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RESUMO GERAL

A aquicultura estd assumindo um papel importante no atendimento da crescente
demanda por pescado em nivel mundial. Atualmente, existe uma interacdo benéfica
entre a aquicultura e a biotecnologia que favorece a otimizacdo da producédo através da
aplicacdo de ferramentas biotecnoldgicas. A transgénese é uma das ferramentas mais
promissoras, onde o horménio do crescimento (GH) tem sido o alvo mais importante na
busca de linhagens de peixes geneticamente melhorados. Entretanto, esta estabelecido
que o excesso de GH ocasiona uma série de efeitos adversos devido a sua acgdo
pleiotrépica. Neste sentido, 0 objetivo desta tese foi avaliar o efeito da dupla transgenia
para 0 eixo somatotrofico sobre o crescimento e a reproducdo do zebrafish (Danio
rerio). Desta forma, o primeiro trabalho relata a producdo de um duplo-transgénico
(GH/GHR) através do cruzamento da linhagem F0104 (que superexpressa GH) com a
linhagem Myo-GHR (que superexpressa o gene do receptor do hormonio do
crescimento de maneira muasculo-especifica). No segundo estudo foi avaliado o efeito da
dupla transgenia sobre o crescimento e estrutura muscular esquelética. O duplo-
transgénico apresentou um crescimento comparavel ao da linhagem F0104, embora com
fator de condi¢do mais baixo. Adicionalmente, houve diminui¢do na expressédo de um
gene relacionado com a sinalizagéo intracelular em paralelo com uma forte diminuigéo
na quantidade de fibras musculares grossas. O terceiro trabalho teve como objetivo
avaliar os parametros reprodutivos de machos de zebrafish duplo-transgénicos. Os
resultados mostraram uma melhora significativa em quase todos 0s parametros
analisados, evidenciando uma reducdo dos efeitos negativos do GH sobre a funcgéo
reprodutiva. Em conclusdo, fica claro que o duplo-transgénico € um modelo de estudo
interessante que pode gerar novos conhecimentos sobre os efeitos do GH em varios
aspectos biolégicos e fisiologicos. E necessario observar que a utilizacio deste
hormbnio deve respeitar os niveis maximos suportados pelo organismo a ser
manipulado de forma que a transgenia do GH possa ser viavel como ferramenta

biotecnolodgica na aquicultura.

Palavras-chave: eixo somatotréfico; hormonio do crescimento; reproducéo;

zebrafish.



GENERAL ABSTRACT

Agquaculture is assuming an important role in meeting the growing demand for seafood
worldwide. Currently there is a beneficial interaction between aquaculture and
biotechnology, allowing production to be optimized through the application of
biotechnological tools. Transgenesis is one of the most promising tools, where the
growth hormone (GH) has been the most important target in the search for genetically
improved fish lines. However, it is established that the GH excess causes a series of side
effects due to its pleiotropic action. In this sense, the aim of this thesis was to evaluate
the effect of double transgenesis for the somatotrophic axis on growth and reproduction
of zebrafish (Danio rerio). Thus, the first paper describes the production of a double
transgenic (GH/GHR) by crossing the FO104 line (which overexpresses GH) with Myo-
GHR line (which overexpresses the growth hormone receptor gene (GHR) in a muscle-
specific manner). In the second study, we evaluated the effect of double transgenesis on
growth and skeletal muscle structure. The double transgenic showed a growth
comparable to that of the FO0104 line, although with lower condition factor.
Additionally, there was a decrease in the expression of a gene related to intracellular
signaling in parallel to a strong decrease in the amount of thick muscle fibers. The third
study aimed to evaluate the reproductive parameters of double transgenic zebrafish
males. The results showed a significant improvement in almost all parameters, showing
a reduction of the negative effects of GH on reproductive function. In conclusion, it is
clear that the double transgenic is an interesting study model that can generate new
knowledge about the effects of GH in several biological and physiological aspects. It
should be noted that the use of this hormone should comply with the maximum levels
supported by the organism to be manipulated so that GH-transgenesis can be viable as a
biotechnological tool in aquaculture.

Keywords: growth hormone; reproduction; somatotrophic axis; zebrafish.



INTRODUCAO GERAL

Ao longo dos ultimos 30 anos, a producdo global de alimentos aquéticos
cultivados aumentou rapidamente e tem impulsionado a aquicultura para ser um dos
setores de mais rapido crescimento (Allison 2011; UN 2011). Atualmente a aquicultura
é responsavel por quase metade do peixe consumido no mundo e estima-se que este
setor sera responsavel por mais de 60% da producdo mundial de pescado para consumo
humano em 2030 (FAO 2014). A producdo mundial de pescado atingiu o recorde de
158,5 milhdes de toneladas em 2012, sendo que 40% deste total referem-se a
aquicultura. E o setor da producdo de alimentos de origem animal que mais cresce no
mundo (FAO 2014). Assim, vemos claramente que a tendéncia dos ultimos anos deve
continuar nas proximas décadas, com a aquicultura sendo a maior responsavel por
atender a crescente demanda de pescado em nivel mundial. Entretanto, para que a
aquicultura cresca em um ritmo mais acelerado, uma série de obstaculos precisa ser
superada. Além dos fatores referentes a economia mundial e ao preco do pescado, existe
a necessidade do desenvolvimento de novos pacotes tecnol6gicos.

Os avancos na biotecnologia nas Ultimas décadas tém fornecido ferramentas
importantes para intensificar a producdo, contribuindo de varias formas para o
desenvolvimento da aquicultura, como o desenvolvimento de vacinas, a incorporacéo de
probidticos e enzimas nas racdes e melhorando o desempenho nutricional de muitas
espécies (Freitas et al. 2012). Além disso, uma das técnicas da biotecnologia que se
destaca é a transgenia, devido ao potencial de melhoramento na producdo que esta
tecnologia pode oferecer (Zbikowska 2003; Dunham 2004). Desta forma, caracteristicas
novas, estaveis e determinadas geneticamente poderdo ser incorporadas ao organismo
receptor, com a possibilidade de serem transmitidas para a progénie. Entretanto, é
importante salientar que ndo obstante o desenvolvimento desta tecnologia seja
estratégico para qualquer pais, mais estudos devem ser desenvolvidos sobre o bem-estar
dos peixes manipulados (Hallerman et al. 2007).

Embora haja controvérsias na aplicacdo da transgenia, recentemente a agéncia de
controle de alimentos e medicamentos dos Estados Unidos (Food & Drug
Administration - FDA) aprovou a producdo do salmdo do Atléantico (Salmo salar)
transgénico para 0 GH conforme noticia veiculada na Nature News em 19 de dezembro
de 2015. Este € o primeiro animal transgénico aprovado para consumo humano nos

Estados Unidos. Este peixe consegue crescer satisfatoriamente durante todas as estagoes
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do ano, através da utilizacdo de um promotor de um gene de uma proteina
anticongelante derivado de uma enguia (Zoarces americanus), permitindo que o gene
do GH do salméo chinook fosse expresso durante 0s meses de inverno, onde 0s peixes
desaceleram sua taxa de crescimento. A FDA ressalta que ndo ha diferencas bioldgicas
significativas na composic¢do nutricional do animal transgénico quando comparado a
outros salmdes criados em cativeiro.

O crescimento tem sido um dos alvos mais frequentes da manipulacdo genética,
com o intuito de desenvolver espécies melhoradas para aquicultura, e para utilizacdo
como modelos para examinar a fisiologia do crescimento (Leggatt et al. 2012). O
hormdnio do crescimento (GH) tem como principal efeito o crescimento somatico dos
vertebrados e tem sido manipulado em mais de trinta e cinco espécies, sendo 0s
melhores resultados com salmdo coho (Oncorhynchus kisutch) e com Misgurnus
mizolepis que tiveram um aumento consideravel nas taxas de crescimento (Devlin et al.
1994; Nam et al. 2001). O processo de crescimento se da, principalmente, atraves da
sintese e secrecdo do GH pela hipdfise que é liberado na corrente sanguinea, onde ira
atuar em determinados 6rgdos através da sua associacdo com receptores especificos
(GHR) presentes na membrana das células alvo (Figura 1). A ligacdo do GH com o
GHR induz a fosforilagdo e consequente ativacdo de membros de uma familia de
enzimas conhecidas como Janus Kinases (JAKS) comumente associadas a parte
intracelular do receptor (Lanning & Carter-Su 2006). Esta ligacdo induz a fosforilacéo e
consequente ativacdo das Janus Kinase 2 (JAK2), que estdo associadas a por¢do
intracelular do receptor (Argetsinger et al. 1993; VanderKuur et al. 1995). O complexo
JAK2 ativado por GH fosforila os sinais de traducdo e ativadores de transcri¢éo
(STATSs), levando a sua dimerizacdo, translocacdo para o nucleo, ligacdo ao DNA e
ativacdo da transcri¢do de genes relacionados ao crescimento (Herrington & Carter-Su
2001). As respostas bioldgicas do GH sdo desenvolvidas e controladas principalmente
pelo denominado “eixo somatotr6fico”, onde os fatores de crescimento tipo insulina
(IGFs) sdo o principal mediador da acdo fisiolégica do GH (Moriyama et al. 2000;
Butler & Roith 2001; Herrington & Carter-Su 2001). Os IGFs sdo pequenas cadeias
polipeptidicas produzidas principalmente no figado, que exercem uma influéncia direta
nos processos de crescimento e desenvolvimento animal (Yakar et al. 1999). O

crescimento, o dimorfismo sexual e a reproducdo s&0 mecanismos que S&o



principalmente regulados pela agdo dos IGFs, também chamados de somatomedinas
(Daughaday 2000; Le Roith et al. 2001).
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Fig. 1: Vias de sinalizagdo intracelular do horménio do crescimento (GH). Extraida de
Figueiredo (2012).

O IGF-I tem sido reconhecido como um agente hipertréfico importante (Glass
2003; Clemmons 2009). IGF-I induz aumento de massa muscular pelo estimulo da via
PI3K/Akt (fosfatidilinositol-3 quinase/proteina quinase B), resultando em ativacdo da
sintese protéica (Rommel et al. 2001), associada a hipertrofia (Glass 2005; Clemmons
2009). Sabe-se que, além da via de sinalizagdo intracelular PI3K/Akt, que estd mais
relacionada ao processo de diferenciacdo e sintese protéica (Coolican et al. 1997;
Clemmons 2009), o IGF-I ativa também a via MAP-quinase, relacionada ao processo
proliferativo (Clemmons 2009). Desta forma, genes que codificam para o IGF-1 e seu
receptor (IGF-IR), assim como genes que codificam para outras proteinas intermediarias
da via PI3K/Akt surgem como alvos interessantes para a producdo de linhagens
transgénicas com o objetivo de aumentar o processo de hipertrofia muscular.

O crescimento da musculatura esquelética em peixes se faz pela proliferacéo e
diferenciacéo das células progenitoras miogénicas também conhecidas como mioblastos
adultos ou celulas miossatélites, responsaveis pelo crescimento hiperplasico e

hipertréfico das fibras musculares (Koumans & Akster 1995, Johnston 1999, Johansen
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& Overturf 2005). O crescimento hiperplasico do masculo se refere ao aumento no
namero de fibras musculares devido & formacgdo de novas fibras (Johnston, 2004). Na
hiperplasia, a fusdo entre células satélites ativadas resultam na formacdo de novos
miotubos na superficie das fibras existentes, com posterior diferenciacdo em fibras
musculares (Stellabotte & Devoto, 2007). Durante o crescimento hipertréfico, as células
satelites ativadas fundem-se com fibras musculares existentes, aumentando o numero de
mionucleos e a sintese de miofibrilas, levando ao aumento no didmetro ou area da fibra
muscular (Johnston, 1999) (Figura 2). A contribuicdo relativa da hiperplasia e
hipertrofia para o crescimento muscular nas espécies de peixes sdo varidveis,
dependendo da espécie, fase de crescimento e tipo de musculo (Aguiar et al. 2005; Dal
Pai-Silva et al. 2003). Em geral, nos peixes com crescimento indefinido ocorrem os dois
tipos de crescimento muscular (hiperplasia e hipertrofia), durante todo o periodo de
crescimento. No entanto, a hiperplasia € um processo de crescimento mais evidente
durante a fase juvenil e o crescimento hipertréfico mais intenso e mais evidente durante
a fase adulta do animal (Almeida et al. 2010).

® o Z —

P

Células Satélites | © ® R— .

@@\@, S g
Hipertrofia
©) — ©
v\
| ] Hiperplasia
Proliferagdo | |

Fibras musculares

Fig. 2: Esquema demonstrativo dos principais mecanismos de crescimento muscular nos

peixes: hipertrofia e hiperplasia. Adaptado de Johnston (1999).

A miogénese envolve uma série de processos que permitem o desenvolvimento e
o crescimento do tecido muscular. Todos os eventos da miogénese sao iniciados e
controlados pela expressdo diferencial de fatores transcricionais conhecidos como
fatores de regulacdo miogénica (myogenic regulatory factors ou MRFs), dos quais
fazem parte a MyoD, Myf5, miogenina e MRF4 (Watabe 1999, 2001; Weintraub,

1993). Quando ativadas, MyoD e Myf5 induzem os mioblastos a expressar outras
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proteinas miogénicas como a Miogenina e MFR4 (Watabe 1999, 2001). A MyoD e o
Myf5 sdo conhecidos como fatores primarios, sendo expressos na fase de proliferagdo
dos mioblastos, enquanto os fatores secundarios, miogenina e MRF4, sdo expressos em
mioblastos nas fases de fusdo e diferenciacdo em fibras musculares maduras (Watabe,
1999).

O crescimento e a reproducdo estdo intimamente relacionados em vertebrados.
H& uma relacdo entre os eixos neuroenddcrinos que controlam o crescimento e a
reproducédo (Trudeau, 1997; Hull and Harvey. 2002; Klausen et al. 2002). Além do seu
papel na promogéo do crescimento, GH atua diretamente sobre as gonadas estimulando
a espermatogénese e sintese de hormonios ovarianos (Miura et al. 2011; Van Der Kraak
et al. 1990), ou indiretamente no desenvolvimento gonadal (Berishvili et al. 2006).
Como o GH participa da sintese de hormdnios, ovulagdo, crescimento e renovacdo dos
foliculos, na maturacdo do odcito, na espermatogénese, na motilidade do
espermatozéide, e outros aspectos do desenvolvimento reprodutivo, pode ser
considerado um co-gonadotropina (Hull & Harvey. 2002). Estudos in vitro com carpa
capim (Ctenopharyngodon idellus) utilizando células da pituitaria revelou a regulagéo
paracrina da secrecdo do horménio luteinizante (LH) pelo GH (Zhou et al. 2004). Ao
contrério de liberacdo do horménio do crescimento em mamiferos, que é regulada
principalmente pela secre¢cdo do horménio liberador do GH e somatostatina secretado
pelo hipotalamo, a liberacdo de GH em peixes também é modulada por outros fatores
neuroenddcrinos, incluindo hormoénio liberador da gonadotrofina, o estradiol, e
testosterona (Klausen et al. 2002; Lin et al. 1993; Trudeau et al. 1992; Wong et al.
2006; Xu et al. 2011). A superexpressdo do GH provoca inumeros efeitos bioldgicos
podendo também afetar a reproducdo. Tilapias transgénicas para 0 GH apresentaram
uma baixa producdo de espermatozOides e menor indice de gonadosomatico
ocasionando uma redugdo da capacidade reprodutiva deste animais e isto pode ser
causado pelo direcionamento da energia para o0 crescimento somatico, em vez de
desenvolvimento gonadal (Rahman et al. 1998, 2001).

O desenvolvimento gonadal é ciclico na maioria dos teledsteos. A renovagao
das células germinativas, sua diferenciacdo, desenvolvimento, maturacdo e liberagédo
ocorrem ao longo de cada ciclo reprodutivo e resultam em alteracbes gonadais que
caracterizam diferentes fases reprodutivas (Lowerre-Barbieri et al. 2011). Segundo Ross

et al. (1993), a espermatogénese &€ o processo no qual ocorre a produgdo de
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espermatozdides e se inicia pela producdo dos cistos espermatogénicos. Os principais
hormdnios hipofisarios que regulam a espermatogénese sdo as gonadotrofinas foliculo
estimulante (FSH) e o horménio luteinizante (LH) (Schult et al. 2010). Os cistos sdo
formados quando as células de Sertoli envolvem as espermatogdnias primarias. As
células de Sertoli sdo células de sustentacdo e secretam o hormoénio antimilleriano
(antimallerian hormone — AMH), uma glicoproteina que suprime o desenvolvimento
dos ductos de Miiller, precursores do trato reprodutor feminino. O AMH esta envolvido
na esteroidogénese e no desenvolvimento folicular (Josso et al. 2006). Em testiculos de
zebrafish foi demonstrado que o AMH tem um efeito inibitério sobre a
espermatogénese. Em primeiro lugar, o AMH reduz ou bloqueia completamente a FSH
ou estimula a libertacdo de 11-KT através da regulacdo de genes relacionados com a

producdo de andrégeno (Figura 3) (Skaar et al. 2011).

Células de Sertoli Fsh
l \ v cypl7at
le) v insl3
Amh A\ v star
11-KT

Fator de crescimento(?)

Aund Adiff . :
Adiff B

Fig. 3: Efeitos AMH sobre as fungdes do testiculo de zebrafish. Adaptado de Skaar et
al. (2011).
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A Figura 4 mostra um esguema para a espermatogénese. As espermatogonias
(2n), derivadas de células germinativas primordiais, sofrem uma série de divisdes
mitoticas e diferenciacdo morfologica, ao final das quais sdo produzidos espermatdcitos
(2n), os quais se dividem meioticamente e produzem as espermatides (n). Estas células
hapldides sofrem  diferenciacdo  morfolégica acentuada, conhecida como
espermiogénese, até derivarem em espermatozoides (Ross et al. 1993). Finalmente, é na
espermiacdo que ocorre a liberacdo do espermatozdide nos tubulos eferentes. A divisdo
meidtica de um espermatdcito primario resulta na formacdo de quatro espermatides
hapldides estruturalmente idénticas, mas geneticamente distintas cada uma com a

capacidade de se diferenciar em um espermatozoide.
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Fig. 4: Esquema da espermatogénese. Figura extraida da internet
(https://fabiomizote.wordpress.com/espermatogenese-maculina).

O grupo de pesquisa do Laboratdério de Biologia Molecular do Instituto de
Ciéncias Bioldgicas (ICB/FURG) desenvolveu um modelo de peixe transgénico

(zebrafish - Danio rerio) que foi denominada F0104. Esta linhagem se caracteriza por
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superexpressar 0 GH do peixe rei marinho (Odonthestes argentinensis) (Figueiredo et
al. 2007). Embora a manipulagéo do gene do GH tenha mostrado resultados promissores
com relacdo ao crescimento em peixes, é claro que o GH atua em varios processos além
do crescimento, produzindo efeitos pleiotropicos sobre a morfologia, fisiologia,
metabolismo, imunologia e comportamento (Devlin et al. 2006). Estudos com diferentes
genétipos da linhagem F0104 reportam um aumento significativo na taxa de
crescimento de individuos hemizigotos e também no nivel de expressdo dos genes do
GHR e do IGF-1 no figado. Entretanto, os homozigotos expressam o dobro do GH em
relagdo aos hemizigotos, porém o crescimento ndo foi diferente dos controles nédo
transgénicos (Figueiredo et al. 2007), o que sugere um nivel 6timo do horménio em
condicdes de alimentacdo controlada (Figueiredo et al. 2007). Ao analisar o sistema de
defesa anti-oxidante da linhagem F0104, foi observado um aumento na geracdo de
espécies reativas de oxigénio (ROS), provavelmente relacionado ao efeito anabolico do
GH, e como consequéncia do aumento do consumo de oxigénio e da taxa metabdlica
(Rosa et al. 2008, 2010). Em outros estudos com esta mesma linhagem, Rosa et al.
(2010) observaram envelhecimento acelerado provavelmente pela diminuicdo das
defesas antioxidantes, alteragdes na estrutura muscular (Kuradomi et al. 2011)
decréscimo na maturacdo do sistema imunoldgico (Batista et al. 2014) e diminuicdo
significativa da qualidade espermatica (Figueiredo et al. 2013).

O problema da qualidade espermatica da linhagem F0104 tem implicacdes sérias
no que diz respeito a aplicacdo desta tecnologia na aquacultura. Se reprodutores nao
puderem produzir grandes quantidades de larvas e juvenis, ndo havera possibilidade de
sustentar a producdo em larga escala. Visando contornar este e 0s outros problemas
gerados pelo excesso de GH na linhagem F0104, nosso grupo desenvolveu uma nova
linhgem de zebrafish transgénico que superexpressa 0 GHR no tecido muscular
esquelético, com o intuito de obter um aumento da massa muscular a partir de uma
hipersensibilizacdo deste tecido ao GH (Figueiredo et al. 2012). Entretanto, esta
linhagem (denominada Myo-GHR) ndo apresentou o esperado aumento da massa
muscular. Uma possivel explicacdo para esta observagdo estd baseada na reducdo
significativa da expressdo muscular dos genes relacionados ao eixo somatotrofico por
bloqueio da sinalizagdo na porcéo intracelular do receptor (Figueiredo et al. 2012).

A regulacdo entre o crescimento desejado e a viabilidade reprodutiva é um ponto

extremamente importante a ser considerado no planejamento de um peixe
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geneticamente modificado. No caso dos modelos transgénicos correntemente utilizados,
0 excesso de GH circulante ndo pode ser regulado pelo organismo, o que implica um
crescimento obrigatério mesmo em condigdes desfavoraveis, acarretando efeitos
metabolicos indesejados, especialmente na capacidade reprodutiva como ja
demonstrado para o zebrafish (Figueiredo et al. 2013). Estudos com outros vertebrados
ja comprovaram que a superexpressdao do GH provoca muitos efeitos colaterais e a
reducdo no desempenho reprodutivo € uma das consequéncias. O retardo no
desenvolvimento gonadal ou a auséncia total de gametas sdo sintomas reportados em
camundongos (Naar et al. 1991), suinos (Pinkert et al. 1991), salmdo (Devlin et al.
1994), tilapia (Rahman et al. 1998) e carpa (Yu et al. 2011).

Desta forma, as duas linhagens transgénicas descritas acima parecem ter
caracteristicas complementares. A linhagem F0104 tem excesso de GH circulante,
enquanto que a linhagem Myo-GHR tem excesso de GHR no tecido muscular
esquelético. O cruzamento destas duas linhagens poderia resultar em um animal duplo-
transgénico com menos efeitos adversos decorrentes do excesso de GH circulante, pois
a musculatura com mais GHR poderia diminuir os niveis de GH circulante e este
horménio em maior quantidade poderia ainda romper o bloqueio da sinalizacdo
intracelular do eixo somatotréfico no musculo causado pelo excesso de GHR. Espera-se
um consequente aumento de massa muscular associado a uma melhora na capacidade

reprodutiva desta nova linhagem duplo transgénica.
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OBJETIVOS

Objetivo Geral

Produzir um zebrafish duplo-transgénico que se caracteriza por uma
superexpressdo musculo-especifica do gene do receptor do hormdnio do crescimento
(GHR) associada a superexpressdo de forma constitutiva do gene do horménio do
crescimento (GH), e avaliar os efeitos desta manipulacdo genética sobre o crescimento e

a reproducéo.

Objetivos Especificos

1. Cruzar as linhagens transgénicas F0104 e Myo-GHR para obtencdo dos duplo
transgénicos (GH/GHR);

2. Analisar o crescimento, morfometria e histologia do musculo do duplo
transgénico comparando com as demais linhagens transgénicas (F0104 e Myo-

GHR) e com peixes ndo-transgénicos;

3. Analisar a expressdo dos genes do eixo somatotrofico no tecido muscular, assim
como dos genes que codificam para os principais fatores miogénicos e proteinas

musculares;

4. Verificar os parametros reprodutivos de machos de zebrafish duplo transgénicos
através de citometria de fluxo, histologia e expressdo de genes relacionados com
a maturacao espermatica.

5. Comparar a capacidade reprodutiva do machos duplo transgénicos com machos
néo transgénicos quanto aos percentuais de fertilizacéo e ecloséo.
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Double Transgenic Zebrafish for Somatotrophic Axis: A Tool for Muscle

Development and Growth Studies

Ana C. Silva, Daniela V. Almeida, Marcio A. Figueiredo, and Luis F. Marins

Transgenic zebrafish lines overexpressing growth-related genes are rare. Our
research group has developed two of them expressing growth hormone (GH)
ubiquitously (actbl promoter) or its receptor (GHR) specifically in the skeletal muscle
(mylz2 promoter). Besides GH, the former line also expresses GFP under control of the
actbl promoter. Similarly, the GHR line expresses DSRED in the skeletal muscle.
Breeding the two lines generated Mendelian proportions of four genotypes (1:1:1:1):
nontransgenic, GH transgenic, GHR transgenic, and a double GH/GHR transgenic
identified by both green and red fluorescence (Fig. 1). Double (GH/GHR) transgenics
can be used to address not only the effects of circulating GH excess but also increased

GH signaling in skeletal muscle.

White light Red fluorescence Green fluorescence

R ---
GH/GHR--

FIG. 1. (A) The GH line [Tg(actb1l:GH/actb1l:GFP)] expresses both GH and GFP from a
ubiquitous actbl promoter that includes the first intron (I1a). (B) The GHR line
[Tg(mylz2:GHR/mylz2:DsRED)] expresses both GHR and DsRED from a muscle-
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specific mylz2 promoter. (C) Side view of zebrafish larvae from different genotypes
under white light and red and green fluorescence. Nontransgenic (NT) shows no
fluorescence, the GH line shows only GFP expression, the GHR line shows only
DsSRED expression, while double (GH/GHR) transgenic embryos show expression of
both GFP and DsRED. GH, growth hormone; GHR, growth hormone receptor.
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Abstract

Transgenic fish for growth hormone (GH) has been considered as a potential
technological improvement in aquaculture. In this study, a double-transgenic zebrafish
was used to evaluate the effect of GH and its receptor (GHR) on muscle growth.
Double-transgenics reached the same length of GH-transgenic, but with significantly
less weight, featuring an unbalanced growth. The condition factor of GH/GHR
transgenic fish was lower than the other genotypes. Histological analysis showed a
decrease in the percentage of thick muscle fibers in GH/GHR genotype of
approximately 80% in comparison to GH-transgenic line. The analysis of gene
expression showed a significant decrease in genes related to muscle growth in GH/GHR
genotype. It seems that concomitant overexpression of GH and GHR resulted in a
strong decrease of the somatotrophic axis intracellular signaling by diminishing its
principal transcription factor STATS5.1.

Keywords: Growth hormone; growth hormone receptor; transgenic zebrafish; muscle
hypertrophy.
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Introduction

According to FAO', aquaculture is currently one of the fastest growing
production sectors in the world, with a series of tools being developed for perfecting
production techniques. In this context, modern biotechnology presents great potential
for meeting production demands and improving the phenotypical characteristics of
aquatic organisms. Transgenesis is an important genetic manipulation tool used for
modifying the traits of commercially important species such as fish. For aquaculture
purposes, this manipulation has focused mainly on increasing growth rates of lines.?
After the first transgenic fish was produced in China by Zhu et al.?, this technology has
been successfully applied to dozens of fish species including some with high
commercial interest such as carps, tilapias, salmonids and catfish.*

The growth process in fish begins with growth hormone (GH) synthesis in the
hypophysis, followed by its release into the bloodstream where it acts on certain organs
through association with specific receptors (GHR) present in the membranes of target
cells. Activation of intracellular signaling pathways culminates with the transcription of
genes involved in the development of biological responses to GH. In this manner, GH
effects are produced and mostly controlled by the somatotrophic axis, with insulin-like
growth factor (IGF-I) as the main physiological mediator. *>°

Although manipulation of the GH gene has shown promising results for
increasing fish growth "°, it is known that GH also acts in other processes producing
pleiotropic effects on morphology, physiology, metabolism and behavior.® Figueiredo
et al. ! developed a transgenic zebrafish (Danio rerio) model overexpressing silverside
(Odontesthes argentinensis) GH, and reported a significant increase in transgenic fish

growth rates. More recently, Figueiredo et al. *?

created a new transgenic line
overexpressing GHR in muscle tissue, in order to increase skeletal muscle intracellular
signaling independently of supraphysiological levels of circulating GH and its resulting
pleiotropic effects. However, this line did not present the expected muscle mass,
seeming that hypertrophy is independent from GHR overexpression alone. Here the
main objective was to evaluate if double transgenesis with increased circulating GH and
a higher number of GH receptors on muscle membranes results in increased muscle
growth. For achieving this, analyses of growth, gene expression and muscle

hypertrophy of double-transgenic (GH/GHR) zebrafish were performed.
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Material and Methods
Zebrafish genotypes

All analyzed genotypes were obtained by breeding males from F0104 line !
with females from MYO-GHR line. ** Besides GH, the F0104 line also expresses the
green fluorescent protein (GFP) under transcriptional control of the -actin promoter of
carp Cyprinus carpio. On the other hand, the MYO-GHR line expresses, apart from
GHRa gene, the red fluorescent protein (DSRED) in skeletal muscle tissue (zebrafish
myosin light chain promoter). Breeding the two lines generated mendelian proportions
of four genotypes (1:1:1:1), identified by epifluorescence microscopy: non-transgenic
(NT) = no fluorescence; F0104 (GH) line = green fluorescence; MYO-GHR (GHR) line

= red fluorescence; and double-transgenic (GH/GHR) = green and red fluorescence
(Fig. 1).
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Fig. 1 Side view of zebrafish (Danio rerio) larvae from different genotypes under white
light, red and green fluorescence. Non-transgenic fish (NT) no shows expression
fluorescent, GH lineage shows the expression of green fluorescent protein GFP
(excitation = 485 nm, emission = 520 nm), GHR lineage shows the expression of red
fluorescent protein DsRed (excitation = 557 nm, emission = 579 nm), and GH/GHR

(double) transgenic shows the expression of both red and green fluorescent protein.
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Growth analysis

Fish were separated by genotypes and cultivated for 165 days in 15 L aquariums
(N = 10 per aquarium, in triplicate). Culture conditions were maintained according to
zebrafish requirements.® Fish were fed twice daily ad libitum with commercial feed
(47.5% crude protein). For final biometric analysis, fish were anesthetized with tricaine
(0.1 mg/mL), weighed, and photographed in lateral decubitus for standard length
measurements (L), obtained through ImageJ (Image processing and analysis in Java,
http://rsb.info.nih.gov/ij/). Condition factor (K) was calculated using the equation K =
(W. L) x 10%, where W is mass (mg) and L the total length (mm).

Gene expression analysis

At the end of the growth experiment, five individuals of each group were
randomly sampled for gene expression analysis. Genes related to the muscle growth
such as insulin-like growth factor 1 (igf1), myogenic regulatory factors (myod and myf5)
and muscle structural proteins (mylz2 and myhc4) were chosen. In order to evaluate
intracellular signaling, we analyzed the Signal Transducer and Activator of
Transcription 5.1 (stat5.1) gene. Fish were sacrificed with tricaine (0.5 mg/mL) for
removal of skeletal muscle, total RNA extraction using Trizol reagent (Invitrogen,
Brazil), and cDNA synthesis through High Capacity cDNA Reverse Transcription kits
(Applied Biosystems, Brazil). All procedures were conducted as suggested by
manufacturers.

Expression was analyzed through quantitative Real Time PCR (gPCR), with
each sample analyzed in triplicate. Table 1 shows primer sequences used for each gene,
designed using Primer Express 3.0 software (Applied Biosystems, Brazil) based on
sequences available in GenBank (http://www.ncbi.nlm.nih.gov). gPCR reactions were
performed using Platinum SYBR Green gqPCR SuperMix-UDG kits (Invitrogen, Brazil).
Serial dilutions were done for all primers in order to determine the reaction’s efficiency
(data not shown). PCR conditions were 50 °C/2 min, 95 °C/2 min, followed by 40
cycles of 95 °C/15 s and 60 °C/30 s. Expression of target genes was normalized by the
constitutive genes elongation factor 1 alpha (efle) and beta-actin (factin), which did

not vary between experimental groups (data not shown).
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Table 1. Gene-specific primers for g°PCR analyses.

Gene Sequence GenBank  Efficiency
igfl  F: 5>-CAGGCAAATCTCCACGATCTC-3’ NM131825 86%
R: 5>-TTTGGTGTCCTGGAATATCTGT-3’
myfs F: 5’-TCCAATGGGCCTGCAAA-3’ AF270789 105%
R: 5’-CGGCGGTCCACCGTACT-3’
myod F:5-GGAGCGAATTTCCACAGAGACT-3’ BC114261 104%
R: 5>-GTGCCCCTCCGGTACTGA-3’
mylz2 F:5-TGGAGGCCATGATCAAGGAA-3’ BC045520 90%
R: 5’-TGGTGAGGAAAACGGTGAAGT-3’
myhc4 F:5-GCGCGCTGACATTTCTGA-3’ AY921650 85%
R: 5>-CAGCGTCACGGCTTTTGG-3’
statc.1 F:5-AAATTGGCGGCATCACTATAGC-3’ NM194387 90,7%
R: 5’-CCTTTCCCCTGCTTTGTTAGG-3’
efla. F:5-GGGCAAGGGCTCCTTCAA-3’ NM131263 101%
R: 5>-CGCTCGGCCTTCAGTTTG-3’
Bactin F:5-CTGTCCACCTTCCAGCAGAT-3’ AF180887 100%

R: 5’-GATGGACCTGCCTCGTCGTA-3

gPCR, quantitative real-time polymerase chain reaction.

Histological analysis

Eight fish of each group were sacrificed with tricaine (0.5 mg/mL) for skeletal
muscle removal. Muscle tissue was positioned according to methods described by Lillie
¥ fixed in Bouin’s solution for 4 hours, and preserved in 70% ethanol. Histological
samples were prepared using classic methods and cut into 4 um sections, stained with
hematoxylin/eosin, and analyzed following methods described in Weibel et al.
l. 16

modified by Romano et a
thin (< 40 pm) and thick (> 40 um) fibers.

Muscle fibers were classified according to their diameter:

Statistical analyses
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Growth data was submitted to one-way ANOVA followed by Tukey’s post hoc
test. Relative gene expression was calculated through 24T, ¥ Muscle fiber variance
was analyzed through an r x c table with a 5% significance level. When significant
difference was encountered, Marascuillo multiple comparison test was applied (National
Institute of Statistics, http://www.itl.nist.gov/div898/handbook).

Results

Growth

The evaluated genotypes presented final weight (mg + SE) of: NT = 254 + 15,
GH =734 = 37, GHR = 309 + 39 and GH/GHR = 476 + 35. Statistical analysis showed
that the GH and GH/GHR groups weighed significantly more than the NT and GHR
groups (Fig. 2A). No differences were observed when comparing NT versus GHR, but
the GH genotype presented significant weight increase in relation to GH/GHR. In terms
of standard length (mm * SE), all transgenic fish (GH = 33 + 0.5; GHR = 26 + 0.9;
GH/GHR = 31 % 0.7) were significantly larger than the NT (23 £ 0.4) ones. However,
the GHR was significantly smaller than the GH and GH/GHR groups (Fig. 2B). No
significant difference in condition factor (+ SE) was observed between NT (2 + 0.04),
GH (2.1 £ 0.04) and GHR (1.8 = 0.09) fish. On the other hand, the GH/GHR group (1.6
+ 0.08) presented lower condition factor when compared to the NT and GH groups (Fig.

2C). The survival of the animals at the end of the growth experiment was 100%.
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FIG. 2. Biometry of zebrafish (Danio rerio). GH=GH transgenics; GHR=GHR
transgenics; GH/GHR = double transgenics. Zebrafish (165 days old) were measured on
the following parameters: body weight (A), body length (B), and condition factor (C).

Different letters indicate significant differences (p < 0.05).
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Gene expression
GH/GHR genotype presented, in general, significant decrease in skeletal muscle
expression of stat5.1, igfl, myod, myf5 and myhc4 when compared to the other groups

(Fig. 3A, B, C, D and E). Expression of the mylz2 was significantly decreased in all
transgenics in relation to NT group (Fig. 3F).
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FIG. 3. Expression of growth-related genes in skeletal muscle of 165-day-old zebrafish

(Danio rerio). Analyzed genes: (A) stat5.1, (B) igfl, (C) myod, (D) myf5, (E) myhc4,
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(F) mylz2. The gene expression was normalized by expression of the constitutive genes:
elongation factor 1 alpha (efla) and beta-actin (bactin). Data are expressed as mean —
SEM of 224°T (n = 5). Different letters represent significant differences (p < 0.05). The

groups represented by ‘‘a’’ and ‘‘b’’ are significantly different between them, but the

group represented by ‘‘a,b’” was not significantly different either from “‘a’” or *‘b.”’

Muscle histology

Analysis of muscle fibers revealed significantly different profiles between study
groups (Fig. 4). Highest percentage of thick fibers was observed in the GH (36%),
followed by NT (14%), GH/GHR (7%) and GHR (2%) groups. The fibers showed
different sizes, separated by loose connective tissue the endomysium, and organized
into fascicles by a thicker connective tissue septum, forming a structure similar to the
perimysium. The same cell types (myoblasts and satellite cells) were found in all

genotypes.
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FIG. 4. Proportion of muscle fibers of 165-day-old zebrafish (Danio rerio) from
different genotypes: NT, GH, GHR, GH/GHR. Muscle fibers were classified as thin (>
40 pm) or thick (<40 um). The differences were significantly different at p < 0.05.

Discussion

In this study we used two transgenic lines, one overexpressing GH and the other
GHR, for production of a double-transgenic zebrafish (GH/GHR). Both lines express
fluorescent proteins for non-invasive genotype identification. The main objective was to
evaluate if a breed between the two above-cited lines could increase muscle growth.
Results from analyses of growth, muscle structure and gene expression demonstrated
that, differently from our initial hypothesis, muscle growth was not enhanced in the
GH/GHR double-transgenics when compared to GH genotype.

Condition factor (K), which represents the degree of wellbeing and robustness of

an animal,”® showed significant decrease (21%) in the double-transgenic when
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compared to the GH group. This decrease was due to the fact that the GH/GHR group
did not present proportional growth, i.e. attained the same length as GH fish, but with
significantly lower weights. The result of this morphological alteration in double-
transgenics was a more slender fish than the other analyzed genotypes. In addition,
muscle structure alterations were also observed in the double-transgenic group, with
approximately 80% decrease in thick fibers when compared to the line overexpressing
GH. A possible explanation for these observations could be that the excess of
circulating GH caused increase in longitudinal growth, but overexpression of GHR in
muscle tissue blocked intracellular signaling of this hormone, with consequent decrease
of hypertrophy.

Regarding gene expression analyses, it was observed a significant decrease of
igfl (approximately 70%) in GHR and GH/GHR genotypes. IGFs are present in a wide
variety of tissues at relatively high concentrations, displaying hypertrophic and
hyperplasic properties and being important regulators of myogenesis. >%* This decline in
igfl expression could be result of a generalized decrease in GH intracellular signaling.
Phosphorylation is induced when GH links to GHR, with consequent activation of Janus
Kinases (JAKSs), a family of enzymes commonly associated with the intracellular
portion of the receptor. ** Activated JAKs phosphorylate specific tyrosine-rich regions
of the receptors, which are anchorage sites for molecules related to different signaling
pathways, and culminate with the activation of specific genes for GH-mediated
biological actions. Transcriptional activation of igfl follows the classic route driven by
proteins known as Signal Transducer and Activator of Transcription (STATS), which
when phosphorylated form dimers for nuclear translocation. % In fact, stat5.1
expression analysis showed a decrease of approximately 75% in GH/GHR transgenic
zebrafish when compared to GH group. This result could be interpreted as a
consequence of the increased intracellular signalization due to concomitant GH and
GHR overexpression. In fact, muscle cells of double transgenics would be producing
less STATSs as a way to avoid excessive signaling due to the presence of large amounts
of membrane GHR and circulating GH. Considering that the STATS are the main
transcription factors associated with IGF1, its lower production could explain the
observed decline in igfl expression.

Apart from the JAK/STAT pathway, GH activates two other intracellular
signaling pathways. The PI3K/Akt pathway is related to IGF1-induced muscle mass
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increase, through activation of genes associated with protein synthesis increase,
hypertrophy, apoptosis inhibition, and decrease in muscle protein degradation.?** The

MEK/ERK pathway is related to cell proliferation and differentiation,?*®

through
phosphorylation of tyrosines mediated by serine/threonine kinases®. PI3K/Akt and
MEK/ERK pathways can activate genes that code not only for myogenic regulatory
factors (MRFs), but also for muscle proteins.?”? In this study, expression of myod and
myf5 was respectively 73% and 58% lower in the double-transgenics when compared to
the GH group. Regarding muscle proteins, the gene that codifies for the myhc4
presented the largest decrease (97%) when comparing the GH to the GH/GHR group.
When analyzed as a whole, gene expression results support the hypothesis that
GH/GHR overexpression causes a significant intracellular signaling decrease in the
main somatotrophic axis pathways.

To our knowledge, this is the first work to use a double-transgenic zebrafish
overexpressing growth hormone in a constitutive way, and its receptor in a muscle-
specific manner. The results obtained with this model allowed an in vivo analysis of the
main responses related to the effects of GH/GHR axis on muscle growth. In the case of
the double-transgenic (GH/GHR) fish used in the present study, a scenario of elevated
somatotrophic axis signaling in muscle tissue was expected. However, concomitant
overexpression of GH and GHR probably leads to intracellular signaling levels not
supported by the cells, which respond by decreasing the production of molecules

associated with major intracellular signaling pathway of the somatotrophic axis.
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Abstract

Growth hormone (GH) transgenesis has high potential application in
aquaculture. However, GH excess can cause serious consequences due to its pleiotropic
actions. In order to study these effects in zebrafish (Danio rerio), our laboratory has
developed two transgenic lines. The first expresses the GH ubiquitous and constitutively
(FO104 line), while the second one expresses the GH receptor in a muscle-specific
manner (Myo-GHR line). The F0104 line showed accelerated growth but with
reproductive difficulties, while Myo-GHR did not show the expected increase in muscle
mass. Since the two lines seem to have complementary characteristics, a double
transgenic (GH/GHR) was created from crossing between them. Taking into account
that the double transgenic also has accelerated growth, the objective of this study was to
estimate the reproductive capacity of males of this new line, evaluating sperm
parameters, expression of spermatogenesis-related genes, and reproductive tests. Double
transgenics showed a strong recovery in almost all sperm parameters analyzed when
compared to the FO104 line. Gene expression analyses revealed that Anti-Millerian
Hormone gene (amh) appears to be primarily responsible for this recovery.
Reproductive tests showed that double transgenic males do not differ from non-
transgenics. It is possible that GHR excess in the double transgenic muscle may have
contributed to lower circulating GH levels and thus reducing the negative effects of this
hormone on reproduction. In general, it is clear that GH-transgenesis technology should
take into account the need to obtain adequate levels of circulating hormone in order to

achieve maximum growth with minimal unwanted side effects.

Keywords: Somatotrophic axis, GH side effects, double transgenesis, zebrafish, sperm.
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Introduction

The stagnation of the fishing industry and a rapid increase in human population
have driven aquaculture to become one of the food production sectors with the fastest
growth (Béné et al. 2015). Fish is one of the most commercialized food worldwide, and
it is the main source of animal protein in several regions (FAO 2014). Aquaculture
accounts for almost half of all fish consumed in the world and 67% of the exports of all
global fisheries output are intended for human consumption (FAO 2014). With the
continuous growth of this demand, new alternatives to optimize production are
necessary, and among them is biotechnology.

Improvements in biotechnology in recent decades have provided important tools
that contribute in several ways to the enhancement of production in aquaculture, such as
the development of vaccines, the use of probiotics and enzymes in the stock feed and
other developments that improve the nutritional performance of many species (Freitas et
al. 2012). Furthermore, one of main techniques of biotechnology, which has a huge
potential of improving the aquaculture production, is transgenesis (Zbikowska 2003;
Dunham 2004).

Transgenesis involves a transfer of a characteristic of an organism to another,
altering the genome of a species by introducing one or more gene sequences. Thus, new
features can be incorporated into the recipient organism and can be passed on to the
progeny. A wide variety of genes are being used to produce transgenic fish in order to
improve important characteristics for cultivation such as maturation, growth, and
disease resistance (Rasmussen and Morrissey 2007).

Improved fish growth has been one of the main targets of genetic engineering
(Leggatt et al. 2012). This process takes place mainly through the synthesis and
secretion of the growth hormone (GH) by the pituitary gland. This hormone is released
into the bloodstream, where it will act in certain organs through its association with
specific growth hormone receptors (GHR) in the membrane of target cells. GH
biological responses are developed and controlled mainly by the somatotrophic axis,
where IGF-I is the main mediator of GH physiological action (Moriyama et al. 2000;
Butler and LeRoith 2001).

Although GH-transgenesis has shown promising results regarding fish growth, it
is known that GH acts in several processes other than growth, having pleiotropic effects

on morphology, physiology, metabolism, immunology and behavior (Devlin et al.
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2006). Figueiredo et al. (2007) developed a GH-transgenic zebrafish line (named
F0104), which show a significant increase in growth rate. However, other studies using
the same fish line showed several problems related to the excess of GH, such as the rise
of oxygen consumption and the generation of reactive oxygen species (ROS), premature
aging (Rosa et al. 2008; 2010; 2011), changes in the muscle structure (Kuradomi et al.
2011) and decreased maturation of the immune system (Batista et al. 2014). However,
one of the main problems observed in the F0104 strain was difficulty in reproduction
evidenced by a significant decrease of sperm quality (Figueiredo et al. 2013). This fact
raises an important question regarding the application of GH-transgenesis, since
genetically modified breeders would have difficulties to sustain a high production of
fingerlings to support a commercial fish farming.

In order to reduce the effects of the GH excess previously demonstrated for
F0104 fish, a new line of transgenic zebrafish that overexpresses the GH receptor in a
muscle-specific manner was developed (Myo-GHR). The aim was to obtain an increase
in muscle mass from a sensitization of the tissue to circulating GH due to greater
amount of membrane receptors. Thus, the unwanted side effects of the excess
circulation hormone would be avoided. However, the Myo-GHR line did not show
increased muscle mass as expected probably due to the production of proteins that block
the intracellular signaling of GH (Figueiredo et al. 2012). Recently, F0104 and Myo-
GHR lines were crossbred to obtain a double transgenic (GH/GHR), since the two
transgenic lines appear to have complementary characteristics (Silva et al. 2015a). A
study with this double transgenic showed that growth was very similar to the F0104 line
(Silva et al. 2015b), raising the hypothesis that the increased amount of receptors in
muscle could minimize the side effects of excess GH circulating, even in reproduction.
In this context, the aim of this study was to evaluate the reproductive parameters of
double transgenic (GH/ GHR) zebrafish males via flow cytometry, testes histology and

expression of genes related to sperm maturation.

Materials and Methods

Fish
To analyze the fish reproductive capacity, this study used non-transgenic males;
males from the F0104 strain (GH), MYO-GHR strain (GHR) and double-transgenic
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strain (GH/GHR), with the latter obtained by a crossbreeding of males of the F0104
strain (Figueiredo et al. 2007) and females of MYO-GHR line (Figueiredo et al. 2012).
The fish were separated in groups by genotypes and raised in a closed-circulation water
system, composed of 15L tanks at 28°C, 14h of light/10h of dark, and fed with high
protein content (47.5%) twice a day, ad libitum. The water quality was monitored once
a week, and the temperature, pH, nitrogen compounds and photoperiod were maintained
in accordance with zebrafish requirements (Westerfield 1995). When the fish reached
one year of age, 10 males of each genotype were sacrificed for the removal of the testes,
where one of them was used in semen analysis and the other preserved in Trizol
Reagent (Invitrogen, Brazil) for gene expression analysis. All procedures were
performed as suggested by the Ethics Committee for Animal Use from the Federal
University of Rio Grande (FURG, Brazil) under the process number
23116.005574/2013.

Sperm analyses

In all analysis of each genotype (n=10), the sperm were used immediately after
the gonads removal (<30min). The collected sperm were activated by mixing 1 pL of
sample with 4 uL of distilled water solution (Varela Junior et al. 2015), then placed on a
slide under a cover slip and examined by the Computer Assisted Semen Analysis (CASA)
through Androvision (Minitube - Germany) software (Dziewulska et al. 2011). At least
1,000 cells were captured on 10-15 fields, with the captures made 10 seconds after
activation. The parameters evaluated were total motility (%), progressive motility (%),
distance average path DAP (um), distance curved line DCL (um), distance straight line
DSL (um), average path velocity VAP (um/s), velocity curved line VCL (um/s),
straight-line velocity VSL (um/s), straightness STR (VSL/VAP, %), linearity LIN
(VSL/VCL), balancing (WOB), amplitude of lateral head displacement (ALH) and beat
cross frequency (BCF) (Dziewulska et al. 2011). The motility period (MotP) was
evaluated from the time of activation until the end of the sperm progressive motility
(Varela Junior et al. 2015).

For the analysis of cell disruption, membrane fluidity, DNA fragmentation, lipid
peroxidation, reactive oxygen species, membrane and mitochondrial integrity, the
Attune Acoustic Focusing® flow cytometer (Life Technologies) equipped with blue

laser (Argon 488 nm) and laser violet (UV 405 nm) was used. Analyses were performed
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by the 2.1 software version (Life Technologies). The violet laser of 405 nm (450/40,
VL-1) was used in all tests to determine the population of sperm cells stained with
Hoechst 33342 at a concentration of 16.2 mM, except in DNA fragmentation (Martinez-
Alborcia et al. 2012). Non-spermatic events were ruled out by scatter graphs FSC x SSC
and negative Hoechst 33342. In all parameter readings, fluorophore stained cells were
diluted in calcium-free PBS (80 g of NaCl, 11,5 g of KCI, 24 g of Na2HPO4, 2 g of
KH2PO4 in 1L of water Mili-Q), using a total of 10,000 sperm per analysis.

The fluorophores Sybr 14 and propidium iodide (PI) (MiniTube, Tiefenbach,
Germany) were used to verify the plasma membrane integrity. A semen aliquot was
incubated for 5 min in fluorescent probe containing 0.25 mM of Sybrl4 and 7.5 uM IP,
according to the manufacturer's instructions - Minitube. The sperm were classified as
not damaged and with a functional membrane (Sybr + / PI-) and injured and/or with
non-functional membrane (Sybr + / Pl +; Sybr- / Pl +; Sybr- / PI-) (Figueroa et al.
2015).

Membrane fluidity was verified using 2.7 uM hydrophobic merocyanine dye 540
(M540) and 0.1 uM YO PRO-1 (Invitrogen - Eugene, OR, USA) in 10 puL sample for 5
min. Sperm cells with high fluidity (high concentration M540) were evaluated and of
those with low fluidity (low concentration M540), only samples with intact sperm (YO-
PRO negative) (Fernandez-Gago et al. 2013) were evaluated. The rate of membrane
fluidity was calculated as the number of sperm cells with low fluidity / number of sperm
with low fluidity + sperm with high fluidity x 100.

The sperm cells were classified by their levels of high mitochondrial
functionality (high fluorescence by the accumulation of Rhodamine) and low
mitochondrial functionality (low fluorescence, low accumulation of Rhodamine),
assessing only intact sperm (negative Pl) in the latter (Liu et al. 2015). In the assay, 3.1
mM of Rhodamine 123 (green fluorescence) and IP 7.5 uM were added in 10 uL of
sample for 5 min. Mitochondria functionality rate was calculated by the number of
sperm with high mitochondrial membrane potential / number of sperm with high
mitochondrial membrane potential + sperm with low mitochondrial membrane potential
x 100.

DNA integrity was assessed by chromatin structure (SCSA). To test this
parameter, 10 pL of sperm was added to 5 uL TNE (0.01 M Tris-HCI; 0.15 M NaCl;
0.001 M EDTA; pH 7.2), and 10 pL of 1X Triton (Triton X-100, 1%) (v/v) with 30
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seconds intervals. The orange acridine dye was added and incubated for 30 s to 2 min
prior to reading. Sperm was classified as integrated DNA (green) and fragmented DNA
(orange/red) (Jenkins et al. 2015). The DNA fragmentation rate was calculated as the
number of sperm with fragmented DNA / number of sperm with integrate DNA + sperm
with fragmented DNA x 100.

The concentration of ROS in sperm cells was measured using 1.0 uM of the
fluorophore 2'7'-dichlorofluorescein diacetate (H2DCFDA) (emits green fluorescence
when oxidized) and 7.5 uM IP. The median intensity of green fluorescence was used
only to measure live sperm (negative IP) (Dominguez-Rebolledo et al. 2011).

The lipid peroxidation of sperm was assayed by using a final concentration of 1
uM Bodipy C11 (Hagedorn et al. 2012) in 10 pL sample, and incubated for 2 hours at
room temperature (20°C), where only live sperm were analyzed. The lipid peroxidation
rate was calculated by the median of the green fluorescence intensity (peroxidized lipid)
/median of the green fluorescence intensity + median of the red fluorescence intensity
(non-peroxidized lipid) x 100.

Gene expression

Testes from five individuals of each group were randomly sampled for gene
expression. Total RNA extraction was performed using Trizol reagent (Invitrogen,
Brazil), and cDNA synthesis using the High Capacity cDNA Reverse Transcriptiont kit
(Applied Biosystems, Brazil). All procedures were performed as suggested by the
manufacturers. The gene expression was analyzed by real time quantitative PCR
(gPCR), with each sample being analyzed in duplicate. Specific primers for each gene
(Table 1) were designed using Primer-Blast tool from  GenBank
(http://www.ncbi.nlm.nih.gov). The gPCR reactions were performed using the Platinum
SYBR Green gPCR kit SuperMix-UDG (Invitrogen, Brazil). Serial dilutions were
performed for all primers to determine the efficiency of the reaction (data not shown).
The conditions for PCRs were 50°C / 2 min, 95°C / 2 min followed by 40 cycles of
95°C / 15 sec and 60°C / 30 sec. In this study, four reference genes (elongation factor 1
alpha - efla, beta-2-microglobulin - b2m, beta-actin - actbl; and ribosomal protein L13
alpha - rpll3a) were tested using geNorm VBA applet for Microsoft Excel

(Vandesompele et al. 2002). Therefore, a normalization factor based on the expression
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levels of the reference genes with the best performance was calculated. The reference

genes selected were actbl and b2m.

Table 1: Sequence of primers used in real time PCR in zebrafish (Danio rerio).

Gene Sequence Efficiency Amplicon GenBank

Ihcgr F: 5>-ACAATCACTCACGCTCTCCG-3’ 98.0 104 bp NM_205625
R: 5’-GGAAGGAGTGCCATCGCTAA-3’

bdnf F: 5°- GCCGGACAACCCAGTCTTAC-3’ 97.0 70 bp NM_001308649
R: 5’- ATAAACCGCCAGCCGATCTT-3’

bik F: 5>-TGGCTGTCAGGAGGCTAGAAA-3’ 102.0 60 bp NM_001045038
R: 5’-CAGTCAGAAACATGCAAGTTGGA-3’

ar F: 5’-GGGCGAATGGATGGATGTAA-3’ 101.0 59 bp NM_001083123
R: 5’-CACTCCTCCCTCCGTCAAAC-3’

amh F: 5°- GGCAGGCCGGAAGATGAT -3’ 93.0 60 bp NM_001007779
R: 5’- GGAGAAAGCGCACTCAGTTCA-3’

cypl9ala  F:5- ACATTGTGCGTGTCTGGATCA -3’ 97.8 58 bp NM_131154
R: 5’- GCTGACGACCTGCTCAAGATG -3’

efla F: 5°-GGGCAAGGGCTCCTTCAA-3’ 100.0 54 bp NM131263
R: 5’-CGCTCGGCCTTCAGTTTG-3’

sox9a F: 5’>-CGGGACGCTCGGAGACT-3 97.8 55bp NM_131643
R: 5’-GATGCACACCGGGAACTTG-3’

sox9b F:5’- TCGGTGCGGTGGACATC-3 102.9 60 bp NM_131644
R: 5’- CGAAGGCCTCTATGTTGGAGAT -3’

actbl F:5’-GCTGTTTTCCCCTCCATTGTT-3’ 100.5 60 bp NM_131031
R: 5>-TCCCATGCCAACCATCACT-3’

b2m F: 5-GCCTTCACCCCAGAGAAAGG-3’ 100.5 101 bp NM131163
R: 5’-GCGGTTGGGATTTACATGTTG-3’

rpll3a F: 5’-TCTGGAGGACTGTAAGAGGTATGC-3” 102.9 148 bp NM212784

R: 5’>-AGACGCACAATCTTGAGAGCAG-3’

Histology of testes

After the extraction, three gonads were fixed in buffered paraformaldehyde 4% for

24 hours and stored in 70% alcohol. Then, the samples were dehydrated in increasing

alcohol solutions, cleared in xylene, and embedded in Paraplast Xtra (Sigma, Brazil), as

stated in Carson and Hladik (2009). Subsequently, the material was cut into motorized

rotary microtome (Leica RM2255) in a thickness of 6 microns, and then subjected to

haematoxylin-eosin (Carson and Hladik 2009). The slides were observed in optical

microscope.
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Reproduction experiment

To check the reproductive behavior of NT and GH/GHR genotypes, three non-
transgenic couples and three couples of NT females with double-transgenic males were
formed. A rotation among the wild females was held weekly, distributing them
randomly between water tanks, regardless of genotype. During 30 days traps were
placed for the collection of spawn. The eggs were collected one hour after spawning and
examined in a stereoscope. The fertilization rate was expressed in percentage as the total
number of eggs divided by the number of fertilized eggs. Fertilized eggs, characterized
by 4-8 blastomere, were counted and incubated at 28°C until hatching. Mortality and
hatching rates were then recorded during the trial period. The eggs were considered
dead when parts of the content were white. Dead eggs were counted and removed to
prevent mold growth. Hatching was defined as rupture of the egg membranes by the
tail. The rate of hatching was determined and expressed as a percentage relative to the
proportion of the total number of eggs to the number of hatched larvae.

Statistical analysis

The significant differences in sperm analysis and gene expression between
treatments were compared using analysis of variance (ANOVA) by Tukey test and
Newman-Keuls multiple comparison test, respectively. Data are expressed as mean +
SE. For all analyzes, the significant difference was considered when P<0.05. The

normality and homogeneity of variances were previously verified.

Results

The first result that draws attention was the macroscopic observation of the testis
during fish dissection. GH-transgenesis produced a very significant increase in the testis
size of transgenics both to the GH genotype, and for the double transgenic GH/GHR.
No differences were found between NT and GHR (Fig. 1).

52



1cm

Fig. 1 Testes of adult zebrafish (Danio rerio) from different genotypes (indicated by the
black arrow). NT: non-transgenic; GH: GH-transgenic; GHR: GHR-transgenic;
GH/GHR: double transgenic. Scale bar 1 cm.

Histological analysis shown in Figure 2 evidences a significant loss in the sperm
amount of the GH genotype when compared to NT and GHR. Although GH/GHR testis
also seemed macroscopically altered, it was surprising to observe an apparent recovery

of normal amounts of sperm in this group.
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Fig. 2 Photomicrographs of testes from adult zebrafish (Danio rerio) males. Sperm cells
are colored in dark purple. NT: non-transgenic; GH: GH-transgenic; GHR: GHR-
transgenic; GH/GHR: double transgenic. Scale bar 50 pum.

To verify whether this apparent histological recovery is well founded, sperm
analyses were performed by flow cytometry. The results of these analyzes are shown in
table 2. As noted in the preliminary histology, GH/GHR genotype showed a strong
recovery in sperm concentration (CON=452.412451.294), including no statistical
difference  when compared to NT (CON=425.552+96.630) and GHR
(CON=408.106+58.558) groups. The GH genotype showed a significant decrease in this
parameter (CON=254.477+79.674) when compared to the other groups. In fact, this
genotype has also lost in sperm quality compared to the NT in the cytoplasmic
membrane funcionality (MEM), mitochondrial membrane potential (MIT), cell
membrane fluidity (FL) and DNA fragmentation (DNA). On the other hand, the double-
transgenic GH/GHR showed a recovery to normal levels of MEM, MIT and DNA
parameters. Regarding to the double-transgenic FL (25.90+3.93), it improved even

when compared to NT (46.12+2.74). The cellular integrity (CI) and the oxidative stress
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parameters (ROS and LPO) also improved significantly in the double transgenic
compared to GH.

Table 2: Flow cytometry analyses of zebrafish (Danio rerio) sperm. NT: non-transgenic; GH:
GH-transgenic; GHR: GHR-transgenic; GH/GHR: double transgenic. Data are expressed as

mean and standard error of the mean.

Genotypes
NT GH GHR GH/GHR
Cl (%) 76,9 £2,74% 70,0 £ 1,87° 82,6 +2,89° 83,0 * 3,397
MEM (%) 62,5 + 2,25% 43,8 +2,78° 58,9 + 368" 68,6 + 3,78
MIT (%) 61,2 +2.78° 40,3+2,77° 34,1+3.22° 55,0 + 4,43
FL (%) 46,1 + 2,74 56,5 + 2,37° 44,8 + 3,08 25,9 + 3,93°
DNA (%) 2,72 0,33 4,70 +0,26" 2,88 +0,21° 3,51+0,37°
ROS 721,1 + 156,2® 1204,9 + 336,0™ 1561,1 + 289,3° 290,6 + 35,7
CON (n°zpt/ml) 425552 + 96630° 254477 + 79674" 408106 + 58558° 452412 + 51294
LPO (%) 34,1 + 4,56% 39,4 + 4,04° 24,1 + 3,44° 23,9 + 3,14°

*Cellular integrity (Cl), cytoplasm membrane integrity (MEM), mitochondrial functionality (MIT), fluidity
cytoplasm membrane (FL), DNA fragmentation (DNA), reactive oxygen species (ROS), concentrations spermatic
(CON), lipid peroxidation (LPO) of transgenic zebrafish sperm (D. rerio). Different letters in the same row have
statistical difference test Tukey (P <0.05).

The results of sperm kinetics analysis are shown in Table 3. In agreement with
results previously observed on histology and flow cytometry, the GH genotype also
showed loss in the majority of parameters, in particular: motility (TM, PM and MotP),
travelled distance (DAP, DCL and DSL) and speed (VAP, VCL and VSL). On the other
hand, double transgenic showed a significant recovery in practically all kinetic
parameters not only in relation to GH but also to NT, particularly regarding sperm
motility (TM, PM and MotP). Only STR, LIN, WOB and BCF parameters showed no
differences among genotypes.
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Table 3: Kinetic analyses of zebrafish (Danio rerio) sperm. NT: non-transgenic; GH: GH-

transgenic; GHR: GHR-transgenic; GH/GHR: double transgenic. Data are expressed as mean

and standard error of the mean.

Genotypes
NT GH GHR GH/GHR
TM(%) 35,6 +2,31° 28,1 +1,88° 30,4 +3,27™ 47,9 £ 2,75°
PM(%) 29,2 + 2,46° 20,9+1,73° 25,3 +3,21"™ 38,7 +2,70°
MotP (s) 114,3 £ 23,6® 38,2 +8,41° 72,2 +11,6™ 147,6 + 14,5°
DAP (um) 27,7+1,37® 20,6 + 1,06° 29,8 +1,51° 248+1,11°
DCL (%) 31,2 +1,42® 239+117° 39,4 + 1,60° 28,1+1,17°
DSL 245+ 1,28 18,2 +1,02° 26,1 + 1,45 21,1+ 1,00
VAP (um/s) 59,5 + 2,95% 44,2 +1,24° 64,9 + 3,27 54,1 + 2,46"
VCL (um/s) 67,1 + 3,05%® 51,3 + 2,49° 72,9 + 3,45 61,2 +2,59°
VSL (um/s) 52,8 £2,77% 39,0+ 2,17° 56,8 + 3,18 46,0 + 2,20
STR 0,87 + 8,81° 0,86 + 0,01° 0,85 + 0,01 0,83 +7,52°
LIN 0,76 +0,01° 0,74 +0,01° 0,76 +0,01° 0,73 +9,89°
WOB 0,87 +0,01° 0,85 + 0,01 0,87 + 8,93 0,86 + 7,42°
ALH 1,37 £ 0,08® 1,05 + 0,05° 1,47 +0,08° 1,19 +0,04®
BCF 29,4 +1,07° 26,2 + 0,98 27,8+ 0,79 26,2 +0,69°

* Total motility (TM), progressive motility (PM), motility period (MotP) traveled an average distance (DAP),
curvilinear distance (DCL), straight away (DSL), route medium speed (VAP), straight line velocity (VSL),
curvilinear velocity (VCL), straightness (STR), linearity (LIN), oscillation (WOB), lateral displacement of the
head (ALH), cross flagellar beat frequency (BCF). Different letters in the same row have statistical difference
test Tukey (P <0.05).

Figure 3 shows the results of expression analysis of genes related to the
differentiation and sperm maturation. Basically, transgenics to GH significantly affected
the expression of seven of the eight genes analyzed. Unlike what was observed in the
sperm analysis, the double-transgeny GH/GHR did not recover most of the genes
affected by GH (bdnf, Ihcgr, cypl9ala, sox9a and sox9b). However, in the double-
transgenic, genes amh and bik had their expressions returned to the levels observed for
the NT genotype (Fig. 3a and 3b). The only gene that showed no difference between
genotypes was ar (Fig. 3h).

Fertilization and hatching rates did not differ between the GH/GHR genotypes
(74,3+4,3 and 55,745) and NT (73,1+5,8 and 56,3 +4), respectively.
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Fig. 3 Relative expression of sperm maturation-related genes in zebrafish (Danio rerio)
testes. (a) amh: anti-mullerian hormone; (b) bik: BCL2-interacting Killer (apoptosis-
inducing); (c) bdnf: Brain-derived neurotrophic factor; (d) Ihcgr: Luteinizing
hormone/choriogonadotrophin receptor; (e) sox9a: SRY (sex determining region Y)-box
9a; (f) sox9b: SRY (sex determining region Y)-box 9b; (g) cypl9ala: cytochrome P450;
(h) ar: androgen receptor. NT: non-transgenic; GH: GH-transgenic; GHR: GHR-
transgenic; GH/GHR: double transgenic. Different letters represent statistical
differences (P<0.05).

57



Discussion

It is undoubted that biotechnological tools can represent a major breakthrough
for the development of aquaculture. Among these, transgenesis has shown a great
application potential, especially in the manipulation of somatotropic axis for growth.
However, the main gene that has been manipulated for this purpose has shown
undesirable side effects. The GH overexpression in fish has led to meaningful structural
and/or functional changes related to various commercial such as salmon (Raven et al.
2008), tilapia (Shved et al. 2011) and carp (Cao et al. 2014), which bring concerns about
the viability of their application in aquaculture. One of the major causes of these
changes may be supraphysiological GH levels due to transgenesis from genetic
constructs composed by gene promoters of strong and ubiquitous expression. Recently,
a study of transgenic mice showed that GH excess leads to serious morphological
alterations in the liver, kidney and pituitary gland (Blutke et al. 2014). Previous studies
had already shown changes in the same organs (Stefaneanu et al. 1993; Wanke et al.
1991; Wolf et al. 1993; Wanke et al. 1991, 2001; Wolf et al. 1993) and also in the skin
(Wanke et al. 1999). Furthermore, Ohyama et al. (1999) showed that the GH treatment
increased growth and differentiation of the rat testis.

Information regarding changes in organs and tissues caused by excess of GH in
fish are rare. Recently, a study with GH-transgenic salmon showed a proportional
decrease of the eyes and brain, while the heart, spleen and liver seem to have been
affected (Devlin et al. 2012). However, to our knowledge, there are no data regarding
the GH action on testis of fish. In this study, a significant increase in testicular volume
was observed in both transgenic fish lines overexpressing GH used herein. Although
this increase could be related to a decrease in sperm quality as previously described for
the GH genotype (Figueiredo et al. 2013), histological results showed that the double
transgenic (GH/GHR) has an apparent recovery in sperm count. Additional analysis by
flow cytometry confirmed this recovery, since the concentration of double-transgenic
sperm has matched the NT genotype levels.

Regarding sperm quality, the result that draws the most attention is the
significant ROS production decrease in the double transgenic. This reduction has
important implications for all other parameters. For example, a lesser quantity of
reactive oxygen species reduces the possibility of the occurrence of lipid peroxidation

(LPO) and damage to the plasma membrane (MEM), with consequent improvement in
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the membrane fluidity (FL). Yet, it reduces the possibility of DNA fragmentation and
increases the mitochondrial functionality (MIT). All these parameters were significantly
improved in the double transgenic. Likewise, the double transgenic also showed a
significant recovery in virtually all sperm Kkinetic parameters analyzed for GH genotype.
There was improvement in motility parameters (TM, PM and MotP), as well as distance
(DAP and DCL) and speed (VAP, VCL and VSL). All these results indicate that the
double transgenesis recovered the reproductive capacity of transgenic males
overexpressing GH and GHR at the same time. The question is why this double
transgenesis had a positive effect on sperm quality when compared to GH genotype?

As previously reported by Figueiredo et al. (2013) and confirmed in this study,
the GH genotype has a high ROS production with consequent increase of LPO and
DNA damage. These parameters are strong apoptosis inducers. Indeed, pro-apoptotic
bik gene showed an increase of about 20 times in its expression in GH genotype
compared to NT, which may be related to the low concentration of sperm in this
genotype. Guerra et al. (2013) demonstrated that bik expression can be considered as an
indicator of sperm quality in fish. These authors showed that expression of such gene is
strongly increased in zebrafish selected as poor breeders. Another gene that shows an
important result in this study was amh. This gene codes for anti-mullerian hormone
(AMH), which is a glycoprotein produced and secreted by Sertoli cells responsible for
the regression of the mudllerian ducts during testis differentiation in embryos of
vertebrate tetrapods (Josso 1986). Although teleost do not have miillerian ducts, in
zebrafish, for example, AMH is important in the negative control of spermatogenesis
and steroidogenesis (Skaar et al. 2011). Thereby, the drop observed in amh expression
on GH genotype in approximately 99% probably represents a compensatory attempt of
these fish to increase sperm production. All other analyzed genes (bdnf, lhcgr,
cypl9ala, sox9a, sox9b and ar) do not seem to be related to the sperm quality recovery
observed in the double transgenics. Complementing these remarks are the results of
breeding tests comparing males from NT and GH/GHR genotypes. The percentages of
hatching and fertilization resulting from breeding with NT females showed no
difference between the evaluated males. Thus, it is clear that double transgenics
recovered the reproductive capacity lost by GH genotype males, as previously shown by
Figueiredo et al. (2013).
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What sets apart the double transgenics from GH genotype is the increased
expression of GHR receptor in muscle tissue, which apparently can reduce the amounts
of circulating GH. Although this decrease has not been measured in the double
transgenic blood, this hypothesis can be taken into account since it is probable that all
downsides in relation to poor breeding of GH genotype individuals must be related to
the excess of circulating hormone (Figueiredo et al. 2013). If this is the case, it is clear
that the double transgenic muscle worked as a regulator of the GH circulating quantity,
enabling a reduction of the negative side effects on breeding without losing the ability
to grow as recently shown by Silva et al. (2015b). Thus, this study raises an important
issue in the use of GH as an agent to induce growth by transgenesis. It is noteworthy to
point out that the use of this hormone should comply with the maximum levels
supported by the organism to be manipulated. GH strongly induces growth through the
somatotrophic axis, which involves the action of other hormones such as IGFs. This
entire system in action implies a high-energy demand, which can drain large amounts of
ATP, damaging other systems such as the reproductive. Which would be the
alternative? It is likely that a first answer to this question would be the use of
controllable promoters for the expression of the hormone, in order to obtain a
circulating GH level that could stimulate maximum growth without any prejudice to
other important physiological systems. Another possibility would be the use of genetic
constructs allowing expression of constitutively activated GH or IGF receptors. In this
case, the design of new molecules that combine different protein domains could
promote intracellular growth signaling in a "hormone-free" manner. A pioneering study
in this regard has shown that a chimeric molecule of GHR can activate the signaling for
growth in a GH-independent manner (Ahmed et al. 2011). In this study, the authors
have produced a novel receptor from a signal peptide derived from a pig GHR linked to
the amino acid sequence coding for the leucine zipper found in the mouse transcription
factor c-jun, all this fused to pig GHR transmembrane and cytoplasmatic domains. This
genetic construct used the strong CMV promoter and induced the growth of zebrafish
approximately 86% higher than non-transgenic controls. Although the authors have not
assessed the side effects of this transgenic line, it is likely that these fish have fewer
problems once growth was obtained without dependence on the excess of circulating
GH. Overall, this paper presents results that allow to re-evaluate the potential of GH-

transgenesis in aquaculture and suggest new research lines in this area that seek the best
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way to induce growth with fewer negative side effects for genetically modified

organisms.
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DISCUSSAO GERAL

O crescimento acelerado da polulacdo mundial e a estagnacdo da pesca tém
impulsionado a aquicultura para ser um dos setores de mais rapido crescimento (FAO
2014). Ferramentas biotecnoldgicas estdo sendo exploradas por seu potencial para
aumentar a eficiéncia da producdo aquicola (Rasmussen e Morrissey 2007; Freitas et al.
2012). A transgenia se destaca dentre as varias técnicas da biotecnologia e tem mostrado
um grande potencial de aplicacdo, especialmente pela manipulagdo do homonio do
crescimento (GH). A transgenia para 0 GH além de seus efeitos sobre o crescimento
também é conhecido por muitas vezes vir acompanhada por efeitos pleiotropicos
(Devlin et al. 1994; Pinkert et al. 1991; Vasudevan et al. 2010; Pursel et al. 1997;
Rahman et al. 1998; Nam et al. 2001). Neste contexto, no primeiro capitulo desta tese
relatamos a producgdo de um peixe duplo-transgénico (GH/GHR) que foi obtido através
do cruzamento das linhagens F0104 (superexpressa o0 GH) e Myo-RED (superexpressa
0 gene do receptor do hormonio do crescimento - GHR). A producdo do GH/GHR ¢
viavel, e este pode ser usado como um modelo de estudo sobre os efeitos que a
superexpressdo do GH pode gerar. Com a producdo do GH/GHR ¢é possivel resolver o
problema de manutencdo destas linhagens no laboratério, j4 que quando cruzamos o
duplo-transgénico com fémeas selvagens obtemos uma proporcdo mendeliana (1:1:1:1)
de ndo-transgénicos; GH: linhagem F0104; GHR: linhagem Myo-GHR e 0 GH/GHR:
duplo transgénico. Este resultado indica que o0s transgenes estdo integrados em
cromossomos diferentes. As linhagens F0104 e Myo-GHR parecem ter caracteristicas
complementares e hipotetizamos se a expressao concomitante destas duas caracteristicas
proporcionaria um aumento da sinalizacdo intracelular do eixo somatotréfico no
musculo e consequente incremento da hipertrofia deste modelo.

No segundo capitulo desta tese avaliamos o efeito da dupla transgenia sobre o
crescimento e estrutura muscular esquelética do duplo-transgénico que apresentou um
crescimento comparavel ao da linhagem F0104, embora com fator de condicdo mais
baixo, resultando em um peixe comprido e delgado. Ja foi previamente observado que a
superexpressdo do GH em peixes tem levado a alteracdes estruturais e/ou funcionais
importantes relatadas para diversas espécies (Devlin et al. 2012; Blutke et al. 2014). O
tratamento com GH exd6geno efetivamente estimula o crescimento somatico e linear
(Holloway e Leatherland 1997) a maturacdo sexual, gametogénese e esteroidogénese

em peixes (Reindl e Sheridan 2012). Figueiredo et al. (2013) relataram uma diminuicao
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na qualidade espermatica para o genotipo GH. Neste sentido, o terceiro capitulo desta
tese avaliou os parametros esperméticos do duplo-transgénico. O GH/GHR, mesmo
apresentando uma alteragdo macroscépica no tamanho do testiculo, teve uma melhora
significativa em varios parametros espermaticos. Os resultados mostraram uma
diminuigéo significativa na producdo de ROS no duplo-transgénico e esta diminuigio
tem implicacOes importantes sobre os todos 0os demais parametros. Estes compostos
quando presentes em grandes quantidades danificam o seu DNA e membranas, o que
pode levar a um funcionamento anormal destas células ou até mesmo a morte celular
(De Lamirande e O’Flaherty 2008). Um aumento de ROS foi reportado para o genétipo
GH por Figueiredo et al. (2013) e neste trabalho onde observamos um aumento dos
niveis de transcri¢cdo do gene pro-apoptotico bik para o gendtipo GH, o que pode estar
relacionado com a baixa concentracdo de espermatozéides neste genotipo. Guerra et al.
(2013) demonstraram que bik pode ser considerado com um bom indicador de qualidade
esperméatica em peixes. O horménio anti-milleriano (AMH) é uma glicoproteina
produzida e secretada pelas células de Sertoli, responsavel pela regressdo dos ductos
millerianos (Josso 1986) e é importante no controle negativo da esteroidogénese e da
espermatogénese (Skaar et al. 2011).

No presente estudo foi observado que amh esta praticamente inativado na
linhagem F0104 representando, provavelmente, uma tentativa do organismo de
estimular a espermatogénese. Contudo, a causa maior da diminui¢do na concentracdo de
espermatozéides na linhagem que superexpressa 0 GH € a alta concentracdo de ROS no
tecido testicular. O excesso de GH demanda mais energia e uma consequéncia da
producdo aerdbica de ATP é a producdo de ROS, assim, o cenario provavel é que o GH
estimula a producdo de ATP, que causa o aumento de ROS. que danifica 0 DNA e induz
apoptose. Uma diminuicdo de GH circulante no duplo transgénico pode ter ocorrido
devido & maior captagdo do horménio circulante pelos receptores em excesso no
masculo. Isto deve ter diminuido a concentracdo de hormonio circulante e,

consequentemente, seus efeitos colaterais negativos.
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CONCLUSOES

Baseado nos resultados desta Tese conclui-se:

1. O cruzamento das linhagens F0104 e Myo-GHR origina um peixe duplo-
transgénico que superexpressa simultaneamente o GH e 0 GHR,;

2. A proporcdo mendeliana nos cruzamentos entre o duplo transgénico e néo
transgénicos resulta numa proporcdo de 1:1:1:1 para 0s quatro gendtipos,
indicando que os transgenes para 0 GH e GHR estdo integrados em
cromossomos diferentes.

3. Foi constatado que a dupla-transgenia levou a um aumento de crescimento
corporal do GH/GHR, porém com menor fator de condicéo;

4. A dupla-transgenia melhorou a qualidade espermatica e a capacidade

reprodutiva contornando um dos efeitos negativos do excesso de GH.

PERSPECTIVAS

Uma vez que fica claro que niveis adequados de GH podem levar a um
crescimento “sustentavel” do organismo, uma das perspectivas que surge desta Tese ¢ a
necessidade de se ampliar a busca de promotores génicos controlaveis. Construcdes
genéticas que pudessem ser ativadas por algum agente fisico ou quimico poderia
permitir um ajuste refinado nos niveis de expressdo e secre¢cdo do hormonio. Desta
forma, os reprodutores poderiam ser criados com os promotores “desligados”, enquanto
que 0s peixes destinados a engorda seriam cultivados em um ambiente que levasse a
ativacdo do transgene. Neste cenario, os reprodutores estariam protegidos dos efeitos
colaterais negativos do excesso de horménio.

Outra perspectiva que surge é que, mesmo utilizando promotores controlaveis, o
ideal seria o crescimento independente de excesso de hormdénio. Neste caso, o
desenvolvimento de receptores quiméricos que possam Se auto-ativar parece uma
alternativa bastante plausivel, pois ndo teriamos em nenhuma hipoGtese excesso de
horménio prejudicando o organismo geneticamente melhorado e, também, nenhum
risco de que o excesso de hormdnio possa vir a causar algum efeito no consumidor

final.
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