir a diferenciacao das espermatogdnias do tipo A, em

testiculos de zebrafish em cultura (Skaar ef al. 2011; Moraes, 2013), decidimos investigar
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se os efeitos observados para o hINSL3 nos nossos estudos estariam associados a uma
potencial agdo pré esteroidogénese desta relaxina. Nossos experimentos iz vitro nao
apontaram efeitos significativos do hINSL3 na liberagcdo de andrdgenos, tanto na basal
quanto naquela estimulada pelo Fsh. Desta forma, no presente estudo, os resultados
indicam que os efeitos observados para essa relaxina ndo seriam dependentes da
modulagao da produgdo e liberagdo de androgenos, sendo portanto uma via adicional de
estimulo da diferenciagao das espermatogonias do tipo Auna.

Finalmente, os dados obtidos nas analises morfométricas e para os niveis de
mRNA referentes aos genes insi3, rxfp2a e rxfp2b nos animais submetidos aos tratamentos
hormonais in vivo reforcam nossos resultados encontrados nos estudos em cultura de
testiculo. A criagdo de um contexto fisiologico favoravel a auto-renovagdo através da
exposi¢ao in vivo dos animais a0 hormoénio E2 resultou no aumento significativo da
frequéncia de cistos de espermatogbnias do tipo Aua (~85% dos cistos avaliados).
Interessantemente, o acimulo deste tipo espermatogonial apos exposi¢ao prolongada ao
E2 foi concomitante a forte inibicdo da transcricdo do gene ins/3. Desta forma este
resultado pode ser considerado mais um indicativo da participagdo do Insl3 na
diferenciagdo deste tipo espermatogonial em zebrafish. Ainda, a recuperagdo parcial da
espermatogénese independente da recuperagdo dos niveis de transcricio do insi3,
observada nos animais expostos adicionalmente ao OA durante as duas semanas finais
de tratamento, associado aos resultados encontrados nas analises de liberacao in vitro de
androgenos sob estimulo do hINSL3, demonstram que as vias pro-diferenciagao ativadas
pelo Insl3 e por androgenos em testiculos de zebrafish, embora possuam o Fsh como

gatilho inicial, atuam de forma independente.
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6. Conclusoes

Embora o processo de descenso testicular ndo ocorra em zebrafish, o Insl3 é

produzido em larga escala pelas células de Leydig, ndo somente durante o

desenvolvimento, mas também durante a sua vida adulta. No nosso conhecimento, o

presente estudo foi o primeiro a investigar a atividade do Insl3 na espermatogénese em

peixes teledsteos. Os resultados das abordagens morfométricas e moleculares em estudos

ex vivo e in vivo utilizadas nas nossas investigagoes demonstraram que:

1.

o hINSL3 foi capaz de aumentar significativamente o indice de proliferacdo das
espermatogonias do tipo A, a0 mesmo tempo em que diminuiu o indice de
proliferagdo para células de Sertoli associadas a espermatogdnias do tipo A,,g em
divisao, em cultura de testiculos de zebrafish, indicando a ndo formacao de novos
cistos espermatogénicos em decorréncia da divisao destas espermatogonias;

o tratamento ex vivo com hINSL3 diminui a populagdo de espermatogdnias do tipo
A,ng, 20 mesmo tempo em que aumentou a populagdo das espermatogodnias do tipo
Adgiss;

a exposicao ao hINSL3 em cultura de testiculo promoveu o decréscimo significativo
da transcri¢ao do gene marcador para espermatogonias indiferenciadas, nanos2;

os niveis de transcricdo do gene #nsl3 foram drasticamente reduzidos em um quadro
favoravel a auto renovagdo das espermatogdnias do tipo A..¢, promovido pela
deficiéncia androgénica em decorréncia a exposi¢ao in vivo ao hormodnio E2;

a recuperagao parcial da espermatogénese observada apos a inclusao do andrégeno
OA (precursor da 11-KT) no tratamento #n vivo, ocorre independentemente da

recuperagdo dos niveis de transcricao do gene insi3.
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Assim, no contexto acima mencionado, nossos resultados indicam que o Insl3
estimula a proliferagdo e diferenciagdo de espermatogénias do tipo A indiferenciadas
nos testiculos de zebrafish sexualmente maduros, efeito este independente da

participacao de andrégenos.
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7. Perspectivas

O estudo desenvolvido no trabalho ora apresentado fornece bons subsidios para a
melhor compreensao das fungdes do Insl3 na espermatogénese em teledsteos. A partir
dos resultados encontrados até o presente momento, novas investigagdes que
complementam as informag¢Oes até entdo obtidas encontram-se atualmente em
desenvolvimento, nos propiciando aprofundar o entendimento acerca das fungdes desse
peptideo nos testiculos de zebrafish.

Neste sentido, ja iniciamos experimentos em cultura de testiculos utilizando-se o
Insl3 recombinante de zebrafish (zfrInsl3), que foi recentemente adquirido pelo nosso
grupo de pesquisa, com o intuito de se avaliar e comparar os efeitos desta relaxina na
proliferacdo e cinética espermatogonial e niveis de mRINA testicular com os efeitos
observados para o hINSL3. Ainda, experimentos envolvendo transfeccdo de células
HEK-293 com o objetivo de se verificar quais dos dois subtipos de receptores para Insl3
expressos nos testiculos de zebrafish sao estimulados pelo hINSL3 e pelo zfrInls3,
também encontram-se em andamento.

Embora até o momento nao tenha sido possivel localizar o sitio especifico de
expressao dos receptores para Insl3 nos testiculos de zebrafish, novos protocolos para
hibridizagdo in situ e imunohistoquimica (Sagata et al., 2015) estdao em faze de teste em
nosso laboratério, com o intuito de se verificar quais os tipos de células testiculares
expressam Os receptores para essa relaxina.

Finalmente, o facil acesso ao genoma do zebrafish, em combinagdao com o rapido
surgimento de ferramentas de edicdo de genoma e as melhorias na eficiéncia desta
ferramenta para o estudo desta espécie, fornece aos pesquisadores excelente

oportunidade para se investigar as fung¢des de genes de interesse. Neste contexto, o tipo
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IT do sistema CRISPR (Repeti¢des Palindromas Curtos Regularmente Aglomeradas de
Interspaced), conhecido por sistema CRISPR-Cas, foi ajustado por Hwang e
colaboradores para a edi¢ao do genoma do zebrafish (Hwang ez al., 2013). Desta forma,
a Divisao de Pesquisa em Biologia da Reprodug¢ao da Universidade de Utrecht,
Holanda, esta utilizando o sistema de CRISPR/Cas9 para gerar zebrafish knockouts pra o
gene insl3. No nosso entendimento, estes novos experimentos representam um passo
crucial para o avango nos estudos da atividade biologica do Insl3 na espermatogénese

nessa espécie de teledsteo.
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8. Tabelas e figuras

Tabela 1 — Primers utilizados nas andlises dos niveis de transcricdo para genes

testiculares.

Genes  Primers Sequéncia (5’-3°) Referéncias

efla AH (Fw) GCCGTCCCACCGACAAG (Morais et al., 2013)
AG (Rv) CCACACGACCCACAGGTACAG

amh AD (Fw) CTCTGACCTTGATGAGCCTCATTT (Garcia-Lopez et al., 2010)
AE (Rv) GGATGTCCCTTAAGAACTTTTGCA

igf3 2680 (Fw) TGTGCGGAGACAGAGGCTTT (Morais et al., 2013)
2681 (Rv) CGCCGCACTTTCTTGGATT

gsdf 2366 (Fw) CATCTGCGGGAGTCATTGAAA (Garcia-Lopez et al., 2010)
2367 (Rv) CAGAGTCCTCCGGCAAGCT

piwill 2542 (Fw)  GATACCGCTGCTGGAAAAAGG (Garcia-Lopez et al., 2010)
2543 (Rv)  TGGTTCTCCAAGTGTGTCTTGC

sypc3 2730 (Fw) AGAAGCTGACCCAAGATCATTCC (Garcia-Lopez et al., 2010)
2731 (Rv)  AGCTTCAGTTGCTGGCGAAA

odf3b 2791 (Fw)  GATGCCTGGAGACATGACCAA (Leal et al., 2009b)
2792 (Rv) CAAAGGAGAAGCTGGGAGCTTT

nanos?2 4817 (Fw) AAACGGAGAGACTGCGCAGAT Presente trabalho
4818 (Rv) CGTCCGTCCCTTGCCTTT

insl3 2466 (Fw)  TCGCATCGTGTGGGAGTTT (Good et al., 2012)
2467 (Rv) TGCACAACGAGGTCTCTATCCA

rxfp2a 3258 (Fw) CAATTCCAGTCTCTGTCAGCACAT (Good et al., 2012)
3259 (Rv) CTCAACGTCATTCTCCGCAAA

rxfp2b 3262 (Fw) CTGCCAGACTCTGTGCCCATA (Good et al., 2012)
3263 (Rv) AGTCGTGATGCTATTACCCTCGAA

57



5cm

Figura 1 — Aspecto corporal externo do zebrafish (Danio rerio).
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Figura 2 — Corte histologico (A) e figura esquemadtica (B) ilustrando a estrutura
testicular em teledsteos. Conforme mostrado, os testiculos em teledsteos sao divididos
em compartimento intersticial (CI), onde sdo encontradas as células de Leydig (CL) e
vasos sanguineos (VS), e compartimento tubular (CT), formado pelas células
peritubulares midides (PM), membrana basal (MB), células germinativas (CG) e células
de Sertoli (CS) compondo o epitélio seminifero. Adaptado de Schulz & Nébrega, 2011.
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Figura 3 - Figura esquemadtica ilustrando a estrutura cistica e a progressao da
espermatogénese em teledsteos (zebrafish). Os cistos espermatogénicos sao formados por
células de Sertoli que envolvem as células germinativas que se diferenciam/progridem de
maneira sincronica. (MY) células peritubulares mioides, (BL) membrana basal, (SE)
células de Sertoli, (Aug+ € Aug) espermatogbnias do tipo A indiferenciadas, (Aui)
espermatogoOnias do tipo A diferenciada, (Beuyie) €Spermatogonias do tipo B iniciais e
tardias, espermatécitos primarios [(L/Z) leptéteno/zigoteno, (P)paquiteno, (D/MI)
dipléteno/meiose I], (S/MII) espermatdcitos secundarios/meiose II, (E1-3) espermatides
iniciais e tardias, (SZ) espermatozoides, (BV) vasos sanguineos e (LE) células de Leydig.
Esquema retirado de Schulz ez al., 2010.
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Figura 4 — Caracteristicas morfologicas das espermatogdnias do tipo Au.g, Agir € do tipo B
de zebrafish. (A) As espermatogonias do tipo A,.q (seta) sdo células germinativas isoladas
em seus cistos espermatogénicos e apresentam o maior diametro nuclear dentre as células
germinativas nos testiculos de zebrafish (~9 um), além de apresentarem nucleo rico em
eucromatina, com um ou dois nucléolos. (B) Apesar de compartilhar semelhangas
morfolégicas com as espermatogonias do tipo A..g, as espermatogdnias do tipo Agir
(cabega de seta) possuem menor diametro nuclear (~6 um) e ocorrem em clones de 2-8
células por cisto espermatogénico, enquanto as espermatogonias do tipo B (seta menor),
apresentam nucleo denso, ovalado e menor didmetro (~5 pum) quando comparado as
espermatogonias do tipo A. As secgdes foram preparadas para andlises histologicas de
acordo com Leal ez al., 2009a. Aumento 1000x, barras de escala = 10um.
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Figura 5 — (A) Figura esquematica e (B) fotografia do sistema de cultura de
testiculo de zebrafish. 1: testiculo, 2: membrana de nitrocelulose, 3: cilindro de
agarose, 4: meio de cultura. Extraido de Leal ef al., 2009b.
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Figura 6 — Esquema ilustrativo da abordagem utilizada para os tratamentos hormonais iz
vivo. No tanque numero 1, os animais foram expostos a dose de 10nM de E2 durante 5
semanas consecutivas; no tanque numero 2, os animais foram expostos a dose de 10nM de
E2 durante as 5 semanas consecutivas, sendo adicionada dose de 100nM de OA durante as
ultimas duas semanas; no tanque numero 3 os animais nao receberam nenhum tratamento
hormonal e foram utilizados como grupo controle.
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Figura 7 — (A e B) Secgdes testiculares mostrando células germinativas BrdU positivas:
espermatogOnia do tipo A..g (seta), espermatogonias do tipo Agg (setas menores) e
espermatogonias do tipo B (cabeca de seta). (C) Indice de proliferacio (mitdtico) de
espermatogonias do tipo Aua € Agr apds 7 dias de incubagdo na auséncia (Controle) ou
presenca de 100ng/mL de hINSL3. Diferenga estatistica significativa (p<0,05)
representada pelo asterisco (*). Os resultados estao apresentados na forma de média + erro
padrao (n=8). Barras = 10um.
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Figura 8 — (A, B e C) Secgoes testiculares mostrando células de Sertoli BrdU positiva (seta
maior) em associacao com espermatogonia do tipo A,.q BrdU-positiva (asterisco branco) e
BrdU-negativa (asterisco preto), e célula de Leydig BrdU positiva (seta menor). (D) Indice
de proliferagdo (mitotico) de células de Leydig, células de Sertoli e células de Sertoli
especificamente associadas a cistos de espermatogbnias do tipo A,,s BrdU positivas ou
negativas apOs 7 dias de incubagdo na auséncia (Controle) ou presengca de 100ng/mL de
hINSL3. Diferenga estatistica significativa (p<0,05) representada pelo asterisco (*). Os
resultados estdo apresentados na forma de média * erro padrao (n==8). Barras = 10pm.
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Figura 9 — Indices de marcacio com BrdU (A) e area de parénquima testicular (B) para
espermatogonias do tipo Aug, Aax € do tipo B (Spg B) apds 4 dias de incubag¢ao na
auséncia (Controle) ou presenga de 100ng/mL de hINSL3. Diferengas estatisticas
significativas (p<0,05) representadas pelos asteriscos (¥*). Os resultados estao apresentados
na forma de média * erro padrdao (n=8).
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Figura 10 — Niveis de transcricdo (mRNA) para varios genes selecionados (células de
Sertoli: amh, gsdf, igf3; e células germinativas: nanos2, piwill, sycp3 e odf3b). O inset mostra
os niveis de transcricao (Ct’s values) para o gene efla nas condigdes controle (auséncia de
hINSL3) e presenga de 100ng/mL de hINSL3. Diferengas estatisticas significativas

(p<0,05) representadas pelos asteriscos (¥*). Os resultados estdo apresentados na forma de
média * erro padrao (n=12).
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Figura 11 — Analise do efeito do hINSL3 (100ng/mL) na liberagdo de andrdgeno in vitro,
basal ou estimulada pelo Fsh. Os resultados estdo expressos em nanograma (ng) de OHA
por unidade (mg) de peso testicular e apresentados na forma de média £ erro padrao (n=38).
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Figura 12 — Indice gonadosomatico (IGS) para zebrafish apds os tratamentos hormonais iz
vivo. As letras representam diferencas estatisticas (p<0,05) entre os grupos. Os resultados
estao expressos na forma de média * erro padrdo (n=20).
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Figura 13 — Frequéncia dos cistos nas trés diferentes fases da espermatogénese nos
testiculos de zebrafish, apds os tratamentos hormonais in vivo. As letras representam
diferencgas estatisticas (p<0,05) observadas entre os grupos para cada um dos diferentes
tipos de cistos investigados. Os resultados estdao expressos na forma de média * erro
padrao (n=8). Aund = cistos de espermatogdnias do tipo A indiferenciadas, Adiff = cistos
de espermatogoOnias do tipo A diferenciadas, Spg B = cistos de espermatogodnias do tipo B,
Sc = cistos de espermatdcitos, St = cistos de espermatides.
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Figura 14 — Andlise do efeito dos diferentes tratamentos hormonais iz vivo na transcri¢ao
dos genes insi3 e seus receptores rxfp2a e rxfp2b. O inset mostra os niveis de transcri¢ao (Ct’s
values) para o gene efla para os diferentes tratamentos e para o grupo controle. As letras
representam diferencas estatisticas observadas entre os grupos para cada um dos genes
investigados. Os resultados estdo apresentados na forma de média * erro padrao (n=12).
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Abstract INSL3 (insulin-like peptide 3) is a relaxin peptide
family member expressed by Leydig cells in the vertebrate
testis. In mammals, INSL3 mediates testicular descent during
embryogenesis but information on its function in adults is
limited. In fish, the testes remain in the body cavity, although
the insl3 gene is still expressed, suggesting yet undiscovered,
evolutionary older functions. Anti-Miillerian hormone (Ambh),
in addition to inhibiting spermatogonial differentiation and
androgen release, inhibits the Fsh (follicle-stimulating hor-
mone)-induced increase in ins/3 transcript levels in zebrafish
testis. Therefore, the two growth factors might have antago-
nistic effects. We examine human INSL3 (hINSL3) effects on
zebrafish germ cell proliferation/differentiation and androgen
release by using a testis tissue culture system. hINSL3 in-
creases the proliferation of type A undifferentiated (Aynq)
but not of type A differentiating (Ag;sr) Spermatogonia, while
reducing the proliferation of Sertoli cells associated with pro-
liferating A,,q- Since the area occupied by A, decreases and

The authors acknowledge financial support by the European Union
(project LIFECYCLE no. FP7/222719), by the Research Council of
Norway (project 221648/030) and by the Brazilian Foundation CAPES
(project number BEX: 9802/12-6).

>4 J. Bogerd
j.bogerd@uu.nl; http://www.bio.uu.nl/developmentalbiology

>< R. W. Schulz
r.w.schulz@uu.nl; http://www.bio.uu.nl/developmentalbiology

Laboratory of Cellular Biology, Department of Morphology, Institute
of Biological Sciences, Federal University of Minas Gerais, Belo
Horizonte, MG, Brazil

Reproductive Biology Group, Division of Developmental Biology,
Department of Biology, Faculty of Science, Utrecht University,
Kruyt Building, Room W-606 & 607, Padualaan 8, NL-3584

CH Utrecht, The Netherlands

Published online: 16 June 2015

that of A4 increases, we conclude that hINSL3 recruits A g
into differentiation; this is supported by the hINSL3-induced
down-regulation of nanos2 transcript levels, a marker of sin-
gle Aynq spermatogonia in zebrafish and other vertebrates.
Pulse-chase experiments with a mitosis marker also indicate
that hINSL3 promotes spermatogonial differentiation.
However, hINSL3 does not modulate basal or Fsh-
stimulated androgen release or growth factor transcript levels,
including those of amh. Thus, hINSL3 seems to recruit Ay,g
spermatogonia into differentiation, potentially mediating an
Fsh effect on spermatogenesis.

Keywords INSL3 - Spermatogonial differentiation -
Androgen release - Gene expression - Adult testis - Zebrafish

Introduction

Insulin-like peptide 3 (INSL3) is a relaxin peptide family
member expressed in the male reproductive system by
Leydig cells during fetal development and adult life. During
embryonic development in mammals, INSL3 has a role that is
crucial for the success of spermatogenesis in adult life
(Kumagai et al. 2002). Knockout mice for INSL3 or its recep-
tor RXFP2 show a cryptorchid phenotype, in which the testes
remain inside the body cavity and fail to descend into the
scrotum, since the gubernacula do not develop properly
(Zimmermann et al. 1999; Nef and Parada 1999; Kumagai
et al. 2002). However, although INSL3/RXFP2 are also
expressed in the adult testis, information on potential func-
tions in mature testis is incomplete. During the last decade,
some studies have suggested a role for INSL3 in spermato-
genesis (Kawamura et al. 2004; Pathirana et al. 2012). The
effect of INSL3 on germ cell survival has been recorded in rat
(Kawamura et al. 2004), whereas a more recent study
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reported no effects on germ cell apoptosis following RXFP2
ablation in mice (Huang et al. 2012). Nevertheless, testoster-
one release by cultured mouse Leydig cells increases in re-
sponse to INSL3 (Pathirana et al. 2012), suggesting an auto-
crine role of this peptide as previously proposed after the
localization of RXFP2 to Leydig cells (Anand-Ivell et al.
20006).

Although more information concerning relaxins has been
obtained in the past few years, knowledge of their biological
activity mostly comes from studies in mammals and little is
known about their role in submammalian vertebrates such as
teleost fish, a taxonomic group including nearly 50 % of all
vertebrate species (Yegorov et al. 2014). Studies regarding
Insl3, other relaxins and their receptors in teleost fish are lim-
ited to gene expression data (Good-Avila et al. 2009; Yegorov
et al. 2009; Good et al. 2012). Evidently, no testicular descent
occurs in fish and studies directed to finding other, evolution-
ary older biological activities might also provide new leads for
the respective activities of INSL3 in higher vertebrates.

In zebrafish (Danio rerio), for example, insl3 gene expres-
sion has been localized to Leydig cells (Good-Avila et al.
2009). Recent studies with recombinant zebrafish follicle-
stimulating hormone (Fsh) have shown that the stimulation
of zebrafish testis explants with Fsh increases testicular ins/3
mRNA levels, an effect not mediated by the steroidogenic
activity of Fsh (Garcia-Lopez et al. 2010) but, instead, by a
direct effect on Leydig cells that express both gonadotropins
receptors in fish (Garcia-Lopez et al. 2010; Ohta et al. 2007;
Chauvigné et al. 2012). On the other hand, recombinant anti-
Miillerian hormone (Amh) inhibits the stimulatory effect of
Fsh on insi3 mRNA levels in zebrafish (Skaar et al. 2011).
This opens up the possibility that, at sites with high levels of
Ambh, Fsh is less efficient at increasing levels of ins/3 mRNA
in Leydig cells. Since, in addition to suppressing ins/3 mRNA
expression, Amh inhibits the differentiation of type A undif-
ferentiated (A,,q) sSpermatogonia and Fsh-stimulated steroido-
genesis, we hypothesize that Insl3 stimulates germ cell differ-
entiation and steroidogenesis. This hypothesis is tested as part
of our broader goal to understand the effect of Insl3 on testis
function.

Materials and methods
Animals

Adult male zebrafish were bred and raised in the aquarium
facility of the Department Biology, Utrecht University. The
experiments followed the Dutch National regulations for ani-
mal use in experimentation. For morphometric/androgen re-
lease and mRNA analyses, 8 and 12 animals were used per
experiment, respectively.

@ Springer

Human INSL3

Human INSL3 (hINSL3) was synthesized by using the con-
tinuous flow Fmoc (N-(9-fluorenyl)methoxycarbonyl)-solid
phase methodology together with regioselective disulfide
bond formation as previously described (Bathgate et al.
2006) and was obtained as a kind gift from Prof. John D.
Wade, University of Melbourne, Victoria, Australia. The pep-
tide was dissolved at a concentration of 100 pg/ml in sterile
phosphate-buffered saline (PBS) and aliquots were flash-
frozen in liquid N, and stored at —80 °C. We reasoned that
hINSL3 would be biologically active in zebrafish testis be-
cause of the following considerations. Two rxfp2 genes
(rxfp2a and rxp2b), paralogous to the human RXFP2 gene,
are abundantly expressed in zebrafish testis (Good et al.
2012; Yegorov et al. 2014). The specificity of the interaction
of hINSL3 with RXFP2 is mainly determined by RXFP2 res-
idues Phe'*! and GIn'*? interacting with hINSL3 B-chain res-
idue Trp?’, RXFP2 residue Trp'”” with hINSL3 B-chain res-
idue Hislz, RXFP2 residue Ile'” with hINSL3 B-chain resi-
due Val'’, RXFP2 residues Asp'®' and Glu**° with hINSL3
B-chain residue Arg®® and Asp®*’ with hINSL3 residue Arg'®
(Biillesbach and Schwabe 1999, 2004, 2005, 2006;
Rosengren et al. 2006; Scott et al. 2007). Alignment of the
zebrafish Rxfp2a and Rxfp2b receptor sequences with the
human RXFP2 receptor sequence revealed that the zebrafish
receptor contains identical residues at the ligand-receptor in-
teraction sites, except for RXFP2 residues Ile'” and Glu®*’,
which are replaced by Val and Ala in the zebrafish Rxfp2a
receptor. Human INSL3 should therefore be able to interact
with both zebrafish Rxfp2 receptors, as Val'’”® and Ala**’
would not hinder hINSL3 interacting with the Rxfp2a
receptor.

Tissue culture

A primary testis tissue culture system was used to study the
effects of hINSL3 on germ and somatic cell proliferation,
androgen release and testicular mRNA levels, according to
protocols previously established (Leal et al. 2009b). The con-
centration of 100 ng hINSL3/ml was chosen based on a pilot
experiment and data published in mammals (Pathirana et al.
2012). To study proliferation and transcript levels, the two
testes from each fish were dissected and incubated for 7 days,
one under stimulatory conditions (receiving medium contain-
ing hINSL3) and the other under basal conditions (receiving
only tissue culture medium). The testes were placed on a 0.25-
cm? piece of nitrocellulose membrane (25 wm thickness,
0.22 um pore size; Millipore, Billerica, Mass., USA), on top
of'a 700-ul agarose cylinder (1.5 %[w/v] in Ringer’s solution,
pH 7.4) that was placed in a 24-well flat-bottom plate
(Corning, New York, USA). Medium (1 ml) was added such
that the agar cylinder was just not submerged; the medium
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was refreshed after 4 days. To study androgen release, testes
were submerged in 200 pl tissue culture medium in a 96-well
plate for ~18 h. All components for the tissue culture studies
were freshly prepared according to published protocols (Leal
et al. 2009D).

Germ and Sertoli cell proliferation analysis

To evaluate the capacity of hINSL3 to modulate the prolifer-
ation activity of various spermatogonial generations and of
Leydig and Sertoli cells, 50 pg/ml proliferation marker 5-bro-
mo-2'-deoxyuridine (BrdU; Sigma-Aldrich) was added to the
tissue culture medium of the testes during the last 6 h of the 7-
day incubation period. During this final period of 6 h, the
tissue was submerged in the medium.

In a pulse-chase set-up, zebrafish were exposed in vivo to
BrdU dissolved in water (4 mg/ml) for ~12 h per day on 3
consecutive days to allow BrdU incorporation into the DNA
of all dividing cells, including slowly dividing, single type
Anq spermatogonia, followed by a 4-day chase period, during
which the BrdU labeling was cleared from rapidly dividing
cell types, including many of the rapidly proliferating sper-
matogonia (Nobrega et al. 2010). Subsequently, the testes
were dissected and incubated for 4 days ex vivo in the absence
or presence of hINSL3 (100 ng/ml), as described above.
Importantly, BrdU was not present in the medium during this
tissue culture period of 4 days, so that the localization of the
proliferation marker at the end of the tissue culture period
allowed hINSL3 effects on the dynamics of BrdU to be ex-
amined in the germ cells that had taken up the marker previ-
ously in vivo.

After the tissue culture period, the testes were fixed at 4 °C
overnight in freshly prepared methacarn (60 % [v/v] absolute
ethanol, 30 % chloroform and 10 % acetic acid), dehydrated,
embedded in Technovit 7100 (Heraeus Kulzer), sectioned at a
thickness of 4 um and used to localize BrdU, as described
previously (Leal et al. 2009a). The germ cells/cysts were iden-
tified according to previously published morphological
criteria (Leal et al. 2009a). In brief (see Fig. 1a), the type
Aung spermatogonium is a single germ cell and the largest
spermatogonial cell type in zebrafish, with a large nucleus
(~9 pm diameter), poorly condensed chromatin and one or
two compact nucleoli; it is enveloped by a Sertoli cell, thus
forming the initial stage of a spermatogenic cyst. The type
Agifr spermatogonia, although morphologically not very dif-
ferent from type Ayng, show a smaller (~6 um diameter) and
denser nucleus and occur in groups of 2, 4, or 8 cells (1st, 2nd
and 3rd/final generation of type Agyr spermatogonia) in the
same stage of development inside a cyst (Fig. 1b), because of
the synchronized development among the members of the
same germ cell clone based on cytoplasmic bridges remaining
from an incomplete cytokinesis during differentiating mitoses.
The five generations of type B spermatogonia (16 to 256 cells)

show a further reduced nuclear size (~5 um diameter); the
nucleus is slightly elongated/ovoid and clearly contains more
heterochromatin than in type A spermatogonia (Fig. 1b).

To quantify proliferation, the mitotic index was determined
by examining 100 randomly chosen germ cells/cysts or somat-
ic cells and by discriminating between BrdU-labeled and un-
labeled cells. To evaluate the proportion of area occupied by
type Aundg, Adgisr and B spermatogonia, 30 randomly chosen
fields were photographed at x400 magnification by using a
conventional microscope equipped with a digital camera. The
images were analyzed quantitatively by using Image] soft-
ware (Image Processing and Analysis in Java). With a specific
plug-in, a 540-point grid was made to quantify the proportion
of the area for the various germ cell types, based on the num-
ber of points counted over those germ cell types.

Relative quantification of testicular mRNA levels

The effects of hINSL3 on testicular mRNA levels were
investigated after 7 days of testis tissue culture. Total
RNA was isolated from the tissue by using an
RNAqueous Micro kit (Ambion), according to the manu-
facturer’s protocol, in order to quantify the mRNA levels
of selected testicular genes. The selection included ins/3
(Garcia-Lopez et al. 2010), Sertoli cell genes known to
modulate spermatogonial proliferation and differentiation
behavior, such as amh (Miura et al. 2002; Skaar et al.
2011), gsdf (Sawatari et al. 2007) and igf3 (Morais et al.
2013) and four germ cell markers, namely nanos?2
(expressed in single type A,,q spermatogonia; Beer and
Draper 2013), piwill (expressed in all generations of type
A spermatogonia; Houwing et al. 2007), sycp3 (expressed
in spermatocytes; Chen et al. 2013) and odf3b (expressed
in spermatids; Yano et al. 2008). Two micrograms of iso-
lated RNA was taken from each sample to synthesize
cDNA as described previously (de Waal et al. 2008).
The relative mRNA levels were determined by using real
time, quantitative polymerase chain reaction (QPCR) as-
says, according to published protocols for all genes ana-
lyzed (see Table 1), except for nanos2. For detecting
nanos2 mRNA (Beer and Draper 2013), primers were
designed (Table 1) and validated for specificity and am-
plification efficiency on serial dilutions of testis cDNA
(Bogerd et al. 2001). All qPCRs and calculations were
performed as described previously (Bogerd et al. 2001;
de Waal et al. 2008; Garcia-Lopez et al. 2010) in 20-ul
reaction volumes and quantification cycle (Cq) values
were obtained by a Step One Plus Real-Time PCR
System (Applied Biosystems) by using default settings.
Elongation factor 1« (ef/a) mRNA was used as the en-
dogenous control, since its expression remained stable
under both basal and treated conditions.
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Fig.1 Morphological characteristics of zebrafish type A undifferentiated
(Auna) and type A differentiating (Ag;g) and type B spermatogonia and
Leydig cells and in situ hybridization for ins/3 mRNA in adult zebrafish
testis. a Type Anq Spermatogonia (arrow) are single germ cells showing a
large and clear nucleus, with poorly condensed chromatin and one or two
compact nucleoli. b A cyst containing two type Agi Spermatogonia
(arrowhead) that show smaller nuclei stained more intensely by
toluidine-blue. Type B spermatogonia (thin arrow) have still smaller,

Cellular localization of insi3 mRNA
To localize the cellular expression of ins/3 mRNA, in situ

hybridization was performed by using digoxigenin (DIG)-la-
beled cRNA probes previously designed and validated (Good-

slightly elongated/ovoid nuclei that moreover show a high amount of
heterochromatin. ¢ Interstitial space (dashed line) with a group of
Leydig cells. d Adult zebrafish testis section showing the detection of
insl3 mRNA by in situ hybridization in Leydig cells cluster (dashed
lines). Inset in d non-specific staining obtained with the sense probe. a—
¢ Sections were prepared for morphological analysis according to Leal
et al. (2009b). Magnification x1000 (a, b), 600 (¢, d). Bars10 um

Avila et al. 2009). Adult zebrafish testes were fixed in 4 %
paraformaldehyde (PFA) in PBS (pH 7.4) at 4 °C overnight
and subsequently transferred to 20 % sucrose in PBS until the
tissue remained submerged. In situ hybridization was carried
out on 10-um-thick cryosections (Leica cryostat), which were

Table 1 Primers used

Reference

for mRNA levels Target genes Primers Sequence (5'-3")
measurement of ef] o
(elongation factor 1), eflo AG (Fw) GCCGTCCCACCGACAAG Morais et al. 2013
insl3 (insulin-like AH (Rv) CCACACGACCCACAGGTACAG
peptide 3), amh insl3 2466 (Fw) TCGCATCGTGTGGGAGTTT Good et al. 2012
(anti-Miillerian 2467 (Rv) TGCACAACGAGGTCTCTATCCA
g"mﬁne)ﬁg“’f ’glfjn(“"" amh AD (Fw) CTCTGACCTTGATGAGCCTCATTT Garcia-Lopez et al. 2010
. erto ;Ci’ . genes known AE (Rv) GGATGTCCCTTAAGAACTTTTGCA
0 modulate .
spermatogonial igf3 2680 (Fw) TGTGCGGAGACAGAGGCTTT Morais et al. 2013
proliferation and 2681 (Rv) CGCCGCACTTTCTTGGATT
differentiation), nanos2, gsdf 2366 (Fw) CATCTGCGGGAGTCATTGAAA Garcia-Lopez et al. 2010
piwill, sycp3, odf3b 2367 (Rv) CAGAGTCCTCCGGCAAGCT
(four germ cell markers); — piyizg 2542 (Fw) GATACCGCTGCTGGAAAAAGG Garcia-Lopez et al. 2010
Fw, forward; Rv, reverse 2543 (Rv) TGGTTCTCCAAGTGTGTCTTGC
sype3 2730 (Fw) AGAAGCTGACCCAAGATCATTCC Garcia-Lépez et al. 2010
2731 (Rv) AGCTTCAGTTGCTGGCGAAA
odf3b 2791 (Fw) GATGCCTGGAGACATGACCAA Leal et al. 2009b
2792 (Rv) CAAAGGAGAAGCTGGGAGCTTT
nanos2 4817 (Fw) AAACGGAGAGACTGCGCAGAT This paper
4818 (Rv) CGTCCGTCCCTTGCCTTT
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post-fixed with 4 % PFA and then treated with proteinase K
(5 ug/mL; Sigma-Aldrich) at room temperature for 5 min.
Hybridization, with 500 ng riboprobe per milliliter, was car-
ried out in hybridization buffer (5xstandard sodium citrate,
50 % deionized formamide, 10 % dextran sulfate, 5x
Denhardt’s, 250 pg/ml yeast tRNA, 500 ug calf thymus
DNA) at 65 °C overnight. The slides were then washed in
S5xand 0.2 xstandard sodium citrate at 55 °C, each for
30 min and blocking was performed with 1 % heat-
inactivated goat serum (Vector) in blocking buffer (0.1 M
TRIS-HCI, 0.15 M NaCl, pH 7.5) at room temperature for
1 h. Subsequently, the slides were incubated with alkaline-
phosphatase-conjugated anti-DIG antibody (Roche) diluted
1:1000 in blocking solution at 4 °C overnight. Color develop-
ment was conducted by incubating the sections in Nitroblue
tetrazolium/5-bromo-4-chloro-3-indolylphosphate (Roche) in
the dark. After being air-dried, the slides were mounted using
Aquamount (Thermo Scientific) and micrographs were taken
with an Olympus AX70 microscope.

Androgen release analysis

To determine whether basal or Fsh-stimulated testicular andro-
gen release was modulated by hINSL3, the levels of 11[3-
hydroxyandrostenedione (OHA), a known precursor of 11-
ketotestosterone (11-KT), were measured in testis tissue culture
medium using a steroid release bioassay previously adapted for
zebrafish testis (Garcia-Lopez et al. 2010). The results were
calculated as nanograms of OHA released per milligram of
testis tissue when incubated in the absence or presence of
25 ng/ml Fsh and/or 100 ng/ml hINSL3, respectively.

Statistics

The statistical analyses were performed by using the GraphPad
Prism 5 software package (GraphPad Software, San Diego,
Calif.,, USA). Differences between control and experimental
groups were tested for statistical significance by using the
Student’s #-test for paired observation and analysis of variance
(post-test Newman-Keuls) for multiple group comparisons. A
significance level of P<0.05 was applied in all analyses. Data
are presented as means+standard error of mean (SEM).

Results
Spermatogonial and somatic cell proliferation

Based on counting BrdU-positive cells, we calculated the mi-
totic index of type Aynq and Ag;r Spermatogonia (Fig. 2a, b),
Leydig cells and Sertoli cells associated with BrdU-positive or
BrdU-negative type A,,q spermatogonia (Fig. 3a-c). In testis
tissue culture, hINSL3 significantly stimulated the
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Fig.2 a, b Testis tissue sections showing BrdU-positive germ cells: type
Aung (arrow), type Agigr (thin arrows) and type B (arrowhead)
spermatogonia. Magnification x1000. Bars10 pm. ¢ Mitotic indices of
type Aung and Agigr spermatogonia after incubation for 7 days in the
absence (Basal) and presence (AINSL3) of 100 ng hINSL3/ml.
*Significant difference (P<0.05) between treated and control. Results
are presented as means+SEM (n=8)

proliferation of type A,,q spermatogonia, whereas no signifi-
cant changes were observed for type Agi spermatogonia
(Fig. 2c). Moreover, no effects were observed for Leydig cells
or for Sertoli cells associated with BrdU-negative type Ayng
spermatogonia, whereas a significant decrease in proliferation
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Fig. 3 a, b Testis tissue sections
showing BrdU-positive Sertoli
cells nuclei (arrows) in
association with BrdU-positive
(white star) and BrdU-negative
(black star) type Ayng
spermatogonia. ¢ BrdU-positive
Leydig cell nucleus (thin arrow).
d Mitotic indices of Sertoli cells
in association with BrdU-negative
or BrdU-positive type A g
spermatogonia and of Leydig
cells after incubation for 7 days in
the absence (Basal) or presence
(hINSL3) of 100 ng hINSL3/ml.
Different letters indicate
significant differences (P<0.05)
between the absence and presence
of hINSL3. Magnification
x1000(a—c). Bars 10 um. Results
are presented as means+=SEM
(n=8)

was found for Sertoli cells associated with BrdU-positive type
Aung spermatogonia (Fig. 3d).

In order to determine whether the increased proliferation
activity of type A,,q Spermatogonia was associated with self-
renewal (leading to two single A,,,q) or differentiation (leading
to a pair of Ag;er), we labeled these cells with BrdU in vivo via
a 3-day pulse and 4-day chase protocol, before the exposure of
testis tissue to hINSL3 ex vivo. This allowed the study of the
dynamics of spermatogonial proliferation by examining the
way that exposure to hINSL3 ex vivo influenced the BrdU
indices of type Aung, type Agir and type B spermatogonia that
previously had taken up the BrdU label in vivo. Quantification
of the BrdU indices in this type of experiment for the various
spermatogonial cell types showed that hINSL3 induced a de-
crease of approximately three- to two-fold, respectively, for
type Aung and Agir spermatogonia, whereas no change was
recorded for type B spermatogonia (Fig. 4a). At the same time,
the proportion of the area occupied by type Ay,q spermatogo-
nia was significantly reduced, whereas an increase was ob-
served in the proportion of type Ay spermatogonia (Fig. 4b).

Androgen release

To evaluate whether the effects of hINSL3 on germ cell pro-
liferation and differentiation were associated with a modula-
tion of basal or gonadotropin-stimulated androgen release, we
used (recombinant zebrafish) Fsh, which is a potent steroido-
genic hormone in fish (reviewed by Schulz et al. 2010). Our
results showed that hINSL3 neither modulated basal nor Fsh-
stimulated androgen release (Fig. 5).
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Relative testicular transcript levels and cellular
localization of insi3 mRNA

The quantification of the relative transcript levels of selected
genes was intended to start an elucidation of the molecular
mechanism used by hINSL3 to modulate germ cell prolifera-
tion. We analyzed the transcript levels of ins/3, three Sertoli
cell genes (amh, gsdf and igf3) and a spermatogonial (piwill),
a spermatocyte (sycp3) and a spermatid (odf3b) gene. The
qPCR results showed no significant difference between basal
and hINSL3-stimulated conditions for these transcripts
(Fig. 6). However, transcript levels of nanos2, a marker for
single type A,ng Spermatogonia, was down-regulated six-fold
in testis tissue exposed to hINSL3 (Fig. 6).

The cellular localization of ins/3 transcripts in
zebrafish testis tissue was analyzed by in situ hybridiza-
tion on cryosections. Transcripts were exclusively ob-
served in the interstitial compartment (Fig. 1d), with a
specific hybridization signal exclusively on Leydig cells
that often formed clusters in the interstitium (Fig. lc, d).
No signal was observed with the sense ins/3 riboprobe
(negative control; inset Fig. 1d).

Discussion

Although information is available concerning the evolution
and expression of relaxin peptide family members in teleost
fish (Good—AVila et al. 2009; Yegorov et al. 2009; Good et al.
2012), no previous reports exist, to our knowledge, on the
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Fig. 4 BrdU indices of type Ayng, type Agigr and type B spermatogonia
after BrdU exposure in vivo and subsequent tissue culture in the absence
(Basal) and presence (hINSL3) of 100 ng hINSL3/ml (a) and volumetric
proportion of cysts of type Ayng, type Agim, and type B spermatogonia
after tissue culture in the absence (Basal) and presence (2INSL3) of
hINSL3 (b). *Significant differences (P<0.05) between the absence and
presence of hINSL3. Results are presented as means+=SEM (n=28)

Adiff

biological activity of these peptides in submammalian verte-
brates. We reasoned that hINSL3 would be able to interact
with both zebrafish Rxfp2 receptors, since the residues iden-
tified as important for ligand-receptor interaction with the hu-
man receptor for hINSL3 (i.e., RXFP2) are identical in the
zebrafish Rxfp2a and Rxfp2b receptors, except for RXFP2
residues Ile'”® and Glu®*’, which are replaced by Val and
Ala and most likely do not hinder the interaction of hINSL3
with the zebrafish Rxfp2a receptor. This is supported by our
finding that hINSL3 stimulates the differentiation of type Ayng
spermatogonia (further discussed below). Hence, despite the
biological differences in the action of INSL3 in teleosts vs.
mammals and their evolutionary distance, paralogous teleost
receptors, Rxfp2a and Rxfp2b, are still able to respond to
mammalian hINSL3. This suggests that, although the
neofunctionalization of certain aspects of INSL3 occurs in
mammals (i.e., testicular descent), older conserved functions
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Fig. 5 Effects of hINSL3 (100 ng/ml) on basal or follicle-stimulating
hormone (Fish; 25 ng/ml)-stimulated androgen release ex vivo. Results
(means+=SEM; n=8) are presented as nanograms of 11(3-
hydroxyandrostenedione (OHA) released per milligram (mg) of testis
weight

of INSL3 presumably take place across vertebrates. Whereas
spermatogenesis is known not to be dependent on INSL3
function in adult mice (Huang et al. 2012), INSL3 might have
as yet to be identified effects on germ cell development in
higher vertebrates and the detection of RXFP2 in mammalian
germ cells is compatible with the notion that INSL3 modulates
germ cell development in a paracrine manner (Huang et al.
2012; Minagawa et al. 2014; Sagata et al. 2015), notwith-
standing the known (neo-functionalized) role of INSL3 in
mammalian testicular descent.

Using a testis tissue culture approach, we showed that
hINSL3 significantly increases the mitotic index of type Ayng
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Fig. 6 Relative mRNA levels of insl3 and selected Sertoli (amh, gsdfand
igf3) and germ cell (nanos2, piwill, sypc3 and odf3b) genes. Inset
Transcript levels of ef/« in the absence (Basal) and presence (h/NSL3)
of hINSL3; Ct values for the reference gene ef7 «v. Results are presented as
means+SEM (n=12)
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spermatogonia. Moreover, we propose that these proliferating
type Aung spermatogonia are preferentially recruited into dif-
ferentiation by hINSL3. Type A,nq spermatogonia are single
germ cells enveloped by one or sometimes two Sertoli cells in
zebrafish (Leal et al. 2009a); spermatogonial stem cells (SSC)
are part of this germ cell population (Nobrega et al. 2010). As
undifferentiated cells, SSCs have the capacity to produce ei-
ther more SSCs (self-renewal proliferation) or germ cells com-
mitted to the spermatogenic process (differentiating prolifera-
tion), the first step being to form a pair of considerably smaller
type Agig spermatogonia. The latter cells represent ~44 % of
the cellular volume of A4, such that a pair of Ay are slightly
smaller than a single A,,q (Leal et al. 2009a) and remain con-
nected via a cytoplasmic bridge inside a single cyst, one of the
hallmarks of differentiating germ cell divisions. On the other
hand, SSC undergoing self-renewal produce two completely
separated type A,nq daughter cells and the newly generated
germ cell needs to recruit its own Sertoli cell to create a new
spermatogenic cyst. Consequently, to produce new spermato-
genic cysts, Sertoli cell proliferation is also required (Franga
etal. 2015). Here, we found that Sertoli cells contacting BrdU-
positive type Aynq spermatogonia show reduced proliferation
activity when incubated with hINSL3 (Fig. 3d), which we
interpret as circumstantial evidence that the A4 spermatogo-
nia are undergoing germ cell differentiation not self-renewal.
To obtain more direct evidence for this hypothesis, we used
additional molecular and morphological approaches.

Quantifying selected germ cell marker genes show that
three out of the four transcripts remain stable, whereas nanos2
mRNA levels are down-regulated in testis tissue exposed to
hINSL3. In male mice, SSC maintenance depends on the
RNA binding protein NANOS2; its conditional loss in adults
results in a loss of SSCs to differentiation, whereas overex-
pression increases testicular SSC numbers (Sada et al. 2009).
Furthermore, miR-34c-mediated down-regulation of the
NANOS?2 protein enhances murine SSC differentiation (Yu
et al. 2014). In teleost fish, Nanos2 appears to play a similar
role, as the loss of nanos2 function in tilapia results in germ-
cell-deficient testes (Li et al. 2014) and as both protein and
transcript are detected in single type A,,q Spermatogonia
(Lacerda et al. 2013; Bellaiche et al. 2014). In the adult
zebrafish testis, nanos2 mRNA is expressed exclusively in
single, vasa-positive germ cells that are considered to have
germ line stem cell-like characteristics in both sexes (Beer
and Draper 2013). Hence, a decrease in nanos2 transcript
levels in testis tissue incubated with hINSL3 is compatible
with a hINSL3-induced differentiation of single type Aunq
spermatogonia, such as the SSCs in zebrafish.

A second approach that we employed is based on quan-
titative histology. In agreement with the decreased nanos?2
transcript levels, we found a decrease in the area occupied
by type Aynq spermatogonia and an increased area
occupied by Ay spermatogonia (Fig. 4b). Hence, this

@ Springer

increase in type Ay cells directly suggests that hINSL3
stimulation increases the proliferation of A 4 spermatogo-
nia and their differentiation into A4y spermatogonia but
does not change the mitotic activity of Ag;er Spermatogonia.

We observed that A4 and A spermatogonia pre-labeled
with BrdU in vivo lose the BrdU label faster during a subse-
quent tissue culture period of 4 days when incubated in the
presence but not absence of hINSL3 (Fig. 4a). We consider
this to be evidence that hINSL3 is involved in the differenti-
ation of type A,,q spermatogonia. To explain this, we need to
refer to spermatogonial dynamics in zebrafish.

Tracing a BrdU pulse through time, Leal et al. (2009a,
2009b) demonstrated that meiosis and spermiogenesis in
zebrafish take 6 days, both in vivo and in tissue culture. The
only information available for the duration of the mitotic
phase of zebrafish germ cell differentiation indicates that one
cell cycle of type A,,nq Spermatogonia takes place within 30 h
(Nobrega et al. 2010). Therefore, we estimate that, during the
96 h of tissue culture for the experiments shown in Fig. 4,
three to four spermatogonial divisions might have taken place.
Since BrdU is incorporated into the A,y spermatogonia at the
beginning of the tissue culture, this means that, in the case of
differentiating divisions, the BrdU would have shifted into the
Agisrcell pool, leading to a decrease of the BrdU index for type
Aung cells. Thus, in conjunction with the reduction of nanos?2
transcript levels, the surface area occupied by A,,q spermato-
gonia (Fig. 4b) and the loss of BrdU from the A4 cell pool is
the third line of evidence showing that hINSL3 induces the
differentiation of single type A,,q Spermatogonia in zebrafish.

However, the BrdU index of the Ay spermatogonia is also
significantly reduced following exposure to hINSL3 (Fig. 4a).
This is unexpected, since their proliferation activity is not
changed by hINSL3 (Fig. 2c) but might be explained by the
following considerations. The hINSL3-mediated recruitment
of type Anq cells into differentiation probably occurs irrespec-
tive of their BrdU-labeling status. About 45 % of the Aynq
spermatogonia do not contain BrdU under control conditions
(Fig. 4a: 55 % BrdU-labeled, i.e., 45 % unlabeled) and
hINSL3 will have stimulated the production of BrdU-
negative A gi¢r from the initially BrdU-negative A,,,q spermato-
gonia. Moreover, initially, BrdU-positive type A,,q spermato-
gonia recruited by hINSL3 into differentiation potentially un-
dergo three or four cell cycles (three cycles from A4 to the
third and last generation of Ay, or four cycles to the first
generation of type B spermatogonia), which is associated with
an 8- to 16-fold dilution of BrdU that thereby might have
become undetectable. We propose that the reduced BrdU in-
dex of type Agir spermatogonia, despite their unchanged mi-
totic activity, reflects the combined effects of an increased
production of BrdU-negative Ay cells from initially BrdU-
negative A,q cells, a loss of BrdU detectability in A g cells
by dilution attributable to repeated cell cycling and finally a
shift of the BrdU label into the B spermatogonia population
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for the cells that undergo four differentiating cell cycles. Since
the proportion of area occupied by A spermatogonia be-
comes more prominent, although no change is observed for
type B spermatogonia (Fig. 4b), we assume that the increased
production of type Ay with undetectable levels of BrdU is
the main factor in this regard.

Since type B spermatogonia do not show changes after
hINSL3 treatment for the parameters investigated (Fig. 4a,
b), other experiments need to be performed to determine
whether type B spermatogonia do not respond to hINSL3 or
whether potential changes among type B spermatogonia are
compensated for by the dynamics of “neighboring” germ cell
generations (i.e., type Ag;r Spermatogonia and primary sper-
matocytes). However, major changes in the meiotic or post-
meiotic germ cell generations do not seem likely considering
the relatively stable expression levels of the marker genes
sypc3 and odf3b, respectively (Fig. 6).

Previous work has shown that Sertoli cell-derived Amh
inhibits spermatogonial differentiation and also reduces
Leydig cell insi3 mRNA levels (Skaar et al. 2011). Since our
present data suggest that hINSL3 stimulates spermatogonial
differentiation, we hypothesize that hINSL3 action might in-
clude a down-regulation of amh transcript levels. However,
this is not the case. Moreover, transcript levels of gsdf and
igf3, coding for growth factors stimulating spermatogonial
proliferation in trout (Sawatari et al. 2007) or zebrafish
(Morais et al. 2013), are also unaffected by hINSL3, suggest-
ing that a change in the transcript levels of these growth fac-
tors is not directly involved in mediating hINSL3 action.

Recent work in mice has shown that INSL3 has an auto-
crine stimulatory effect on androgen release from Leydig cells
(Pathirana et al. 2012) and androgens are known to stimulate
spermatogenesis in tissue culture in various fish species (e.g.,
Miura et al. 1991; Leal et al. 2009b). However, our results
show no effect of hINSL3 on basal or Fsh-stimulated andro-
gen release, indicating that hINSL3 effects on zebrafish sper-
matogonia are not mediated by acutely modulating androgen
production.

In summary, in this work, we investigated the potential
role of hINSL3 on spermatogenesis in zebrafish, a species
in which ins/3 gene expression is also found in Leydig
cells but in which testicular descent does not occur.
Morphometric studies and gene analysis of germ cell
markers support the hypothesis that hINSL3 stimulates
the differentiating proliferation of type Ayunq to type Agirr
spermatogonia. To our knowledge, this is the first study of
the biological activity of a relaxin family member in fish
reproduction. Future studies should be directed (1) at in-
vestigating whether zebrafish Insl3 shows comparable bi-
ological activities and (2) at identifying the testicular cell
types expressing receptors for Insl3, as these aspects will
lead us towards our larger goal of understanding the effects
of Insl3 on testis function in teleosts.
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s00i0 I. Introduction

p0010 The “raison d’étre” of Sertoli cells in the adult testis is to facilitate the survival and
development of male germ cells so that spermatogenesis can provide spermatozoa
in sufficient numbers to guarantee fertility. This function is conserved across verte-
brates. However, taxonomic groups at the basis of the phylum—fish and amphi-
bians collectively referred to as anamniote vertebrates—differ from the amniote
vertebrates in having the cystic type of spermatogenesis. The main differences
between cystic and noncystic spermatogenesis are summarized in Figure 13.1. In
cystic spermatogenesis, Sertoli cell structure and function have a number of charac-
teristics that are very interesting from a comparative point of view and provide new
insights into Sertoli cell physiology. This chapter focuses on specific aspects of
Sertoli cells in cystic spermatogenesis that are relevant for understanding important
Sertoli cell functions in vertebrates in general.

po015  Testicular anatomy in amphibians and fish (except for sharks, which do not have
steroidogenic Leydig cells in the interstitial compartment) follows the general verte-
brate pattern of two compartments, germinative and interstitial, that are separated
from each other by a basement membrane and peritubular myoid cells [1]. The
interstitial compartment contains steroid hormone-producing Leydig cells, blood
vessels, macrophages and mast cells, neural and connective tissue elements that are
continuous with the tunica albuginea, and the testis organ wall. The (intra)tubular
compartment houses the germinal epithelium that holds two cell types, the somatic
Sertoli cells and the germ cells. Via the pituitary gonadotropic hormones, follicle-
stimulating hormone (FSH), and luteinizing hormone (LH), interstitial steroidogenic
Leydig cells as well as Sertoli cells, both expressing the receptors for FSH and LH,
are integrated into endocrine regulatory circuits governing puberty and adult func-
tioning of the testis. The survival and development of germ cells in vivo depends on
their close and continuous interaction with Sertoli cells so that the Sertoli cell num-
ber limits the spermatogenic capacity of a testis [2]. This limitation renders determi-
nation of Sertoli cell number one of the most important aspects of testis physiology,
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Cystic spermatogenesis -cystic spermatogenesis

*  Adult SC is mitotically active ¢ Adult SC is considered termianlly differentiated
e Germ cell clones are totally enveloped by SC ¢ One single SC contacts serveral different germ
e SC does not exhibit structural polarity cells type at once
e SC barrier is formed only at late meiosis e SC presents structural and functional polarity
 Inshark, SC express LH receptor and show and forms basal and adluminal compartments
steroidogenic activity ¢ SCs present evident invaginations and crypts
+  Spermatogenesis begins when a single A .4 to support germ cells
is enveloped by SC ¢ Spermiation requires remodeling and recycling
«  Spermiation requires remodeling and opening of ectoplasmic specializations (junctions)
of SCs junctions .

Moderate to very low SC support capacity for
«  Very high SC support capacity for germ cells. germ cells.

0010 Figure 13.1 Schematic representation of the main differences between Sertoli cells in cystic
and noncystic spermatogenesis. Ag;s, type A differentiated spermatogonia; A,g, type A
undifferentiated spermatogonia; B, type B spermatogonia; BL, basal lamina; BV, blood
vessel; EST, elongated spermatid; LE or LC, Leydig cells; MY, peritubular myoid cells;
RST, round spermatid; SC, spermatocytes; SE, Sertoli cell; SG, spermatogonia. Part of the AU:11
figure was published previously [1].

and we discuss the occurrence and regulation of Sertoli cell proliferation in cystic
spermatogenesis. Sertoli cell proliferation is accompanied by progressive morpho-
logical and functional differentiation that is discussed, along with information on
the regulation of these processes.

015 Il Sertoli cell proliferation

50020 A. Development of existing spermatogenic cysts

p0020 The manners of Sertoli cell proliferation differ between amniote and anamniote ver-
tebrates, reflecting a major difference in the Sertoli cell/germ cell relationship.

p0025 In birds and mammals, Sertoli cells proliferate until puberty so that in the adult
testis, a given number of resident, postmitotic, and terminally differentiated Sertoli
cells support successive waves of spermatogenesis. During these waves, a given
Sertoli cell supports several different developmental stages of germ cells at a time.
Typically, at the basolateral surface (basal compartment), mammalian Sertoli cells
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Figure 13.2 Seminiferous tubule cross sections of noncystic spermatogenesis in a turtle (A),
bird, zebra finch (B), mouse (C), marmoset (D), and human (E), showing Sertoli cell nuclei
(arrowhead), spermatogonia (Sg), pachytene spermatocytes (P), and round (R) and elongated (E)
spermatids. Also shown are the tunica propria (TP) and lumen (L). In this mode of
spermatogenesis, one single Sertoli cell contacts several different germ cell types at the same
time, and the Sertoli cell barrier delineates two compartments in the seminiferous epithelium: the
basal compartment in contact with the tunica propria, where spermatogonia and early
spermatocytes are located; and the adluminal compartment containing spermatocytes and
spermatids. Bars = 20 pm.

contact spermatogonia and early spermatocytes. Inside the blood—testis barrier, lat-
eral parts contact spermatocytes and early (round) spermatids, while apical/adlum-
inal parts contact late (elongating) spermatids (Figure 13.2 and Chapter 1).

In anamniote vertebrates (fishes and amphibians), in contrast, the functional unit
of the germinal epithelium is the spermatogenic cyst (Figure 13.3). This cyst con-
sists initially of a single spermatogonium enveloped by the cytoplasmic extensions
of Sertoli cells. When this initial cyst enters the spermatogenic process, both the
cyst-forming Sertoli cells and germ cells proliferate and differentiate. A species-
specific number of Sertoli cells is associated with cysts at specific stages of sper-
matogenesis, thereby establishing predictable Sertoli cell/germ cell ratios for a
given stage of germ cell development [2—5]. Because Sertoli cells associated with
growing cysts are positive in proliferation assays, at least part of the increase in
Sertoli cell number per cyst is attributed to the division of these cells [4]. The major
increase in cyst volume and Sertoli cell number per cyst occurs during the mitotic
expansion of spermatogonia [2,4,5]. Therefore, unlike in amniote vertebrates,
Sertoli cells are not terminally differentiated and do not proliferate in the anamniote
testis. The situation is complicated somewhat by the fact that a Sertoli cell can con-
tact more than one germ cell clone on the two sides of a cytoplasmic extension
(Figure 13.4), although this ability is less complex than the typical situation of
Sertoli cells in adult birds and mammals (Figure 13.2).

It seems that in all vertebrate species, testis function requires a functional Sertoli
cell barrier and the interaction between the morphological and physiological barrier
components to efficiently regulate the entry and exit of molecules [6]. This immu-
nological barrier leads to an immune-privileged site that protects germ cells from
immunological destruction [6]. The Sertoli cell barrier function is relatively well
studied in mammals but still requires careful investigation in lower vertebrates. In
fish, Sertoli cell proliferation stops when the germ cell clone completes meiosis and
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f0020 Figure 13.3 Seminiferous tubule cross sections showing cystic spermatogenesis in different
phases of development and enveloped by Sertoli cells (arrowhead) in zebrafish (A), Nile
tilapia (B), and amphibian bullfrogs (C). The zebrafish tubular lumen is usually filled with
sperm (SPZ), while the elongate spermatids (EL) cysts are open in bullfrogs but are still
contacting SCs. Bars = 100 pm.

Griswold-1630493  978-0-12-417047-6 00013



To protect the rights of the author(s) and publisher we inform you that this PDF is an uncorrected proof for internal business
use only by the author(s), editor(s), reviewer(s), Elsevier and typesetter MPS. It is not allowed to publish this proof online or
in print. This proof copy is the copyright property of the publisher and is confidential until formal publication.

Sertoli cell structure and function in anamniote vertebrates 391

1&‘4\? )
) X

VgL,
2

f0025 Figure 13.4 Seminiferous epithelium ultrastructure in fish and amphibians showing Sertoli
cells (in purple) and germ cells. Strikingly, in the bluegill fish (A), a Sertoli cell is
enveloping hundreds of spermatids (Sptds). This figure also shows that one Sertoli cell is
able to contact different cysts, which can be observed in the bluegill (B), where Sertoli cell
cytoplasm is facing type B spermatogonia (B) and Sptds. In the Nile tilapia (C), one Sertoli
cell is apparently facing different type A spermatogonial (A) cysts. Sertoli cell cytoplasmic
projections (D) are also observed in different germ cells in a bullfrog type B spermatogonial
cyst. N, Sertoli cell nucleus. Bars: A =2 pm; B=35 pm; C =5 pm; D =3 pm. (For
interpretation of the references to color in this figure legend, the reader is referred to the web
version of this book.)

enters spermiogenesis, at which time tight junctions are also established among the
Sertoli cells [2,4,5] (Figure 13.5). A similar trend has been observed in studies in
bullfrogs in our laboratory. Because meiotic germ cells in fish are apparently not
shielded from the vascular system, a tight Sertoli cell barrier seems not to be neces-
sary for meiosis in fish. However, our knowledge of the barrier structure and
function in fish is rather fragmentary. For instance, as shown for zebrafish
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10030 Figure 13.5 Ultrastructure of zebrafish testis using lanthanum as a tracer to investigate the
Sertoli cell barrier. In cystic spermatogenesis, the barrier is not observed in cysts containing
type B spermatogonia (A) or primary spermatocytes cysts at the initial stages of meiosis
(Ieptotene/zygotene) (B and C) because lanthanum is present between the germ cells (white
arrows in A—C). (D) Lanthanum is found at the level of tight junctions between Sertoli cells
in spermatid cysts (black arrow) and are not present between the germ cells and in the lumen
(asterisks in A and C). The black arrows in A and C indicate the Sertoli cell cytoplasm
enveloping the cyst. Bars in A and B =1 um, C =2 um, D = 0.5 pm. The figure was
published previously [5]. AU:12

(Figure 13.5), even without a functional barrier, lanthanum, a tracer used to investi-
gate the barrier efficacy, is never found in the tubular lumen. With respect to prolif-
eration activity, however, Sertoli cells seem to behave in a similar way throughout
vertebrates, given that Sertoli cells stop proliferating when tight junctions have
been established. In this way, a predictable spermatid/Sertoli cell ratio is estab-
lished. Interestingly, this ratio decreases during vertebrate evolution, being around AU:2

Griswold-1630493  978-0-12-417047-6 00013




To protect the rights of the author(s) and publisher we inform you that this PDF is an uncorrected proof for internal business
use only by the author(s), editor(s), reviewer(s), Elsevier and typesetter MPS. It is not allowed to publish this proof online or
in print. This proof copy is the copyright property of the publisher and is confidential until formal publication.

f0035

p0040

s0025

p0045

Sertoli cell structure and function in anamniote vertebrates 393
150 A
‘7 —
P o -
3 125 Chondrichthyes
o
S 100 - >
) Teleosts
(2]
8 754
(2]
S
g 50 -
@
)
25 4
0

Figure 13.6 Number of spermatids per Sertoli cell, based on the available literature, for
different vertebrate groups. This figure illustrates a progressive decrease in Sertoli cell
efficiency during evolution.

100 in fish but decreasing to <10 in most mammalian species, reaching about 4 in
humans (Figure 13.6).

After completion of spermiogenesis, the cyst opens to release sperm into the
tubular lumen (spermiation). The seminiferous epithelium in anamniote vertebrates
is composed of spermatogenic cysts in which different germ cell clones (i.e., des-
cendants of different stem cells, usually in different stages of development) are
taken care of by Sertoli cells enveloping the clone until spermiation. This finding
seems to imply that an individual Sertoli cell is not a resident but rather a transient
cell in the anamniote testis (see the following section).

B. Generation of new spermatogenic cysts—Sertoli cell
progenitors

In addition to the Sertoli cell proliferation that accompanies the development of
spermatogenic cysts, another mode of Sertoli cell proliferation takes place in the
fish testis in the context of the production of new spermatogenic cysts. Because
germ cells cannot survive unless they are in close contact with Sertoli cells,
we hypothesize that the first new Sertoli cells are produced, thereby creating a niche
into which a newly formed, single type Au.q (type A undifferentiated) spermatogo-
nium, a spermatogonial stem cell (SSC) candidate can be recruited. This assumption
explains the observation made in the seasonally reproducing Atlantic salmon, for
example, that at the beginning of the testis growth phase, groups of Sertoli cells
appear that are not (yet) in contact with germ cells or several Sertoli cells are
grouped around a single germ cell (Figure 13.7). In this setting, it seems possible
that similar to recent observations in mice [7], Sertoli cells produce a paracrine fac-
tor, glial cell-lined derived neurotrophic factor (GDNF) that increases the number
of SSCs in the vicinity of these Sertoli cells, for example, by stimulating SSC
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f0040 Figure 13.7 Sertoli cell groups in Atlantic salmon testis at the beginning of the seasonal
testis growth phase. (A) Squares (1,2) show several Sertoli cells, indicated by numbered
Sertoli cell nuclei that are grouped around a single type A undifferentiated spermatogonium
(Ayna)- Areas delineated by dashed lines (e.g., 3) show Sertoli cells apparently not (yet) in
contact with germ cells (possibly containing Sertoli cell progenitor cells). Staining:
Hematoxylin and eosin. (B) Immunocytochemical detection of a proliferation marker
[phosphorylated histone H3 (pH3)] on another section of the same testis shown in A. pH3-
positive Sertoli cell nuclei (arrowheads) indicate proliferation of Sertoli cells at the
beginning of testis growth. The square highlights several Sertoli cells (SC1—SC5) that are
already associated with a single spermatogonium type A,,q. Sertoli cells continue
proliferating, potentially providing niche space for new, single type A,,q spermatogonia (cyst
formation). Double asterisks indicate pH3-positive single type Ay,q spermatogonia.

self-renewal divisions or by attracting SSCs from other areas. Interestingly, in rain-
bow trout, Gdnf and its receptor have been detected in spermatogonia type Ayng,
suggesting that this factor can also function in an autocrine loop [8]. Studies in adult
zebrafish have revealed a regulatory link (via thyroid hormone and a growth factor
of the Igf family; see below) between the proliferation of Sertoli cells and of single
type Aung spermatogonia [9]. Therefore, our current model of cyst formation
assumes that Sertoli cells are first generated to provide new niche space that can
then be occupied by single type A,,q spermatogonia.
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p00s0  New cysts are produced at different stages of the life cycle, and the intensity of
cyst production varies with the reproductive strategy of a species, in particular in
seasonally reproducing species. Regardless of the reproductive strategy, cyst gener-
ation takes place in all species between completion of male sex differentiation and
puberty. This slow growth populates the prepubertal testis that often grows not
more than allometrically with cysts containing mainly type Au,q spermatogonia.
Because many fish species display lifelong growth, a certain level of (allometric)
testis growth associated with the generation of new cysts and Sertoli cells continues
after puberty.

p0055  In seasonally reproducing species, large (e.g., 50-fold) changes in testis weight
are recorded [10,11]. These changes reflect the production of new spermatogenic
cysts associated with a relatively slow growth of the testis at the beginning of a sea-
sonal cycle. This growth becomes rapid when the cysts go through spermatogenesis,
and germ cells and the associated Sertoli cells proliferate and differentiate until the
cysts open to release spermatozoa into the tubular lumen. At a certain point in time,
the generation of new cysts ceases and existing cysts continue to develop and com-
plete spermatogenesis, such that the fully mature testis in these species typically
shows spermatogenic tubuli with lumina filled with spermatozoa and a small num-
ber of quiescent cysts with a single type A,,q spermatogonium, representing the
start-up reservoir for the next season’s spermatogenic wave.

p0060  The testis weight built up during spermatogenic activity declines in a stepwise
way. The first step occurs during completion of spermiogenesis, when Sertoli cells
remove residual bodies while the production of new cysts stops. The second step of
testis weight decrease is due to the use of sperm during the spawning season. Testis
weight finally returns to low levels when residual spermatozoa are phagocytized by
Sertoli cells after completion of the spawning season in preparation for the start of
the next seasonal growth period. Thus, in seasonally reproducing species, Sertoli
cell proliferation for the formation of new cysts is activated at the beginning of the
seasonal testicular growth phase and is turned off to initiate the completion of the
ongoing spermatogenic wave. In contrast, many species living in (sub)tropical
zones display continuous spermatogenesis after puberty; prominent examples used
as experimental models are medaka, tilapia, and zebrafish. In these species, Sertoli
cell proliferation in the context of the formation of new cysts is observed continu-
ously after puberty.

p0065  We hypothesize that the new Sertoli cells required for the generation of new sper-
matogenic cysts are derived from a Sertoli cell precursor population that potentially
has stem cell characteristics. There is no formal proof for this hypothesis yet, but cir-
cumstantial evidence suggests the presence of an undifferentiated population of
somatic cells in the testis. One line of evidence is the long-term capacity to produce
new Sertoli cells during successive reproductive cycles. Another line of evidence is
the fully functional sex reversal in adults, for example, in female goldfish with
androgen-induced female-to-male sex change [12], in estrogen-induced male-to-
female sex change in medaka [13], or in the natural sexual plasticity in sequentially
hermaphroditic species [14]. These observations suggest that an undifferentiated
somatic precursor cell population can produce cells that have a male (Sertoli) or
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female (granulosa) cell fate, depending on the environment in which they are situated.
Clearly, germ cell-supporting somatic cells (or their precursors) in fish show an aston-
ishing developmental plasticity in terms of sexual fate and proliferation capacity.

0030 C. Intratesticular sites of Sertoli cell proliferation

p0070 Where does Sertoli cell proliferation in the context of cyst production take place in
the testis? Depending on the species, cysts with a single type A,,q spermatogonium,
among which are SSCs, are distributed apparently at random throughout the germi-
nal epithelium or are restricted to the periphery of the testis near the tunica albugi-
nea [15]. In the first case, the cysts show little mobility during spermatogenesis. In
the latter case, the cysts move away from the tunica as the germ cells divide and
differentiate toward the region of the spermatic duct located centrally in the testis,
where spermiation occurs and the cysts open to release spermatozoa. This arrange-
ment is typical for teleost orders that are considered more evolved (atheriniformes,
cyprinodontiformes, and beloniformes), while the former arrangement is found in
less evolved taxonomic groups, such as in characiformes, cypriniformes, and
salmoniformes [16]. Intermediate situations exist in perciformes (e.g., tilapia,
Oreochromis niloticus [17]) or some pleuronectiformes (e.g. sole, Solea senegalen-
sis [18]), where cysts with single type A,,q Spermatogonia have a preferred, but not
exclusive, location close to the tunica albuginea. Close inspection of the Atlantic
cod Gadus morhua revealed that new cysts are formed in a germinative zone in the
periphery of the testicular parenchyma, which is divided into several lobes arranged
around an efferent duct [11]. This structure results in a zonation of the lobes
because early stages of development take place in the periphery, while advanced
stages occur close to the efferent duct. The setting is based on appositional growth
that is fuelled by the cyst-generating activity of the germinative zone rather than
through movement of developing cysts. Hence, positional cues for the formation of
new cysts exist in certain species, such that progenitor germ and Sertoli cells are
likely to be found close to the tunica in the periphery of the testis. In the bluehad
wrasse Thalassoma bifasciatum, it is possible that cellular elements from the tunica
can differentiate into Sertoli cell progenitors [19].

p0075 However, in species in which the cysts with single type A,,q spermatogonia (i.e.,
the potential site for the production of new cysts) are distributed throughout the tes-
tis, such as zebrafish, the intratubular location of these cysts is not random. As in
rodents [20—22] and other mammals, such as horses [23] and peccaries [24], single
type Aung Spermatogonia in zebrafish preferentially locate to areas of the seminifer-
ous tubules near blood vessels and the interstitium [25].

0035 D. Regulation of Sertoli cell proliferation

p0080 The two modes of Sertoli cell proliferation, one in the context of the production of
new spermatogenic cysts (mode 1) and the other in the context of the growth and
development of existing cysts (mode 2), are regulated differently (Figure 13.8).
This conclusion is based on the observation that these modes can take place
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0045 Figure 13.8 Schematic representation of Sertoli cell proliferation in relation to endocrine
and paracrine regulation of fish spermatogenesis. Generation of new cysts occurs by mode 1
of Sertoli cell proliferation, while mode 2 accompanies the development of existing cysts.
Proliferation in mode 1 can occur when Sertoli cells are not (yet) in contact with germ cells
or when multiple Sertoli cells contact a single type A undifferentiated spermatogonium
(Ayna)- In zebrafish, cysts with single type A,,q spermatogonia are preferentially found close
to the interstitial area (Leydig cells [LC]) and blood vessels [25] (BVs). We hypothesize that
mode 1 of Sertoli cell proliferation increases niche space into which single type Aynq
spermatogonia can be recruited for the generation of new cysts. Mode 1 is stimulated by
thyroid hormone, in part by increases in the production and release of Sertoli cell-derived
insulin-like growth factor 3 [9] (Igf3). Because igf3 gene expression is strongly stimulated by
follicle-stimulating hormone, this gonadotropin may also be relevant to mode 1, as is the
case for estrogens via stimulation of Sertoli cell production of Pdecgf [26]. Mode 2 of
Sertoli cell proliferation accompanies the development of existing cysts from the expansion
of the spermatogonial population until the end of meiosis/beginning of spermiogenesis and
stops when tight junctions are formed between Sertoli cells in teleost testes [2,4,5]. During
spermatogonial proliferation toward meiosis, FSH stimulates Sertoli cell Igf3 and LC
androgen production, which both promote cyst development. In the meiotic phase, progestins
might be involved in mode 2. Sertoli cell (SC), type A undifferentiated spermatogonia
(Auna), type A differentiated spermatogonia (Ag;sr), type B spermatogonia (B), primary
spermatocyte (SCI), Leydig cell (LC), peritubular myoid cell (PTM), and blood vessel (BV).
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independently of each other. In seasonally reproducing species, such as the Atlantic
salmon, Sertoli cell proliferation for cyst formation (mode 1) starts earlier than the
second mode of Sertoli cell proliferation. The latter mode commences once cysts
that have started to differentiate reach a size that requires increasing the Sertoli cell
number to accommodate the growing germ cell clones. When mode 2 of Sertoli cell
proliferation starts, mode 1 is still ongoing. Later in the season, when mode 1 of
Sertoli cell proliferation stops at around the time that the testis reaches its maxi-
mum weight, mode 2 of Sertoli cell proliferation continues in the context of com-
pleting the development of existing cysts.

p0085 The production of new cysts also requires the production of single type Aung
spermatogonia derived from self-renewal divisions of SSCs. The self-renewal of
SSCs is observed when they divide in a specific niche environment, while displace-
ment from the niche would result in the tipping of the signaling balance toward dif-
ferentiating cell division (see Chapter 4). SSCs are among the single type Aung
spermatogonia that are present in all vertebrates; however, in mice, paired or aligned
undifferentiated spermatogonia can also retain stem cell potency [27]. In the cystic
type of spermatogenesis, SSCs are not in contact with the basement membrane and
are enveloped by Sertoli cells, which are thought to contribute importantly to the
niche characteristics. To survive, a newly formed, single type A,q Spermatogonium
must recruit its own Sertoli cell support to form a new spermatogenic cyst. As
shown in Figure 13.7, Sertoli cells proliferate excessively at the beginning of the tes-
ticular growth phase in the seasonally reproducing Atlantic salmon, which tran-
siently leads to a situation in which a single type A,,q spermatogonium is either
surrounded by several Sertoli cells already that nevertheless keep proliferating, or in
which Sertoli cells form groups that are not in contact with germ cells (yet).

p0090 What is the available information regarding the regulation of mode 1 of Sertoli
cell proliferation? Studies in different fish species have shown that a low dose of
estrogen stimulates SSC self-renewal (eel [26]; huchen [28]; medaka [29]). In eel,
this effect involved estrogen receptor-dependent expression of a Sertoli cell-derived
growth factor [26]. Although it has not been studied directly, we believe that this
stimulatory effect of low estrogen doses is associated with the production of new
spermatogenic cysts which must involve mode 1 of Sertoli cell proliferation.

p0095 Thyroid hormones exert well-known (inhibitory) effects on Sertoli cell prolifera-
tion in mammals [30]. Studies in zebrafish showed, however, that in contrast to
findings in rodents, triiodothyronine (T3) increased the mitotic index of Sertoli
cells, in particular of Sertoli cells not associated with germ cells (yet) or associated
with type A spermatogonia. Moreover, proliferation of type Au,q spermatogonia
was stimulated as well. Jointly, these observations suggest that T3 increases the
available niche space by stimulating mode 1 of Sertoli cell proliferation, resulting
in the production of new spermatogenic cysts containing a single type Ay,q sper-
matogonium [9]. T3-stimulated proliferation involves the Igf signaling system
because the T3 effect on proliferation is abrogated fully (A,,q) or partially (Sertoli
cell) by an Igfl receptor inhibitor. Interestingly, fish gonads express the igf3 gene, a
new Igf family member [31] that may have arisen from the igf/ gene in a neofunctio-
nalization event in the context of the teleost-specific whole genome duplication.
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Thyroid hormone receptors are expressed by Sertoli cells in zebrafish [9], as is Igf3
protein/mRNA (see below), and exposure to T3 increased testicular igf3 mRNA
levels so that T3-stimulated proliferation of spermatogonia and (part of) Sertoli cell
proliferation are mediated by Sertoli cell-derived Igf3.

A point not studied yet in this concept is that, as mentioned above, we believe
that mode 1 of Sertoli cell proliferation is fueled by a Sertoli cell progenitor or
stem cell population. Therefore, we must postulate a niche for Sertoli cell progeni-
tor cells as well. Signaling molecules that are potentially relevant to the SSC niche
and are derived from other somatic elements (e.g., myoid, Leydig, or endothelial
cells) but also from Sertoli cell progenitors themselves might be relevant to a poten-
tial Sertoli cell niche in the fish testis.

The igf3 gene provides a link to the next aspect of regulation of Sertoli cell pro-
liferation, the role of gonadotropins, given that FSH is a more potent stimulator of
igf3 gene expression than T3 in the zebrafish testis [32]; stimulatory effects of FSH
on igf3 mRNA have also been described for other species (e.g., rainbow trout [33]).

With regard to the biological activity of piscine gonadotropins, cellular localiza-
tion data show that Leydig cells express the receptors for FSH and LH, which both
stimulate steroidogenesis directly, while Sertoli cell functions are predominantly
regulated by FSH [1]. Consequently, an important difference for the situation in
higher vertebrates is that FSH in fish is also a potent steroidogenic hormone, next
to regulating Sertoli cell activities. Most information on circulating FSH levels in
male fish is available from salmonid species [34—36]; these studies typically show
that these species have annual reproductive cycles or their cycles occur only once
in a lifetime. Transiently elevated FSH blood levels are associated with the period
of spermatogonial proliferation at the beginning of the testis growth phase. FSH
blood levels increase again when spermiation becomes increasingly prominent, but
they decrease before the actual spawning season commences, at which time promi-
nent increases in plasma LH levels occur.

In mammals, FSH is an important regulator of Sertoli cell proliferation and adult
Sertoli cell function. Many of these functions were uncovered by studies that ana-
lyzed experimentally induced or spontaneous FSHR loss-of-function mutations in
animal models or humans [37].

What do we know about the possible roles of FSH as a direct regulator of Sertoli
cell activities in fish? With respect to Sertoli cell proliferation, it is tempting to
speculate that elevated FSH plasma levels at the start of spermatogonial prolifera-
tion are important. In support of this concept, we found that incubating adult zebra-
fish testis tissue with recombinant zebrafish FSH in the presence of trilostane
(which inhibits the production of biologically active steroid hormones) stimulated
the proliferation of Sertoli cells and of type Au.q and type Ay Spermatogonia
(Nobrega, Morais, Franga, Schulz, Bogerd; unpublished results), suggesting that not
only can new cysts be formed but also that the further differentiation of existing
cysts is stimulated. Experiments in prepubertal male sea bass injected with recombi-
nant FSH point in the same direction. Next to plasma androgen levels, testis growth
was stimulated, along with Sertoli cell and germ cell proliferation; postmeiotic
stages of development were reached 23 days after injection [38]. In adult African
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catfish, surgical removal of one testis induced increased androgen release and fshr
mRNA levels in the contralateral, remaining testis, which were associated with
increased proliferation activity of Sertoli cells and spermatogonia type A,ng, that is
compatible with activated FSH signaling [39].

p0125 As mentioned above, FSH is a potent steroidogenic hormone in fish and induces
the testicular release of 11-ketotestosterone (11KT), the main androgen in fish
[40,41]. In a tissue culture system with prepubertal eel testis (which is rich in type
A spermatogonia), incubation with 11KT induced full spermatogenesis, such that
all stages of germ cell development were present [42]. This stimulatory effect of
11KT has been observed in other species as well (e.g., Japanese huchen [28] and
zebrafish [43]). Although the effects of FSH/androgen on mode 2 of Sertoli cell
proliferation, which accompanies the growth of differentiating cysts, have not been
studied directly yet, we predict that FSH/androgen stimulation of germ cell prolifer-
ation toward advanced spermatogonial generations will also stimulate mode 2 of
Sertoli cell proliferation.

p0130 A progestin is relevant to spermatogenesis in fish. There are two peaks of circu-
lating 17,2083-dihydroxy-4-pregnen-3-one (DHP) during the reproductive cycle of
salmonid fish—a prominent peak in the spawning season and a small peak during
the progression of spermatogonial proliferation and entry into meiosis [44—46].
Studies in Japanese eel showed that DHP stimulated spermatogonial DNA synthesis
and was required to initiate meiosis [47]. A strong, stimulatory effect of DHP on
spermatogenesis was also reported in adult zebrafish [48]. In this study, spermato-
genesis was first interrupted by estrogen-induced androgen insufficiency and was
then restarted by exposure to DHP, which induced proliferation of type A and B
spermatogonia and entry into meiosis.

p0135 In an individual spermatogenic cyst, the Sertoli cell number increases steadily
during the mitotic phase and levels off during meiosis to reach its maximum value
upon completion of meiosis and the start of spermiogenesis, when tight junctions
are also established between neighboring Sertoli cells [2,5]. We have explained that
estrogens, thyroid hormones, and FSH can stimulate mode 1 of Sertoli cell prolifer-
ation, while FSH, androgens, and progestins can stimulate mode 2 of Sertoli cell
proliferation (Figure 13.8), which stops when spermiogenesis starts. Switching from AU:6
the level of a single cyst to the tissue level in seasonally reproducing species, mode 1
of Sertoli cell proliferation for the production of new spermatogenic cysts stops at a
certain moment, after which mode 2 continues until all cysts have entered spermio-
genesis. When spermiation follows, these species typically show spermatogenic
tubules filled with spermatozoa and a limited number of quiescent cysts with single
type Ayng Spermatogonia scattered along the basement membrane and awaiting the
start of the subsequent spermatogenic wave [1]. Studies in Atlantic salmon showed
that the cessation of the production of new cysts was associated with a decrease in
the expression of fshbeta mRNA in the pituitary gland [49]. Because FSH plasma
levels decrease in salmonids at this stage [35], one possible explanation for the cessa-
tion of the production of new cysts is reduced FSH stimulation. However, it is also
possible that FSH receptor expression decreases in Sertoli cells in association with
type Aung Spermatogonia in testes that have reached their seasonal maximum weight,
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which might bear some similarity to the stage-dependent (i.e., induced by the spe-
cific germ cell composition) changes occurring in FSH receptor mRNA levels in
adult rat testis [50].

Il. Sertoli cell functions

After discussing different aspects of Sertoli cell proliferation, we now review
Sertoli cell functions, starting with the function of these cells as paracrine commu-
nicators that translate endocrine signals into locally acting signals, and potentially
also respond to signals from the germ cells.

0045 A. Paracrine relay station

p0145

p0150

p0155

p0160

With respect to germ cell signaling to Sertoli cells, experimental evidence has yet
to be published in fish. However, ongoing ultrastructural work in our laboratory
showed that a single Sertoli cell can be in contact with different germ cell clones in
quite different stages of spermatogenesis (Figure 13.5). We believe that Sertoli cells
in this situation receive signals from the two different germ cell clones and respond
appropriately. In rats, the density of undifferentiated spermatogonia modulates
growth factor production by Sertoli cells [51], and the changing germ cell composi-
tion during the epithelial cycle is associated with changes in FSH receptor
expression [50]. In zebrafish, the transforming growth factor (Tgf) 8 family member
anti-Miillerian hormone (Amh) is produced by Sertoli cells in contact with type A
spermatogonia. However, Amh production is downregulated when Sertoli cells con-
tact type B spermatogonia or at later stages of germ cell development [43]. As men-
tioned above, there is no direct experimental evidence available yet to show that
germ cells modulate Sertoli cell functions in fish, so we turn to the opposite direc-
tion of information flow, Sertoli cell signaling to germ cells.

When we discussed the regulation of Sertoli cell proliferation, we introduced
the concept of the major endocrine input received by Sertoli cells through FSH and via
the steroidogenic activity of (in fish) FSH and LH. All three types of sex steroids mod-
ulate Sertoli cell functions. In some selected cases, (part of) the molecular mechanisms
involved have been elucidated, and these findings are summarized below.

With respect to the early stages of spermatogenesis, we referred to the stimula-
tory effects of low estrogen levels and thyroid hormone on the production of single
type Auna spermatogonia. For thyroid hormone, this also involved Igf3. The effect
of low estrogen levels is mediated by a nuclear estrogen receptor located in Sertoli
cells that triggers the expression of platelet-derived endothelial cell growth factor
(Pdecgf); recombinant Pdecgf mimics estrogen’s effects and was designated in eel
as an SSC renewal factor [26].

Although thyroid hormone is stimulatory, FSH has a much stronger effect on
upregulating igf3 mRNA in zebrafish Sertoli cells (Nobrega, Morais, de Waal,
Franga, Schulz, Bogerd, unpublished results). These ongoing studies also show that
zebrafish Igf3 stimulates the mitotic indices of A,,q and Ay Spermatogonia
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without modulating androgen production. Still, FSH does have clear steroidogenic
potency, and sex steroids have clear effects on Sertoli cell functions. As in other
vertebrates, the androgen receptor is expressed by Sertoli cells but not by germ
cells, and in zebrafish in particular, by Sertoli cells in contact with type A sper-
matogonia [52]. In general, the stimulatory effect of androgens on spermatogenesis
and Sertoli cell proliferation has already been discussed, while little is known yet
about the molecular mechanisms involved in fish. One exception is a finding in eel
that androgen-stimulated Inhba (activin) production is involved in the stimulation
of spermatogonial proliferation toward meiosis [53].

p0165 FSH-driven androgen production also provides a cross-link to thyroid hormone
effects. In zebrafish, thyroid hormone receptors are not only expressed by Sertoli
cells but also by Leydig cells, and thyroid hormone potentiates the stimulatory
effect of FSH on androgen production [9]. In this way, thyroid hormone in the pres-
ence of low FSH levels stimulates the production of new spermatogenic cysts (as
discussed earlier), while in combination with FSH, differentiation-inducing signals
prevail in the context of the upregulation of Igf3 production and the potentiation of
steroidogenic effects.

p0170 Also relevant to FSH is the Tgf 3 family member Amh. Fish do not have Miillerian
ducts, and Amh probably has evolutionarily older functions in teleosts. Amh inhibited
the onset of gonadotropin- or androgen-stimulated spermatogenesis in prepubertal
Japanese eel [54]. Later work in adult zebrafish showed that Amh inhibited
FSH-stimulated androgen production by downregulating the expression of
steroidogenesis-related genes, resulting in reduced androgen release. Amh also inhibited
androgen-supported spermatogenesis by blocking the differentiation of type A sper-
matogonia, resulting in an accumulation of type A4 spermatogonia [43]. Finally, FSH
downregulated amh mRNA levels in adult zebrafish testis. Taken together, these obser-
vations place FSH in a central position with respect to the switch to differentiation—
FSH downregulates Amh expression in Sertoli cells, which would otherwise inhibit
differentiation of type Au,q spermatogonia and compromise steroidogenesis. At the
same time, FSH directly stimulates Leydig cell androgen production, which is potenti-
ated by thyroid hormone. FSH also stimulates the expression of Igf3, which promotes
proliferation of Sertoli cells and of type A spermatogonia. Thus, the biological activities
of FSH coordinate signaling systems to increase the number of spermatogenic cysts and
then support their progress through the mitotic phase of spermatogenesis.

p0175 Other research, again based on the eel model, revealed a signaling system that is
regulated by the fish-specific progestin that becomes relevant when the fish approaches
meiosis. DHP, which is typically also found in male fish, induced trypsin expression
[55] and taurine biosynthesis [56] in Sertoli cells. Trypsin then stimulated germ cells to
express a solute carrier gene (slc6a6) that functions as a taurine transporter so that ele-
vated taurine levels in germ cells could trigger germ cell entry into meiosis [57].

50050 B. Spermiation

p0180 In most fish species, spermatogenic cysts open after completion of spermiogenesis,
so that the lumen of the opening cyst becomes continuous with the lumen of the
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spermatogenic tubule. The close contact between germ cells and Sertoli cells is bro-
ken and spermatozoa are released. This process is called “spermiation.” In mam-
mals, spermiation takes place at a specific stage of the cycle of the germinal
epithelium that is known to be particularly dependent on androgens, and androgen
signaling is required for the disintegration of the ectoplasmic specializations that
connect late spermatids and Sertoli cells [58,59].

p0185  Experimental data on cellular and molecular mechanisms operating in Sertoli
cells during spermiation in fish are limited. Data in Atlantic salmon indicate that
spermiation is associated with elevated plasma androgen levels; the mitotic, meiotic,
and most of the spermiogenic phases take place in the presence of plasma androgen
levels (15—20 ng/ml) that are clearly higher than the levels found in immature fish
(<2 ng/ml). However, the transition to large-scale spermiation, which leads to the
typical histological picture of mature testes, in which the tubular lumen is filled
with (and serves as a storage place for) spermatozoa, is associated with a second
step of plasma androgen level increase to >40 ng/ml [49]. However, a direct role of
androgens in spermiation has not been demonstrated yet. In fish, the highest levels of
circulating progestins are observed in fully mature males in seasonally reproducing
species. Progestins like DHP or 17a,208,21-trihydroxy-4-pregnen-3-one (203-S) are
believed to induce or advance spermiation in salmonid and cyprinid fishes [60],
increasing testicular fluid production [61,62], and stimulating spermatozoa motility
[63,64] by altering the pH and fluidity of the seminal fluid [65].

p0190  In a number of taxonomic groups of fish (e.g., opheliidae [66], scorpaenidae
[67], bleniidae [68], and soleidae [18]), spermiation takes place shortly after the
completion of meiosis and is referred to as “semicystic” [66]. In bullfrogs, cysts
also open early (Figure 13.3), but spermatids remain in close contact with Sertoli
cells until the completion of spermiogenesis; in this species, opening of the cyst
and spermiation are separate events. In fishes with semicystic spermatogenesis,
round spermatids complete spermiogenesis while in a free state in the tubular
lumen. The Sertoli cells that formed the cysts are transformed into a single-layered
epithelium lining the tubular lumen, and these Sertoli cells may still provide support
to spermatids. Spermiogenesis in fish is less complex than in tetrapod vertebrates,
as suggested by the absence of an acrosome in teleost spermatozoa and by its short
duration (e.g., 2 days in zebrafish [5]). Direct, individual contact between Sertoli
cells and spermatids during spermiogenesis seems to be limited to the peripheral
cell layers of spermatid clones in teleosts in general because the clone size usually
amounts to hundreds of cells while only the peripheral layer(s) seem to have the
chance of direct Sertoli cell contact.

0055 C. Phagocytosis of apoptotic germ cells and removal
of residual sperm

p0195 Fish Sertoli cells are astonishing with regard to their efficiency as phagocytotic
cells, which is part of the normal physiological function of Sertoli cells. Electron
microscopy studies have demonstrated Sertoli cell phagocytic activity and shown
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vesicles with hydrolytic enzymes, lysosomes, or phagosomes with degenerating
spermatids and spermatozoa. In addition, residual bodies were observed in the cyto-
plasm of Sertoli cells. Acid phosphatase in Sertoli cell lysosomes is a marker of
phagocytic activity in fish and rodents [69,70]. Altogether, these morphological fea-
tures indicate the capability of Sertoli cells to remove residual bodies during sper-
miogenesis, apoptotic germ cells (30—40% loss compared to the expected number
[3,5,17]), and residual sperm after spermiation. These characteristics have been
reported for the Sertoli cells of several teleost species, especially after spermiation
and at the end of a spawning season [71—73].

p0200 In many fishes, the tubular lumen is an important sperm storage site. At the end of
a spawning season, residual spermatozoa can remain in the tubular lumen. These sper-
matozoa are phagocytized by the Sertoli cells that form the epithelial lining of sper-
matogenic tubules, an aspect of Sertoli cell physiology that has been lost in higher
vertebrates in which derivatives of mesonephric tissue form efferent duct and sperm
storage tissues. Interestingly, the clearing of residual sperm is completed before the
next wave of spermatogenesis can start. The timing of these processes differs locally
because neighboring tubules can have rather different activities. For example, phago-
cytosis of residual sperm was ongoing in one tubule in which spermatogonia seemed
to be quiescent, while spermatogonial proliferation resumed in an adjacent tubule in
which residual sperm were not visible [11,74]. This finding suggests that local signal-
ing, potentially originating from Sertoli cells still occupied with phagocytosis, can
suppress the resumption of spermatogonial proliferation in the vicinity. No informa-
tion is available about the endocrine regulation (if it does exist) of the phagocytotic
activity of Sertoli cells in fish. In rats, phagocytosis mediated by AcP in Sertoli cells
is not hormone dependent [69]. In humans, however, testicular acid phosphatase gene
expression is upregulated by androgens and downregulated by estrogens [75].

s0060 D. Fate after completion of cyst development

p0205 The lifelong generation of new Sertoli cells along with the production and differentia-
tion of spermatogenic cysts allows assuming that Sertoli cells are at least partially lost AU:8
when a cyst has completed its development, in particular because seasonally reprodu-
cing species show large increases and then similarly large decreases in testis weight
after the spawning season before embarking on the next season’s growth phase.

p0210 So far, clear evidence for Sertoli cell apoptosis is only available for sharks. In
the shark testis, developing cysts migrate during development through the testis
from the dorsal to the ventral surface, where cysts open to release sperm into an
efferent duct system while the cyst-forming Sertoli cells become apoptotic [76].
There are no results available in teleosts or amphibians yet. However, it is conceiv-
able that during spermiation, some Sertoli cells are lost, perhaps especially those
Sertoli cells that had a mainly adluminal position and did not contact another germ
cell clone. Other Sertoli cells—perhaps preferentially those Sertoli cells that had
extended contact areas with the basement membrane—can become integrated into
the epithelial lining of the spermatogenic tubule, while Sertoli cells that do contact
another germ cell clone may continue to support this clone [19].
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IV. Concluding remarks

From a comparative point of view, there are, in our opinion, two main differences
worth pinpointing between anamniote and amniote Sertoli cells. One difference is
the astonishing plasticity of the numbers and stages of differentiation of Sertoli cells
in the adult anamniote testis. The other difference is the considerably higher germ
cell-supporting capacity. With respect to the first point, it will be exciting to inves-
tigate further the presence, characteristics, and regulation of Sertoli cell precursor
cells and to search for formal proof for the presence of a true somatic stem cell pop-
ulation in the anamniote testis. The potential to provide additional Sertoli cells via
mode 1 and the tailored increase in Sertoli cell number during the progress of cystic
spermatogenesis via mode 2 of Sertoli cell proliferation may be part of the “secret”
of the high capacity of anamniote Sertoli cells to support germ cells. However, sev-
eral other structural and functional aspects of Sertoli cell/germ cell interaction prob-
ably contribute to this high efficiency and await clarification and comparative
analysis in higher vertebrates. For both issues, we wish to stress the equal impor-
tance of developing technical approaches on the molecular, physiological, and mor-
phological levels.

Technical help from Paulo Henrique de Almeida Campos-Junior in the prepara-
tion of figures is highly appreciated. Financial support from FAPEMIG and CNPq
are fully appreciated.
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Abstract

Anamniote vertebrates (fishes and amphibians) show cystic spermatogenesis, in
which Sertoli cells present important characteristics that provide new insights into
Sertoli cell physiology. Unlike amniotes (in reptiles, birds, and mammals), ana-
mniote Sertoli cells are mitotically active, and this activity can be differentiated
into two modes: (i) Sertoli cell progenitors proliferate to form new niche space that
then can be occupied by single A,,q spermatogonia to form new spermatogenic
cysts that are regulated by estrogens, thyroid hormone, follicle-stimulating hormone
(FSH), and insulin-like growth factor 3; and (ii) Sertoli cells already associated
with existing cysts proliferate to accommodate the growing germ cell clone, which
is modulated by FSH, androgens, and progestins. Sertoli cells’ terminal differentia-
tion occurs when meiosis is completed by the accompanied germ cells and, simulta-
neously, tight junctions among Sertoli cells are formed. Because anamniote Sertoli
cells show very high support capacity for germ cells, comprehensive studies of
Sertoli cells may provide important clues to the regulatory mechanisms of these
cells in vertebrates.

Keywords: Fish; amphibian; testis; cystic spermatogenesis; plasticity; Sertoli cell
proliferation; Sertoli cell efficiency
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