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Abstract 

The trade of ornamental fishes is an antique practice that increased in popularity 

and expanded across the globe. Currently several species of invertebrates, corals, 

saltwater and freshwater fishes are produced and sold worldwide, with a tendency 

to grow even more in the future. The key reason for this expansion is the need to 

keep feeding the market with fish and the requirement to preserve habitats and 

species, which leads to harsh conservational laws. Without these, many species 

will be extinct. Paradoxically, some species still survive because of its production 

in the ornamental fish industry. The sector needs constant innovation to evolve. 

Today, basic and applied scientific knowledge is the cornerstone for innovation. 

 
This Dissertation had two main objectives, one was to induce gonadal growth and 

maturation in two fishes of ornamental value, the red-tailed shark (Epalzeorhynchos 

bicolor) and the goldfish (Carassius auratus), and the other was to validate quanti-

tatively two histological grading systems, one for ovary and another for testis, using 

the goldfish. The paucity of data on the reproductive biology and physiology of the 

red-tailed shark contrasts with the wealth of information available for the goldfish. 

Our aims were: (1) to design and test strategies of hormonal induction of gonadal 

growth and maturation of the red-tailed shark gonads, in captivity; (2) to offer new 

histological information about the gonads of the cited species; (3) to manipulate 

hormonally the gonadal maturation status of the goldfish, not only as a control fish 

but also to generate a diversity of maturation stages; (4) to test, in the goldfish, the 

grading systems for the ovary and testis maturation status, as in the guidelines of 

the Organisation for Economic Co-operation and Development (OECD); (5) to vali-

date by stereology those grading systems, by investigating the degree of parallelism 

between the gonadal staging according with the OECD guidelines and the true 

composition of the ovary and testis as to the relative volume of their components. 

 
Red-tailed sharks and goldfishes obtained from a local supplier were upheld at a 

vivarium. They were maintained under controlled temperature, photoperiod and 

quality parameters. Several Experiments (1, 2, 3, 4 and 5) were made with chang-

es in dose and dosage. In Experiment 1, both fishes (n = 2/species) were injected 

once with 0.5 µg/g BW of LHRHa mixed with 10 µg/g BW of PIM, given in a 10 µL 

saline solution shot, and after 48 h they were sacrificed. In Experiment 2, the 

dose was the same both fishes (n = 2/species), but the number of injections were 

two, separated by 72 h, and then fish were sacrificed. In Experiment 3, only red-
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tailed sharks were injected (n = 8) and the dose was the same, but the number of 

injections increased to four, separated by 72 h, and the mixes were different. The 

first tree injections were of 0.5 µg/g BW of LHRHa, and the last one was of 0.5 

µg/g BW of LHRHa mixed with 10 µg/g BW of PIM, all of them given in a 10 µL 

saline solution shot. All injected fish were sacrificed as mentioned in the last ex-

perience. In Experiment 4, Trial A, only red-tailed sharks were injected (n = 14) 

and the dose was the same, but the number of injections increased to nine injec-

tions, separated by 72 h. The first eight injections were of 1 µg/g BW of LHRHa 

and the last two were of 10 µg/g BW of LHRHa, mixed with 20 µg/g BW of PIM, all 

of them given in a 10 µL saline solution shot. All injected fish were sacrificed as 

mentioned in the last experience. In Experiment 4, Trial B, only red-tailed sharks 

were injected (n = 14) and the number of injections increased to nine injections, 

separated by 72 h. The first eight injections were of 1 µg/g BW of LHRHa and the 

last two were of 1 µg/g BW of LHRHa, mixed with 20 µg/g BW of PIM, all of them 

given in a 20 µL saline solution shot. All injected fish were sacrificed as men-

tioned in the last experience. Finally, in Experiment 5, only goldfish (n = 22) were 

injected with one injection of 0.5 µg/g BW of LHRHa mixed with 10 µg/g BW of 

PIM, all of them given in a 10 µL saline solution shot. In addition, 12 goldfish 

were sacrificed without injection. The other 22 were sacrificed at several timings, 

i.e., 24 h, 36 h, 48 h, 96 h and 8 days. The body weight and length of the fish 

were registered. The gonads collected in Experiment 5 were graded according to 

the OECD system and afterwards stereological studies were performed. Data were 

statistically analysed with the program Statistica version 13 (Dell, USA), with one-

way ANOVA and T-test for dependant (correlated) samples, for both red-tailed 

sharks and goldfishes, and with two-way ANOVA for the red-tailed shark. 

 
Both sexes of the red-tailed shark and the goldfish were classified histologically. 

This classification was explicit for the goldfish, were 4 stages of maturation were 

easily perceived, for both females and males. For the red-tailed shark we found 

either undeveloped ovary-like gonads, in all Experiments from 1 to 4, or undevel-

oped to early-spermatogenic testis or even mid-spermatogenic testis; the testes 

were only found in Experiments 4 (Trials A and B). All the stages of maturation of 

the goldfish gonad were found, with more prevalence of ovaries in Stage 0 (52%) 

and testes in Stage 2 (39%), and less frequency of ovaries in Stages 2 and 4 (5%) 

and testes in Stage 0 (8%). Each Stage had an unequivocal stereological pattern in 

what respects the relative volumes of the structures probed in ovary and testis. 
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In the assays with the red-tailed shark, due to the undeveloped gonads resulting 

from Experiments 1, 2 and 3, an Experiment 4 was implemented. Also in this try-

out, we could not reach gonadal maturation, but new insights were accomplished. 

In this Experiment, and for the first time males emerged, leading us to some hy-

potheses on why it only happened in Experiment 4 and not in the previous ones. 

The reason of why the gonadal maturation was not achieved also lead us to some 

hypotheses on why it did not happen. It is concluded that specimens with a size 

of ≈ 7 cm will not mature, even when hormonally challenged. The hypotheses of a 

period of juvenile ovary and of protogyny should be explored. In contrast with the 

red-tailed shark, with the goldfish we not only gained the wanted diversity of ma-

turing ovaries and testes but also achieved maturation (Experiments 1, 2 and 5). 

 

Using the goldfish gonads, we validated with success the OECD grading systems. 

First, we confirmed that the gonad weight increased in parallel with the maturity 

score, in both females and males. Additionally, our quantitative approach proved 

that every ovary and testis Stage has a unique average stereological signature. 

Naturally, there is variability among individuals, but overall the Stages are con-

sistent and meet the purpose of finely distinguishing each exact status of a gon-

ad. In detail, for the ovary, the relative volumes of primary, mid and late vitello-

genic, post-ovulatory, and atresic follicles evolved through the different Stages 

largely in line to what is defined semi-quantitatively in the OECD staging system. 

As for the relative volumes of cortical and mature follicles, we could only corrobo-

rate it partially. In the OECD system, the cortical follicles are mentioned to appear 

only since Stage 1, but we found they were already predominant in Stage 0. In 

addition, the mature follicles are undoubtedly the most frequent follicle to identi-

fy at Stage 4, but they are also predominant in Stage 3, at least in a perspective of 

relative volume. As for the early vitellogenic oocytes, we found that they did not 

corroborate exactly the description in the OECD system, since they were not the 

most significant in any Stage in a stereological perspective. Yet, in the OECD sys-

tem, they are said to be important, along with mid vitellogenic follicles, to identi-

fy correctly the Stage 2. For the testis, the relative volume of sperm, germinal epi-

thelium and lumen, match what is proposed in the OECD system. As a concluding 

remark, we can say that our study mostly supports the use and corroborates the 

Stages defined in the OECD staging systems, and offers new facts that can be 

used to adapt the systems and make it more precise and of universal use. Future 

work could focus on refinements and ultimately on automating the staging systems. 
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Resumo 

O comércio de peixes ornamentais é uma prática bastante antiga e popular que 

está espalhada por todo o mundo. Atualmente, várias espécies de invertebrados, 

corais e peixes de água doce e salgada são produzidas e vendidas mundialmente. 

Esta é uma prática que tem tendência a aumentar futuramente. A razão chave 

para esta expansão é a necessidade contínua de alimentar o mercado e a imposi-

ção, por parte de governos, de preservar habitats e espécies. Este facto leva a que 

as leis de conservação sejam bastante restritas. Sem esta legislação, muitos pei-

xes já estariam extintos. Paradoxalmente, algumas destas espécies apenas so-

brevivem à extinção por causa da sua produção em cativeiro por parte da indús-

tria de ornamentais. Este setor requer inovação contínua para que se continue a 

desenvolver. Hoje em dia, a junção de conhecimento científico básico e aplicado é 

a chave para esta inovação. 

 

Esta Dissertação teve dois objetivos principais. Um era a indução gametogénese e 

eventual maturação das gónadas em dois peixes de interesse comercial: o tuba-

rão de cauda vermelha (Epalzeorhynchos bicolor) e o peixe-dourado (Carassius 

auratus). O outro era a validação quantitativa de dois métodos de avaliação histo-

lógica da gónada: um para o ovário e outro para o testículo, usando apenas o 

peixe-dourado. A escassez de informação acerca da biologia e fisiologia reprodu-

tiva do tubarão de cauda vermelha é contrastante com a riqueza de informação 

acerca do mesmo assunto para o peixe-dourado. Os nossos objetivos eram: (1) 

delinear e testar estratégias de indução hormonal, em cativeiro, para o cresci-

mento e maturação da gónada no tubarão de cauda vermelha; (2) criar novo co-

nhecimento acerca da histologia das gónadas da espécie citada; (3) manipular, via 

hormonal, o grau de maturação das gónadas do peixe-dourado, não só para que 

este fosse um peixe controlo, mas também para gerar o máximo de graus possí-

veis nas gónadas; (4) testar, no peixe-dourado os sistemas de classificação da 

maturação do ovário e do testículo, seguindo as diretrizes da Organização para a 

Cooperação e Desenvolvimento Económico (OCDE); (5) validar, via estereologia, 

os sistemas de classificação referidos, investigando o grau de paralelismo entre 

os graus da gónada, segundo as normas da OCDE, e a composição real do ovário 

e testículo segundo o volume relativo dos componentes existentes nos mesmos. 
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Tubarões de cauda vermelha e peixes dourados, obtidos numa loja local, foram 

mantidos num biotério. Estes animais foram mantidos sob condições controladas 

de temperatura, fotoperíodo e parâmetros de qualidade da água. Várias Experi-

ências (1, 2, 3, 4 e 5) onde os fatores tempo e dose eram alterados, foram reali-

zadas. Na Experiência 1, usaram-se tubarões de cauda vermelha e peixes doura-

dos (n = 2, de cada espécie). Os peixes foram injetados uma só vez com 0,5 µg/g 

PC de LHRHa combinada com 10 µg/g PC de PIM. Esta mistura foi administrada 

em junção com uma solução salina numa dose de 10 µL, os peixes foram eutana-

siados 48 h após a injeção. Na Experiência 2, usaram-se tubarões de cauda ver-

melha e peixes dourados (n = 2, de casa espécie). A dose de injeção foi a mesma 

que na Experiência 1, mas o número de injeções passou a ser de duas, separadas 

por 72 h, após a segunda dose e 72 h depois, os peixes eram eutanasiados. Na 

Experiência 3, apenas tubarões de cauda vermelha foram injetados (n = 8) e a 

dose das experiências anteriores manteve-se, mas o número de injeções aumen-

tou para quatro, separadas por 72 h. Já as misturas de substâncias injetadas fo-

ram diferentes. As primeiras três injeções eram compostas por 0,5 µg/g PC de 

LHRHa. A última injeção era composta por 0,5 µg/g PC de LHRHa combinada com 

10 µg/g PC de PIM. Ambas as misturas foram administradas em junção com uma 

solução salina numa dose de 10 µL. Os peixes foram eutanasiados 72 h após a 

injeção. Na Experiência 4, Trial A, apenas tubarões de cauda vermelha foram inje-

tados (n = 14) e o número de injeções aumentou para nove, separadas por 72 h. 

As primeiras oito injeções eram compostas por 0,5 µg/g PC de LHRHa. As duas 

últimas injeções era composta por 0,5 µg/g PC de LHRHa combinada com 10 

µg/g PC de PIM. Ambas as misturas foram administradas em junção com uma 

solução salina numa dose de 10 µL. Os peixes foram eutanasiados 72 h após a 

injeção. Na Experiência 4, Trial B, apenas tubarões de cauda vermelha foram inje-

tados (n = 14) e o número de injeções aumentou para nove, separadas por 72 h. 

As primeiras oito injeções eram compostas por 1 µg/g PC de LHRHa. As duas úl-

timas injeções eram compostas por 1 µg/g PC de LHRHa combinada com 20 µg/g 

PC de PIM. Ambas as misturas foram administradas em junção com uma solução 

salina numa dose de 20 µL. Os peixes foram eutanasiados 72 h após a injeção. 

Por fim, na Experiência 5, apenas peixes dourados foram usados (n = 22). Estes 

foram injetados apenas uma vez com 0,5 µg/g PC de LHRHa combinada com 10 

µg/g PC de PIM. Esta mistura foi administrada em junção com uma solução salina 

numa dose de 10 µL. Além destes peixes, mais 12 peixes foram eutanasiados 

sem receber qualquer injeção. Os outros 22 foram eutanasiados em diferentes 
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alturas, i.e., 24 h, 36 h, 48 h, 96 h e 8 dias. O peso corporal e o tamanho de to-

dos os peixes estudados foram registados. As gónadas recolhidas na Experiência 

5 foram classificadas de acordo com o sistema da OCDE e mais tarde foram estu-

dadas estereologicamente. Todos os dados foram analisados estatisticamente no 

programa Statistica versão 13 (Dell, EUA), usando os testes “one-way” ANOVA e 

ainda o teste T para amostras dependentes, nos dados recolhidos do tubarão de 

cauda vermelha e no peixe-dourado, e testes “two-way” ANOVA, nos dados reco-

lhidos do tubarão de cauda vermelha. 

 

Ambos os sexos do tubarão de cauda vermelha e do peixe-dourado foram classi-

ficados histologicamente. Esta classificação era explícita no peixe-dourado, onde 

os 4 graus de maturação eram facilmente identificáveis, tanto para fêmeas como 

para machos. Para o tubarão de cauda vermelha encontrámos tanto graus de não 

desenvolvido nos ovários com, em todas as Experiências de 1 a 4, graus de não 

desenvolvidos, de espermatogénese precoce ou mesmo de espermatogénese in-

termédia no testículo. Este apenas foi encontrado nas Experiências 4 (Trial A e B). 

Todos os graus de maturação da gónada do peixe-dourado foram encontrados, 

com maior prevalência de ovários Grau 0 (52%) e testículo Grau 2 (39%), e menor 

frequência de ovários Grau 2 e 4 (5%) e testículo Grau 0 (8%). Cada Grau apresen-

tou um padrão estereológico inequívoco, no que respeita aos volumes relativos 

das estruturas presentes no ovário e no testículo. Nos trabalhos realizados com o 

tubarão de cauda vermelha, devido aos resultados obtidos: gónadas imaturas 

resultantes das Experiências 1, 2 e 3, teve de ser realizada uma 4ª Experiência. 

Nesta última Experiência, a maturação da gónada também não foi atingida, mas 

foram feitas novas descobertas. Nesta Experiência, e pela primeira vez, foram 

encontrados machos, o que nos levou a pensar em diferentes hipóteses sobre a 

razão para este acontecimento. Também o não alcance da maturação da gónada 

levou-nos a pensar no porquê desta maturação não ter sido atingida. Podemos 

concluir que espécimes com tamanho aproximado de 7 cm não serão passíveis 

de maturar a gónada, mesmo que estimulados hormonalmente. As hipóteses 

propostas acerca da eventual existência de um período de ovário juvenil nesta 

espécie ou de esta ser protogínica merecem ser exploradas. Contrariamente aos 

resultados obtidos no tubarão de cauda vermelha, com o peixe-dourado não só 

se obteve a tão desejada variedade de graus no ovário e testículo, como também 

se conseguiu obter maturação da gónada (Experiências 1, 2 e 5) 
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Usando as gónadas do peixe-dourado, conseguimos validar com sucesso os sis-

temas de classificação da OCDE. Inicialmente confirmamos que o peso da gónada 

aumenta em paralelo com o grau de maturação da mesma, tanto em fêmeas co-

mo em machos. Para além disso, a nossa abordagem quantitativa confirmou que 

cada Grau de ovário e de testículo tem uma assinatura estereológica única. Natu-

ralmente, há variabilidade entre indivíduos, mas no geral os Graus são consisten-

tes e vão de encontro ao propósito de se distinguir cada estádio de maturação da 

gónada. Em detalhe, para o ovário, os volumes relativos de folículos primários, 

vitelogénicos intermédios e tardios, pós ovulatórios e atrésicos evoluem ao longo 

dos diferentes Graus, de acordo com aquilo que está definido no sistema de clas-

sificação semi-quantitativo da OCDE. Já os volumes relativos dos folículos corti-

cais e maturos, apenas podem corroborar parcialmente aquilo que está descrito 

no sistema de classificação da OCDE. Os folículos corticais são apenas menciona-

dos a partir do Grau 1, no sistema da OCDE, mas no nosso estudo foram encon-

trados folículos corticais já em Grau 0, que eram predominantes para a classifica-

ção do mesmo. Além disso, apesar dos folículos maturos serem, sem dúvida al-

guma, predominantes no Grau 4, como descrito no sistema da OCDE, também o 

são em Grau 3, pelo menos numa perspetiva de volume relativo na gónada. Já 

para os folículos vitelogénicos precoces, descobrimos que estes não corrobora-

vam exatamente aquilo que estava escrito no sistema da OCDE, visto que estes 

não são significativos em qualquer Grau, numa perspetiva estereológica. No sis-

tema OCDE, estes folículos são de dita importância em conjunto com os folículos 

vitelogénicos intermédios, para a correta identificação do Grau 2. Para o testículo, 

os volumes relativos de espermatozoides, epitélio germinativo e lúmen lobular, 

correspondem ao proposto pelo sistema da OCDE. Concluindo, podemos dizer 

que o nosso estudo sustenta e corrobora o uso dos Graus definidos pelo sistema 

de classificação da OCDE, além do que oferece novo conhecimento que pode ser 

usado e adaptado ao sistema para que este se torne mais preciso e de uso uni-

versal. No futuro é necessário foco no refinamento e automação das gradações. 
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1. Introduction 

 

1.1. The Ornamental Fish Trade 

 
The ornamental fish trade is said to be as antique as our past societies (Vieth et 

al. 1998). The pioneers in the ornamental aquaculture industry were the Chinese. 

It all started with the production of goldfish (Carassius auratus) and koi carp 

(Cyprinus carpio haematopterus) (Brunner, 2012). Along the years, the market 

expanded, new facilities and enhanced methods were created for commercial 

purposes. Today, this practice is expanding and broadly spreading across the 

globe (Cato and Brown, 2008). Nowadays, a variety of invertebrates, including 

soft and hard corals, saltwater and freshwater fish are bread and sold all around 

the world (Bruckner, 2005; Leal et al., 2016). They are selected, produced and 

sold, due to their popularity, mostly because of their colours, fins shape or due to 

the easy husbandry (Cato and Brown, 2008; Lecchini et al., 2006; Vieth et al., 

1998). 

 

Associated with the sales of ornamental fish, aquatic plants, aquarium accesso-

ries, food and medication have been also a part of the aquarium trade (Chapman 

et al., 1997; Lecchini et al., 2006; Vieth et al., 1998). This trend is growing in 

popularity, as fish require low maintenance facilitated by the improvements in 

science and technology (Shireman and Gildea, 1989). One of the key reasons for 

this growth becomes from conservation concerns and the fact that limits for the 

gathering of wild fish are being employed by the governments (Tlusty, 2002). 

Some species of fish do not exist in the wild any longer, but they are not extinct 

exactly because of this hobby. The majority of this fish are sold based on wild 

captures, and their reproductive tactics are either not known or not completely 

understood, which leads to this scenario (Shireman and Gildea, 1989). 

 

Because of the above-mentioned fact, aquarists, producers and scientists have 

been researching and working in new and improved techniques of reproduction 

and husbandry to avoid the massive harvesting of fish in the wild, which leads to 

more and more species going towards extinction (Levêque et al., 2008; Watson 

and Shireman, 1996; Yanong, 1996). In relation with these complex aspects, the 

information about how to reproduce and maintain fish in captivity very often be-
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comes a well-protected secret that only expert producers hold (Watson and 

Shireman, 1996). 

 

Despite the concerns about extinctions, many species are only available in the 

market as wild–caught. This occurs either because it is not financially beneficial 

to produce the species in captivity or because there is no known way to repro-

duce them. Annually, approximately two thousand fish species and millions of 

specimens are traded, both from saltwater and freshwater in roughly identical 

proportion (Brown et al., 2003). However, while freshwater fish are heavily pro-

duced, saltwater individuals are, in general, from wild captures. This difference 

makes freshwater fish leaders in the trade, as they are sold in superior quantity 

due to their greater accessibility, in contrast to the limited access for saltwater 

individuals (Cato and Brown, 2008; Chapman et al., 1997).  

 

1.2. Species Studied in the Dissertation 

 

The Cyprinidae family (Fig. 1), characterized by being fresh water fishes, is the 

largest family of fish with over 2000 species and roughly 210 genera (Nelson, 

1994). Their main source of nourishment comes from zooplankton, algae, in-

sects, macrophytes and crustaceans (Hill and Yanong, 2002). They are spread all 

around the world being indigenous to Africa, Europe and North America. Even 

though Southeast Asia is where their density is higher this is also the most en-

dangered ecosystem in the world (Sala et al., 2000). In every continent, this taxo-

nomic family is typically different in what concerns the representative species, 

which have distinct patterns of distribution. Indeed, the species diversity increas-

es in the tropical and subtropical areas and decreases in the temperate and polar 

regions (Levêque et al., 2008).  

 

The cyprinids are one of the most commonly captivity bred fishes, and conse-

quently there are a large number of standardized reproductive protocols for each 

species (Yanong, 1996). Cyprinids can be spawned in captivity either naturally or 

by hormonal induction (Hill and Yanong, 2002). Nevertheless, for each freshwater 

ornamental species produced, specialized information and equipment are need-

ed. Despite this, cyprinids are the most produced freshwater organisms, and so 

they are a major piece of the global fish trade, as these freshwater fish are valued 
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resources not only for the ornamental aquaculture, but also for other economic 

purposes, particularly sports and as a food resource (Allan et al., 2005; De Silva, 

2016).  

 

 

Fig. 1 –  Fish phylogenetic tree with emphasis on the Cyprinidae family, adapted 

from Betancur-R et al. (2013). 

  



2016 Lia Henriques  6 

1.2.1. The Goldfish 

 

The cyprinid goldfish (Carassius auratus) (Fig. 2) is one of the most popular or-

namental freshwater fish, eventually the upmost, in today’s ornamental market, 

with over 100 varieties, e.g., comet, fantail, veiltail, and telescope. (Russell-

Davies, 2015). Additionally, this species has been used as a model fish for studies 

on a wide range of research topic, such as endocrinology of reproduction (e.g., 

Habibi et al., 2012), neuroendocrine signalling and associated regulation of re-

production (e.g., Popesku et al., 2008), or even evolutionary developmental biol-

ogy (e.g., Ota and Abe, 2016). The common goldfish is characterised by its large 

and rounded body, tiny and terminal mouth with no barbells, big cycloid scales, 

laterally compressed fins and a long and concave dorsal fin. They are known for 

their orange body, but this was not an original characteristic. Initially the goldfish 

was brown, but the Chinese, through genetic selection and breeding, obtained 

the orange color that distinguishes them among the diverse body shape morphs 

we are used to see currently (Lelek, 1987). 

 

Fig. 2 – An adult specimen of goldfish (C. auratus) (picture by Pedro Fernandes). 

 

It can grow up to 45 cm in total length, usually 20 cm, and it can weight up to 3 

kg, normally between 100 and 300 g. Its lifetime can, allegedly, reach up to 30 

years, but typically it is between 6 and 7 years (Muus and Dahlstrom, 1981). This 

fish is native to eastern Asia and central–eastern Europe, but nowadays it is 

spread throughout many habitats as the Black Sea, and diverse water systems in 

1cm 
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the Iberian Peninsula, North America, South America, Australia and New Zealand 

(Gomez et al., 1997; Jenkins and Burkhead, 1994; Lelek, 1987; Maitland, 2004; 

Nico et al., 2006).  

 

The goldfish can flexibly adjust to almost any condition (Abramenko et al., 1997) 

and due to this fact it has a great potential to become an invasive species. It can 

even stand extreme levels of water pollution, and so they can reproduce with an 

extraordinary rate of success even in poor water conditions. Therefore, the spe-

cies can handle high levels of turbidity, pH, temperature, salinity and extremely 

low levels of dissolved oxygen in the water (Spotila et al., 1979). For example, the 

goldfish tolerance for pH ranges between 4.5 and 10.5, but its comfort zone is 

from 5.5 to 7.0. In addition, it lives in temperatures ranging from 0 ºC to 41 ºC, 

but ideally goes through 8 ºC and 22 ºC. In terms of salinity it can handle up to 

17, but preferably it is 0 (Nico et al., 2006; Szczerbowski, 2002). They are viewed 

as omnivores with a wide-ranging diet that comprises detritus, phytoplankton, 

planktonic crustaceans, fish fry and eggs, insect larvae, and benthic vegetation 

(Maitland, 2004; Muus and Dahlstrom, 1981; Nico et al., 2006; Scott and 

Crossman, 1973). 

 

1.2.2. The Red-tailed Shark 

 

The red-tailed shark (Epalzeorhynchos bicolor) (Fig. 3), redtail shark, redtailed 

black shark, redtail sharkminnow or red–tailed labeo, is a critically endangered 

but simultaneously a very popular ornamental fresh water fish from the Cyprini-

dae family (Vidthayanon, 2011). It is a fish characterised by its black body, red 

fins and small inferior mouth with barbells (Yue and Shan, 2000). The males are 

thinner and smaller than females that have rounded and bigger bodies (Lesmana 

et al., 2001).  

 

It inhabits the bottom of lowland streams with strong tides and bottoms with 

rock and sand. The red-tailed shark is a grazer that feeds mainly from detritus 

and filamentous algae (Banarescu, 1990; Yue and Shan, 2000). This fish is indige-

nous to the Indochinese peninsula (Southeast Asia), where they inhabit the Chao 

Phraya river, a Thai river, and the Mekong river, an Asian trans–boundary river 

that goes through Tibet, Yunnan, Myanmar, Laos, Thailand, Cambodia and Vi-

etnam (Vidthayanon, 2011). To raise them in captivity the husbandry and welfare 
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conditions should include some gravel and hiding places, like polyvinyl chlorine 

(PVC) cylinders or aquatic plants, placed at the bottom of the tank, the tempera-

ture should be kept between 20 ºC and 27 ºC, and the pH should be between 6.8 

and 7.5 (Sari, 2009). 

 

Fig. 3 – A specimen of red-tailed shark (E. bicolor) (picture by Pedro Fernandes). 

 

The red-tailed shark has been exposed to extreme levels of harvesting for the 

ornamental fish trade (Kottelat and Whitten, 1996). This clearly happened be-

cause of the major popularity of this fish in the ornamental trade, as aquarists 

value their attractive appearance (Axelrod and Vorderwinkler, 1988). Nowadays, it 

seems that they are completely provided to resellers by professional aquarists 

that breed all individuals in captivity (Vidthayanon, 2011). Because they exhibit 

no easy capability to reach final oocyte maturation, they are reproduced using 

hormonal stimulation, via not standardized and unpublished procedures 

(Shireman and Gildea, 1989). Nevertheless, due to such artificial breeding, the 

major threats against the species in the wild seem to be no longer captures to 

feed the ornamental market. Indeed, the dangers are now anthropogenic changes 

in the species environment, pollution and agriculture, with such factors being 

blamed to cause a massive disappearance of the species from some parts of the 

above cited native rivers (Vidthayanon, 2011). 

  

1cm 
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1.3. General Aspects of Fish Reproduction 

 

Before going into fish reproduction details, one major aspect for the welfare and 

optimum maintenance and reproduction of fish is their husbandry. This aspect 

must be taken in serious consideration, since it is the major factor for fish, eggs, 

larvae and fry survival, successful reproduction and good reproductive rates 

(Yanong, 1996). Firstly, the acclimatization and quarantine processes are essen-

tial to obtain ideal conditions throughout period of permanence of the fish in the 

facilities, either if it is for some experiment, for production or even in our homes 

(Varga, 2010). The water quality, temperature, pH and adequate foods are essen-

tial for optimal reproduction since the low quality of these aspects leads to infec-

tions, malnourishment, low rates of reproduction, nonviable eggs or fry and ulti-

mately to the death of the fish and their offspring (Yanong, 1996). 

 

To attain an optimal acclimatization, this process must begin immediately when 

the fish arrive at the vivarium. During this stage, the objective is to gradually ac-

commodate the fish to the water of the new system and, if necessary, adjust the 

physicochemical parameters. The fish can be moved to the new tank when the 

temperature of the transportation water is the same as the system water (Yanong, 

1996). During the quarantine period, at least a month or until stabilization of the 

water parameters, the fish must be checked regularly. The temperature must be 

checked, at least, once a day, ideally twice, and the ammonium, nitrites and ni-

trates must be checked once a week. Afterwards the temperature must be 

checked once a week and the ammonium, nitrites and nitrates once a month. Af-

ter concluding these steps successfully all the ideal conditions for maintaining 

the fish and reproducing them are acquired (Varga, 2010). 

 

Moreover, the breeders should be healthy, bearing no deformities and should not 

be too young or too old. If young animals have lower reproductive rates and show 

almost no parental care, in species where this applies, old fish have a decreased 

reproductive rate due to diseases that are related with age (Gratzek and 

Matthews, 1992). Spawning is the release of mature gametes and is the hardest 

task to achieve when working with a new species. Internal factors triggered by 

environmental factors, such as hormones, are what mainly influence the spawn-

ing process. These factors are water tides and currents, moon and rainfall cycles, 

atmospheric pressure, temperature, pH, hardness of the water, among others. 
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These can be induced naturally or with the help of hormones (Rottmann et al., 

1991a). 

 

To master the hormonally induced reproduction in captivity, it is essential to 

comprehend how the nervous and endocrine systems work together to coordinate 

the reproductive events. The sensitivity to environmental stimuli is vital as the 

nervous system reacts to them and then transmits the information to the sensori-

al receptors that lead the inputs to the brain (Fig. 4). When neural signalling 

reaches the hypothalamus, the latter sends chemical messengers, the gonadotro-

pin releasing hormones (GnRH), to the hypophysis. The GnRH stimulate the hy-

pophysis to discharge gonadotropins that promote the production of sexual ster-

oids, which are responsible for the gonadal maturation. All these general steps 

are known for decades, but advances are continuous (Harvey and Hoar, 1980; 

Wootton and Smith, 2014). 

 

 

Fig. 4 –  Main steps for the physiological chain of reaction between the reception 

of external environmental stimuli and the gonadal maturation and spawn-

ing, as adapted from Harvey and Hoar (1980). 
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While spontaneous spawning is caused by naturally occurring stimuli of the envi-

ronment, which trigger the portfolio of endogenous hormones, artificially induced 

maturation and spawning may be sparked by actively introducing in the targeted 

animal either synthetic or natural hormones. They can be injected directly in to 

the fish muscle, dissolved in water or added to the food; the two latter methods 

are less efficient than the first. The used hormones are usually whole carp pitui-

tary extracts (Arabacı et al., 2004) or purified gonadotropins (GtH), like the hu-

man chorionic gonadotropin (HCG) (Shireman and Gildea, 1989) or the luteinizing 

hormone-releasing hormone analogues (LHRH-a) (Degani et al., 1995), merged 

with a dopamine antagonist, such as pimozide (PIM) (Sokolowska et al., 1984) or 

reserpine (Sokołowska et al., 1988). 

 

The absence of natural stimuli in fish produced in captivity often leads to a failure 

to reach spawning. This is due to a blockage of the axis hypothalamus–

hypophysis–gonad (Fig. 5). This aspect led to studies in this field (Zohar and 

Mylonas, 2001), since it was believed that some hormones of the hypophysis 

trigger spawning. This hormone was found to be the gonadotropin that stimu-

lates the realising of the luteinizing hormone-realizing hormone, which activates 

the gametogenesis (Crim and Bettles, 1997; Houssay, 1930; Peter et al., 1993; 

Zohar and Mylonas, 2001). 

 

 

Fig. 5 –  Factors that stimulate and inhibit the hypothalamus–hypophysis–gonad 

axis. Based on Yaron and Levavi-Sivan (2011) and Zohar (1989). 

 

The above facts lead to the establishment of the injection of hypophysis extracts, 

consisting in the use of fresh hypophyses from adult mature fish in their repro-

ductive period. The hypophyses are dehydrated in alcohol or acetone, grounded 

in physiologic solution and injected in the fish (Zohar and Mylonas, 2001). Stud-

ies show that with the employment of this method the levels of LHRH rise in the 
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hypophysis since the vitellogenic stage up until the reproductive phase. Yet, after 

this point, and in contradiction with what happens in fish that spawn naturally, 

the levels of LHRH in the blood of fish produced in captivity become almost null, 

leading to oocyte atresia (Zohar, 1988). This occurs because there is no release of 

LHRH into the blood stream, and consequently this hormone does not reach the 

gonad to stimulate the release of oocytes (Zohar and Mylonas, 2001). 

 

Purified gonadotropins from fish (LHRH) and mammals (HCG) began to be used 

(Zohar and Mylonas, 2001), and while HCG was collected from the urine of preg-

nant woman, LHRH had to be purified in laboratory, which made it much more 

expensive (Katzman and Doisy, 1932). Eventually, the use of the gonadotropin-

releasing hormone (GnRH), that is produced in the hypothalamus and released 

into the hypophysis to regulate the release of GtH, was found to be the key to 

control the ovulation, spermiation and spawning (Yaron and Levavi-Sivan, 2011; 

Zohar and Mylonas, 2001). Ultimately, synthetic gonadotropin-releasing hormone 

agonists (GnRHa) were developed. They have more affinity to the receptors, can 

be used in different species, have more stimulating potency, and, at last, remain 

longer in the blood stream (De Leeuw et al., 1988; Pagelson and Zohar, 1992). 

Normally, GnRHa is used in combination with a dopamine antagonist (Peter et al., 

1993). This strategy is used because dopamine inhibits the release of GtH, an 

unwanted effect (Chang and Peter, 1983; Chang et al., 1984), and so the cited 

antagonist improve the effect of the GnRHa when inducing the release of GtH 

(Zohar and Mylonas, 2001). 

 

As to artificially inducing spawning, and in order to calculate the proper injection 

dose, the exact, or at least approximated, weight of the fish and the volume of 

the injection must be determined. The hormones must be mixed, labelled and 

stored correctly to avoid contamination and identification errors. Sterile syringes, 

needles and instruments must be used during all the procedures. The number of 

injections, to achieve spawning, depends on the species, selected hormone and 

the desired response. Multiple injections are often more successful (Rottmann et 

al., 1991a; Rottmann et al., 1991b). To induce the spawning, the hormones are 

injected in the muscle. Typically, a two-dose procedure is chosen for the females 

and a unique and minor dose suffices for the males. In case of two doses, more 

often they are separated by 6 or 24 hours. Dorsal intramuscular injections are the 

usual method for stimulation with hormones, but they can be also injected either 



2016 Lia Henriques  13 

intramuscularly and laterally or intraperitoneally (Rottmann et al., 1991b). During 

the injection it is really important to be careful with the fish so they do not get 

hurt which can lead to injuries and even death (Harvey and Hoar, 1980).  

As earlier mentioned, the majority of ornamental species reproduced in captivity 

are freshwater fishes, being the minority saltwater fishes, invertebrates and corals 

(Chapman et al., 1997). The technical information on how to trigger reproduction 

artificially comes mostly from the food fish aquaculture, because other producers 

heavily protect the techniques they use to maintain and reproduce ornamental 

fish. This leads to difficulties when studying the species or when trying to repro-

duce it in captivity (Watson and Shireman, 1996). The steps to successfully repro-

duce a fish are the breeder's selection and conditioning, spawning, hatching, sur-

vival and growth of larvae and fry (Yanong, 1996). 

 

For some decades, the reproductive management of ornamental fish has gained 

increasingly importance due to the fast progression of the industry and the gov-

ernmental concerns over what drugs are used on fish, conservation of endan-

gered species, and the use of these animals as laboratory models (Harris et al., 

2014; Yanong, 1996). What drives producers to support fish conservation and 

maintain a fishery that has minimum impact on the natural environment, there-

fore sustainable, is the constant availability of resources, in this case fish (Cato 

and Brown, 2008). The reproductive tactics are varied depending on the fish pro-

duced, some are complex and several of them are not fully understood (Pénzes 

and Tölg, 1986). Certain families have more standardized protocols, as the Cy-

prinidae, but this does not mean that all of the fish in this taxon have completely 

identified reproductive strategies (Yanong, 1996).  

 

In fact, concerning the reproduction of the red-tailed shark, the information avail-

able in literature is very scarce. Accordingly, no specificities were found regarding 

their sex determination, gonadal morphology, or even general reproductive phys-

iology. Due to these limitations, which were one of the core challenges of this 

study, it was considered relevant to shed some light on morphofunctional aspects 

of the gonads of the red-tailed shark, taking as reference a well-known species in 

what concerns fish reproductive physiology: the goldfish. With this intent, we re-

curred to protocols developed to induce maturation and spawning in the goldfish, 

some tested in other cyprinids, occasionally in the red-tailed shark (Arabacı et al., 

2004; Brown et al., 2003; Chang and Peter, 1983; Jalabert, 1976; Hill et al., 2005; 
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Hill et al., 2009; Lorenzoni et al., 2007; Peter et al., 1987; Sari, 2009; Shireman 

and Gildea, 1989; Sokolowska et al., 1984; Sokołowska et al., 1988; Tan‐Fermin, 

1992; Ziari et al., 2015). Unsurprisingly, adaptations are needed for each species. 

 

First, it was important to decide on which drug combination and dose to use. Af-

terwards, schedules of injection and the system of injection were chosen. Several 

dosage regimens were attempted and the adopted injection was intramuscular 

posteriorly to the dorsal fin. By histologically studying the gonad stages, the dose 

and dosage were improved and new scientific findings were made.  

 
1.4. Assessing and Quantifying the Maturation of Fish Gonads 

 

The literature is rich in studies describing the microanatomy of fish gonads, in-

cluding the kinetics of the gametogenesis, in both ovary and testis. General good 

descriptions on how to histologically access the gonadal maturation in fish can be 

found for example in the works of Brown-Peterson (2006), Brulé and Colás-

Marrufo (2006), Gokhale (1957) and Murua and Saborido-Rey (2003). In an at-

tempt to offer more objectivity in accessing maturation, some of the cited and 

other authors have been proposing different semi-quantitative systems based on 

what is perceived in histological observations. Such grading schemes can be 

found in protocols provided by the Organization for Economic Cooperation and 

Development (OECD), via the “Guidance Document for the Diagnosis of Endo-

crine–Related Histopathology of Fish Gonads” (Johnson et al., 2009). One of the 

aims of this document was to standardize processing techniques and create pro-

tocols that would allow comparability of results from different laboratories deal-

ing with disturbances of gametogenesis within toxicological contexts. However, 

the proposed schemes are not quantitatively validated yet, and an effort could be 

done to extend their use in scientific or technical contexts beyond toxicology. 

 

The above issues deserve to be further detailed in this Dissertation. So, concern-

ing the grading system of sexual development, the objective of Johnson et al. 

(2009) was to distinguish the gonadal maturation by staging them in standard-

ized grades. For this, it was proposed a semi-quantitative method that required 

visualising histological sections, via bright field microscopy, and roughly deciding 

on the different proportions of the diverse types of gametogenic cells existent at 

a particular time. This method was itself based on previous five different studies, 
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developed by Ankley et al. (2002), Jensen et al. (2001), Miles-Richardson et al. 

(1999), Nichols et al. (1999), and the U.S. Environmental Protection Agency 

(2002). The “OECD method” tried to overcome limitations of the earlier works, 

namely those concerning the existence of pre-defined guidelines to evaluate and 

report the reproductive cycle status of an individual. So, Johnson et al. (2009) 

took advantage of the need and importance of the histological evaluation being 

able to translate into sequential numbers (grades) the amount of the gametogenic 

cells in specific stages of (cell/gonadal) maturation. The method is grounded on 

the visualisation of the qualitatively perceived relative density of the germinal 

cells throughout the gonad and the maturation degree of the cells. Stages are 

rated as 0, 1, 2, 3, 4 and 5, for females, and 0, 1, 2, 3 and 4 for males, with 

numbers increasing in a direct proportion of the ripeness of the studied animals, 

ending in a staging that corresponds to an after spawning condition, post-

spawning for females and spent for males (Johnson et al., 2009). In the case of 

females, the cited scheme was proposed for staging the ovaries of the fathead 

minnow, the Japanese medaka and the zebrafish. As to males, the criteria based 

on 4 degrees was proposed only for the fathead minnow and zebrafish. For the 

male Japanese medaka, and because of its specific morphological type of testis, 

namely the restricted lobular type, Johnson et al. (2009) proposed also a 4 step 

rating, but based on different semiquantitative criteria, involving the estimation 

of the width of the germinal epithelium in relation to that of the whole testis. If 

there are only spermatogonia and oogonia, and in that case the sex of the indi-

vidual maybe unknown or hard to identify, fish are rated as juveniles (Johnson et 

al., 2009).  

 

Once the normal histology of the gonads of a particular fish species is well-

known, including the specificities of the gametogenic cells from the oogonia to 

mature  cells, the new system proposed by Johnson et al. (2009) has the ad-

vantage to be a quick and easy to apply method. It has potential to be applied to 

different species. 
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Comparing the systems developed by Brown-Peterson (2006), Brulé and Colás-

Marrufo (2006), Gokhale (1957) and Murua and Saborido-Rey (2003) with that of 

Johnson et al. (2009), a priori it seemed to us that the latter was a simpler and 

more universal approach for the classification of the gametogenic cells in differ-

ent developmental stages. This system was already applied in several recent stud-

ies, such as those of Paraso and Capitan (2012), Papoulias et al. (2014), Cavallin 

(2015), Lee et al. (2015), Zenobio et al. (2015) and Svensson (2016). Despite of 

the cited studies, the OECD grading system, and other systems too, remain non-

validated by a truly quantitative approach. This is important, not only to have a 

solid quantitative basis to sustain the grades but also because histological and 

histopathological grading, based solely on patterns and/or semi-quantification, is 

prone to significant bias (e.g., Gibson-Corley, 2014).  
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2 - Objectives 
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2.1. Induction of Gonadal Growth/Maturation 

 

Facing the scarcity of scientific publications about sex differentiation and histology 

of the ovary and testis of the red-tailed shark, along with the lack of protocols for 

inducing its gonadal growth and/or maturation in that species, and in contrast with 

the robust published data about the same issues in the goldfish, our aims were: 

 

(1) To design and test strategies of hormonal induction of gonadal growth and 

eventually of maturation of the red-tailed shark, in captivity, targeting fish with 

the biggest size possible, as presently available in the ornamental market; 

 

(2) To offer new histological information about the gonads of the cited species; 

 

(3) To manipulate hormonally the gonadal maturation status of the goldfish, not 

only as a control fish for the effectiveness of the experimental procedures to be 

used for the red-tailed shark, but also to generate a diversity of maturation stages 

in this fish that could be used to achieve a second major goal of this Dissertation. 

 

2.2. Validation of a Histological Grading System 

 

In view of the variety of qualitative and semi-quantitative grading systems that 

have been proposed for the histological assessment of the maturation degree of 

the ovary and testis of fish, typically without prior validation by quantitative as-

sessments, we aimed:  

 

(1) To test, in the goldfish, the OECD grading systems for the gonadal maturation 

statuses of ovary and testis, as proposed and detailed by Johnson et al. (2009); 

 

(2) To validate quantitatively, via stereology techniques, the mentioned grading 

systems, by investigating the degree of parallelism between the perceived gonad-

al maturation statuses, according with the OECD system, and the precise compo-

sition of the ovary and testis concerning the relative volume of their most signifi-

cant structural compartments. 
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3 – Materials and Methods 
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3. Materials and Methods 

 

3.1. Chemicals and Materials 

 

Pimozide (PIM), 3-[1-[4,4-bis(4-fluorophenyl)butyl]piperidin-4-yl]-1H-benzimidazol-

2-one (CAS 2062–78–4), and luteinizing hormone releasing hormone analogue 

(LHRH–a), [des–Gly10, D–Ala6]–LH–RH ethylamine acetate salt hydrate (CAS 79561–

22–1), were purchased from Sigma–Aldrich (St. Louis, MO, USA). 

 

Both PIM and LHRHa were diluted in a solution of ultrapure distilled water, 0.7% 

NaCl (CAS 7647–14–5), purchased from VWR International (Leuven, Belgium), 

0.1% Na2S2O5 (CAS 7681–57–4), purchased from BDH Laboratory Reagents (Pool, 

England), and 0.25% bovine serum albumin (BSA) (CAS 9048–46–8), purchased 

from NZYTech (Lisbon, Portugal). The stock solutions of both PIM and LHRHa 

were respectively 25 mg/L and 0.8 mg/L. 

 

Ethylene glycol monophenyl ether (CAS 122–99–6), used for anaesthesia and eu-

thanasia, by overdose, was bought from Merck Millipore (Darmstadt, Germany). 

 

The injections of the above-referred compounds were done using insulin syringes 

of 0.5 mL (BD Micro–Fine™), with a needle of 30 G (0.30 mm x 8 mm), purchased 

from BD Medical (Franklin Lakes, NJ, USA). 

 

3.2. Fishes and Husbandry 

 

Goldfish with average dimensions of 11 cm of total length, 10 cm of fork length, 

8 cm of standard length, and 18 g of weight, were acquired from a local supplier. 

Once arrived at the vivarium, they were maintained in 120 L tanks (59.5 x 59.5 x 

40.0 cm, 80% filled with water), covered with a mesh to prevent fish from jump-

ing out of the tank. There was no mortality both during quarantine and along the 

experiments 1, 2 and 5). The maximal density of fish was 20 individuals per tank. 

They were maintained under controlled temperature (22 ± 1 ºC) and photoperiod 

(14:10, light:dark). Fish were fed twice a day with Goldfish Flakes (Prodac, Italy) 

and frozen Artemia salina (Ocean Nutrition, Belgium). By their size and weight, 
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already well-developed caudal fin, and ultimately by their colour (metallic orange), 

the fish corresponded to young adults. 

Red–tailed sharks, with average dimensions of 7 cm of total length, 6 cm of fork 

length, 5 cm of standard length and 3 g of weight, were acquired from the same 

legally authorized supplier, and maintained in 120 L tanks (59.5 x 59.5 x 40 cm, 

80% filled with water), also covered with a mesh. There was 23% mortality of dur-

ing quarantine (due to a husbandry accident) and 0% during the experiments 1, 2, 

3 and 4). The maximal density of animals per tank was 10 animals, because this 

fish has a territorial behaviour and when the density of the tank is high, they tend 

to attack each other. They were maintained under controlled temperature (26 ± 1 

ºC) and photoperiod (14:10, light:dark). The fish were fed twice a day with Spir-

ulina Flakes (Prodac, Italy) and the above-cited frozen artemia. Since this species 

is territorial, to mimic a more natural environment with hiding places, PVC pipes 

and pre-washed aquarium natural river gravel sand were placed at the bottom of 

the tank. In view of the lack of peer-reviewed trustable bibliographic information, 

it could not be granted in advance if the fish were juveniles or young adults. 

 

Standard water quality parameters, namely the levels of ammonium, nitrites and 

nitrates, were monitored throughout the experience by colorimetric tests (Prodac, 

Italy). The pH was measured by a top bench meter (WTW, Germany). These pa-

rameters were assessed once a week during the 30 days quarantine period, and 

afterwards, once a month. They were always within the recommended safety lev-

els (Varga, 2010). For this, the tanks had biological and mechanical filtration. 

Aeration was plenty and continuous, using air pumps, tubing and diffusion stones. 

 

3.3. Induction of Gonadal Maturation 

 

The rational of using two species was to try to induce maturation in the species 

for which virtually no information was published, the red–tailed shark, while addi-

tionally controlling and regulate the quality and efficacy of the procedures with 

the help of other species for which there is plenty of information published, the 

goldfish. The latter also served to quantitatively validate, by stereological parame-

ters, the OECD ovary and testis semi-quantitative grading systems (Johnson et al. 

2009). For this aim, our strategy was to try to generate in goldfish as much di-

verse gonadal stages as possible, either studying hormonally stimulated (n = 22) 

or non-challenged fish (n = 12); more details are provided below and in Appendix. 
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To start testing schemes that would be able to induce gonadal maturation in both 

the red–tailed shark and the goldfish, several protocols involving the injection of 

LHRHa and PIM (isolated and in mixture) were tested in several sequential trials. 

 

3.3.1. Preliminary Study 

 

Twelve red-tailed sharks (n = 12) and two goldfish (n = 2) were sacrificed without 

any injection. This allowed us to characterize the initial gonad stage without any 

hormonal manipulation. With this pre-trial, we concluded that it would not make 

sense to create an experimental group injected with saline solution only because 

our fish were immature. This stage could not progress in a vehicle control group. 

 

3.3.2. Experiment 1 

 

Two animals of each species (n = 4) were injected with 0.5 µg/g body weight (BW) 

of LHRHa added with 10 µg/g BW of PIM (LHRHa+PIM), given in a 10 µL saline so-

lution shot. The baseline procedure was adapted from earlier protocols (Chang 

and Peter, 1983; Sokolowska et al., 1983). Forty-eight hours after these injec-

tions, the animals were sacrificed (using an overdose of the anaesthetic) and sub-

jected to a necropsy. Their heads and gonads were removed and processed for 

histology (detailed technical protocols are given in the Appendix); the heads tak-

en at this point and elsewhere were not studied within the scope of the present 

study. 

 

3.3.3. Experiment 2 

 

Two animals of each species (n = 4) were injected twice, within a 72-h period, 

with LHRHa+PIM, with a dose of 0.5 µg/g and of 10 µg/g BW, respectively. As 

above, the dose was administered in saline solution of 10 µL/fish. Then, all ani-

mals were sacrificed and processed for histological observation as cited above. 
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3.3.4. Experiment 3 

 

Because the red–tailed sharks were still immature after using the two prior proto-

cols, the number of LHRHa+PIM injections and the time of exposure was in-

creased. Therefore, red–tailed sharks (n = 8), every 72 h and for a period of 12 

days, received four injections of LHRHa (0.5 µg/g BW), and a final one of 

LHRHa+PIM with a dose of 0.5 µg/g and 10 µg/g BW, respectively. Seventy-two 

hours (72 h) after the last injection, all injected animals were sacrificed and pro-

cessed as mentioned above. The volume was always 10 µL of a saline solution. 

 

3.3.5. Experiment 4 – Trial A 

 

Fourteen red–tailed sharks (n = 14), every 72-h and for a period of 26 days, re-

ceived nine injections of the mixture LHRHa+PIM with a dosage of 0.5 µg/g and 

10 µg/g BW, respectively. Then, a final ninth and tenth injection were adminis-

tered within 48 h apart from each other. Again, the volume per injection was al-

ways 10 µL, with the compounds dissolved in a saline solution. Forty-eight hours 

after the last injection, the fish were sacrificed and processed as in prior trials. 

 

3.3.6. Experiment 4 – Trial B 

 

Fourteen red–tailed sharks (n = 14), every 72-h and for a period of 26 days, re-

ceived eight injections of a 20 µL saline solution with a mixture of LHRHa+PIM, in 

a dose of 1 µg/g and 20 µg/g BW, respectively. Then, as in Trial A, the final ninth 

and tenth injection were administered 48 h apart from each other. Forty-eight 

hours after the last injection, the fish were euthanized and handled as above. 

 

3.3.7. Experiment 5 

 

Considering the data obtained from the application of the above-referred proto-

cols, it is advanced here that it was concluded that the goldfish attained full gon-

adal maturation after one single injection of a 10 µL saline solution providing a 

dose of 0.5 µg/g BW of LHRHa, added with 10 µg/g BW of PIM (the same protocol 

of Experiment 1). With this outline, and to generate a range of diverse gonadal 

status for females and males, goldfish injected with the LHRHa+PIM solution were 

sacrificed at several timings i.e., at 24 h, 36 h, 48 h, 96 h, and 8 days after the 
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hormonal administration. Twenty-two goldfish were used in this aim. Additionally, 

and as mentioned above, 12 non-injected animals were sacrificed. After euthana-

sia, body biometry was registered and the animals necropsied, their gonads were 

weighted and prepared for further histological procedures (see details below). 

 

The biometric data of the animals from the diverse experiments were logged on a 

worksheet of Excel (Microsoft, USA). The sex of the fish was evident only in the 

case of goldfish. Some biometric parameters were registered at the time of the 

first injection, labelled “initial”, and after the euthanasia, labelled “final”. Accord-

ingly, we registered the total, fork and standard initial and final length (cm), the 

initial and final weight (g) and the weight of the gonad (g). With the primary data, 

we derived the gonadosomatic index (GSI), and the Fulton’s condition factor (K) 

(Ricker, 1975): 
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����� ����ℎ�
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3.4. Necropsy and Histology 

 

Prior to necropsy fish were euthanized with an overdose of ethylene glycol mono-

phenyl ether, at a concentration of 1 µL/mL. After confirming that there was no 

opercular movement and there was a loss of all reflexes, the gonads were sam-

pled and fixed for 24 h in a ready-to-use Bouin's solution (VWR International, Bel-

gium). Necropsy was made with the fish lying on a wax dissecting plate. The gon-

ads were carefully extracted, a process that was easy in the goldfish but turned 

out to be quite difficult in the red-tailed shark because of their small size. 

 

After being weighted, the subsequent handling was different in each species. The 

gonads of the red-tailed shark were collected and processed intact. Contrarily, 

because the goldfish gonads could measure over 2 cm long, each was cross-

sectioned in half after weighting to promote adequate fixation and provide an 

adequate sampling strategy of the whole gonad. One-half of the gonad was fur-

ther cut longitudinally in half and the other sliced transversally, to produce cross 
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sections. The pieces for processing were ≈ 0.3-0.5 cm in thickness. The number 

of pieces varied according to gonad size, which, if necessary, was sliced into 

smaller segments. 

 

After fixation, the fragments were processed according to a standardized proto-

col, as detailed in the Appendix. The dehydration (with ethanol), clearing (with 

xylene) and impregnation (in paraffin) were made in an automated tissue proces-

sor (Leica TP1020, Germany). The fragments were put in paraffin blocks using a 

tissue-embedding workstation (Leica EG1140H, Germany). The blocks were then 

sectioned in 4 µm thick sections using a fully rotary microtome (Leica RH2255, 

Germany). The sections were picked with fine forceps and extension was made 

using a water bath at 55 ºC. They were finally put on glass microscope slides 

(Klinipath, The Netherlands), which, before the staining, were placed for at least 2 

hours at 60 ºC, in a laboratory incubator (Memmert, Germany).  

 

The slides with the sections proceeded to a routine staining which started with a 

dewaxing process for removing the paraffin with xylene. Because the dyes used in 

the staining were aqueous, the tissue sections were hydrated in a series of de-

scending alcohols (100, 95 and 70%) and rinsed in water. Then after, a routine 

staining procedure with Mayer’s haematoxylin followed by eosin was used. After 

staining, a dehydration process was repeated with an increasing series of alcohol 

and the tissue sections were then cleared with xylene. Mounting was done by 

placing mounting medium (Coverquick 2000, VWR International, France) and a 

glass coverslip above it (Medite Medzntechnik, Germany). The complete protocol 

is presented in Appendix. The qualitative and semiquantitative studies were made 

in bright field microscopy, under a microscope (Olympus BX50, Japan), with a dig-

ital camera (Olympus DP20, Japan) displaying a live image in a computer flat 

monitor. For other purposes, we used “whole digital slides” (detailed below). 
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3.5. Grading the Gonadal Status 

 

To grade the gonadal maturation status of the fish studied here we used the 

OECD gonadal staging scheme of Johnson et al. (2009), adapted as described be-

low; if only oogonia or spermatogonia exist the animal is simply rated as juvenile. 

 

3.5.1. Criteria for Staging Ovaries: 

 

Stage 0 (undeveloped): The gonads hold only immature gametes that are mostly 

oogonia and oocytes in the perinucleolar stage. 

 

Stage 1 (early development): The gonads are essentially rich in pre-vitellogenic 

follicles, mostly perinucleolar up to cortical, with some early vitellogenic 

oocytes. 

 

Stage 2 (mid development): At least half of the ovarian follicles include early and 

mid–vitellogenic oocytes; cortical and earlier oocytes exist but in smaller 

numbers. 

 

Stage 3 (late development): The majority of the ovarian follicles are those with 

late vitellogenic oocytes; some follicles with apparently mature oocytes 

start to appear. 

 

Stage 4 (late development/hydrated): Most follicles are mature and ready to 

spawn follicles; late vitellogenic oocytes also exist and follicles are big-

ger than at Stage 3. 

 

Stage 5 (post-ovulatory): Ovaries are rated as so if they predominately show 

spent follicles, with scattered remnants of theca externa and granulosa. 
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3.5.2. Criteria for Staging Testis: 

 

Stage 0 (undeveloped): The germinal epithelium has immature stages (spermat-

ogonia to spermatids), eventually with a few scattered groups of sperm. 

 

Stage 1 (early spermatogenic): The germinal epithelium is still made of immature 

stages, but spermatozoa are seen more frequently than in Stage 0. In 

addition, the germinal epithelium is thinner than seen in Stage 2 (see 

below). 

 

Stage 2 (mid spermatogenic): The testis is composed by a germinal epithelium 

that is thinner then seen in Stage 1 but it is thicker than in Stage 3. Ad-

ditionally, there is a balance between the stages from spermatocytes to 

spermatozoa. 

 

Stage 3 (late spermatogenic): The lumen of testicular lobules are filled with 

spermatozoa, and the germinal epithelium is very thin, thinner than in 

Stage 2. 

 

Stage 4 (spent): The organ does not show spermatozoa anymore or at most a few 

remnant ones. The interlobular loose connective tissue stands out. 

 

3.6. Stereological Study  

 

The quantitative approach via stereology was made using whole slide images (also 

named digital slides). Sections of ovaries and testes of each goldfish were scanned 

with a virtual slide microscope (VSM) (Olympus VS110, Japan). The digital slides 

were later viewed directly in the computer flat monitor of the VSM, using the 

OlyVIA program (Olympus, Japan). This also allowed sampling the fields of view, by 

moving digitally the image according to pre-defined distances and directions. 
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To implement the stereological approach, the gonads were operationally divided 

in the structural compartment of interest. In the case of females, the targets were 

the primary oocytes, cortical-alveolar oocytes, early vitellogenic oocytes, late vitel-

logenic oocytes, mature oocytes, post-ovulatory, and atresic oocytes. Note that in 

the context of this study the designation “oocyte” is a simplification and signifies 

the “oocyte-follicle complexes”, i.e., the oocyte plus the zona radiata granulosa 

and thecal cells. The reference space was the ovarian follicles, which were global-

ly designated as ovary (operationally excluding the very scarce connective tissue). 

 

The target parameters were the relative volumes (VV) of the cited compartments in 

relation to a defined reference space. The stereological procedures were applied 

to the resulting virtual slides. These were studied on a computer monitor and sys-

tematically sampled with the OlyVIA software (Olympus, Japan). The effort of 

sampling depended on the size of the gonads, and consequently on the number 

of sampled sections. Typically, the number of systematically sampled fields was > 

30/fish. In every field of view, the observer superimposed over the image a stere-

ological probe with a two-lattice point system (Fig. 6) that was specifically de-

signed for this study. 

 

The relative volumes were estimated using the principle of differential (manual) 

point counting as detailed in technical textbooks (viz., Weibel, 1979). The two-

lattice (1:16) point grid was made with the software PowerPoint (Microsoft, USA), 

after conducting pilot tests with grids having diverse point systems. The adopted 

grid (Fig. 6) was laser printed in a transparent sheet, which was superimposed to 

the computer monitor of the VSM. The point counting was made after digitally 

zooming 33x the virtual slide original magnification. At every sampled field, the 

number of points hitting both the ovary and the various structures of interest 

were counted. The lattice-grid used for each structural compartment varied ac-

cording with its frequency of appearance. Whereas the coarse 1:1 point ratio lat-

tice was used for the reference space and the most common structures of a par-

ticular ovary maturation stage, the fine 1:16 point ratio was used for the more 

rare compartments. For example, most early types of oocyte-follicle complexes 

were targeted with the lattice of 1:16 points, but the late vitellogenic and mature 

oocytes in more mature gonads were probed with the 1:1 point lattice. The esti-

mation of the relative volume (VV) of a structure in relation to the ovary (opera-

tionally, here, the ovarian follicles), for every female, was made by the formula: 



2016 Lia Henriques  32 

 

V�(struture, ovary) =  
∑ Points over the structure of interest summed over all sampled fields

Ratio of fine to coarse points ×  ∑ Points over the ovary across fields
 

  

As for the males, the fundamental stereological parameter of interest was also 

the relative volume or volume density (VV) of predefined structural compartments. 

The reference space was the whole testis and the specific targets were the lumen 

of the testicular lobules, the germinal epithelium and the spermatozoa (sperm). 

The VV was also estimated exactly as for the ovaries, except in what respects the 

type of stereological point grid used. Indeed, a three-lattice point grid of 1:4:16 

was designed for the purpose (Fig. 7). The fundamental coarse points (those with 

squares around in Fig. 7) were used for the reference space. The other lattices 

were used according with the frequency of the structural target of interest. For 

example, in the sperm was probed either with the 1:1 or with the 1:16 lattice re-

spectively when it was very frequent or rare. The germinal epithelium was probed 

either with a 1:4 or with a 1:16 lattice in view of its greater or lesser thickness, 

respectively. Because the interstitial loose connective tissue was typically scarce, 

for practical purposes it was included here in the concept of germinal epithelium, 

which thus includes both the basal membrane and immediately adjacent connec-

tive tissue. The formula for the VV of every structure in relation to the testis was: 

 

V�(struture, testis) =  
∑ Points over the structure of interest summed over all sampled fields

Ratio of fine to coarse points ×  ∑ Points over the testis across fields
 

 

Pilot studies were made to establish the final design of the stereological and the 

most adequate sampling effort/step (i.e., the distance between sampled fields). 

On average, the number of systematically sampled/counted fields was > 30/fish. 
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Fig. 6 – Stereological grid used for ovary. The point grid has two lattices of 1:16. At 

a 100% scale, the distance between points without circles is 1 cm.  

 

 

Fig. 7 – Stereological grid used for testis. The point grid has three webs of 1:4:16. 

At a 100% scale, the distance between the unbounded points is 1.5 cm.  
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3.7. Statistical Analyses 

 

Data were statistically analysed with the program Statistica version 13 (Dell, USA). 

In all the tests described below, the null hypotheses were rejected when p < 0.05. 

 

For the goldfish, depending on the parameters under analysis, it was applied a 

one-way ANOVA test or a T-test for dependant (correlated) samples; the latter one 

was used for parameters that were measured in the same fish at two points in 

time, namely the weight and the length of the fish. As to the one-way ANOVA, 

data sets were confirmed to be normal, by graphical assessment of the frequency 

distribution histograms of variables and of within-cell residuals, and P-P plots, 

and with homogeneity of variances, by the Levene test. After a significant ANOVA, 

the post-hoc Tukey test (for unequal sample size) was used to compare the dif-

ferences between pairs of group means.  

 

As to the red-tail shark, and dependent on the experimental condition, the statis-

tics was either a one-way or a two-way ANOVA, using the Tukey test (for unequal 

sample size) in post-hoc evaluations. The normality and homogeneity of variances 

were confirmed as above mentioned. 
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4 – Results 
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4. Results 

 
4.1. General Histology of the Gonads 

 

The sex of the goldfish and red-tailed shark were classified in view of its histolo-

gy. For the goldfish, the animals always had an unequivocal gonadic sex. The his-

tological aspect of the gonad varied according with the specific maturation status 

of the animal, implying differential aspects as to the frequency of gametogenesis 

stages.  

 

As to the testis, the lumen of the lobules, the germinal epithelium and the sperm 

were easy to identify, irrespective of the animal or maturation stage (Fig. 8). Nat-

urally, sperm were absent or very scarce both in the undeveloped or spent testes. 

 

 
 
Fig. 8 – Microscopy image of goldfish testes in a very late spermatogenic state. 

The lobular lumen is expanded and occupied with sperm, in the form of 

very small cells with roundish nuclei (thin white arrows). The germinal ep-

ithelium is extremely thin, making the lobule periphery (block green ar-

rows). The connective tissue is very scarce. The H&E staining. 
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Fig. 9 – Microscopy images of goldfish ovarian follicles, accordingly to their in-

creasing developmental (maturation) stage. (A) Primary; (B) Early cortical 

alveoli; (C) Early vitellogenic; (D) Mid vitellogenic; (E) Late vitellogenic; (F) 

Mature; (G) Post-ovulatory; (H) Atresic follicle. The increase in size of 

growing to mature follicles is obvious from A to F. H&E staining. 
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The types of ovarian follicles observed and studied herein are illustrated in Fig. 9, 

and ranged from primary to mature ones, in addition to the post-ovulatory and 

atresic follicles; as expected for any ovary, oogonia always existed, and they are 

not illustrated because they were not a target in the stereological study. The folli-

cles were classified leading into account the structural features of the cytoplasm 

of the oocytes but also considering the presence and thickness of the zona radi-

ata (here seen as a key event distinguishing perinucleolar and cortical oocytes). 

 
The goldfish (injected plus non-injected) represented a group of animals of which 

62% were females and 38% were males. Irrespective of the sex, 65% of the ani-

mals reached gonadal maturation whereas 35% remained immature, i.e., did not 

present maturing or mature/spawning follicles (in females) or spermatocytes and 

sperm (in males). The males were more frequently mature. Accordingly, 77% of 

the males reached sexual maturation contrasting with “only” 48% of the females 

that showed ovaries with maturing follicles (from cortical alveoli stage onwards). 

 

As to the red-tailed shark, we found either an undeveloped ovary-type phenotype 

(Fig 10) or what seemed to be an undeveloped to early-spermatogenic type of testis 

(Fig. 11), or even a testis with a phenotype matching mid-spermatogenesis (Fig. 12). 

 

Fig. 10 – Undeveloped ovary of a red-tailed shark, from which stand out numer-

ous primary oocytes, mostly in the perinucleolar phase. H&E staining. 

200 µm 
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Fig. 11 – Undeveloped/early-spermatogenic testis of a red-tailed shark. It displays 

eosinophilic spermatogonia (the biggest cells), nests of darker and small-

er spermatocytes (laced), and sperm (arrow) in one lumen. H&E staining.  

 

Fig. 12 – Testis of a red-tailed shark in mid-spermatogenesis. Spermatocysts at 

various stages of spermatogenesis are scattered in the gonad. There are 

lobules with a significant amount of sperm in the lumen. H&E staining. 
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The frequency of the above differential gonadal scenarios for the red-tailed shark 

differed according with the Experiments (as detailed in Material and Methods). As 

to Experiments 2 and 3, based on the injection of a LHRHa+PIM, once to four, 

with doses of either 0.5 µg/g (LHRHa) or 10 µg/g (PIM) BW, the result was that 

100% of the fish showed an undeveloped ovary, like that illustrated in Fig. 10. 

The phenotype was alike to that of non-injected fish sacrificed as blank controls. 

 

As to red-tailed sharks derived from Experiment 4 – Trial A, also based on injec-

tions of LHRHa+PIM, but more (nine) and for a longer period (26 days), the results 

were somewhat different. While 71% of the animals were phenotypically females, 

despite still with undeveloped ovaries, the remaining 29% showed a testis with 

cytological features that looked either as undeveloped-to-early-spermatogenic (n 

= 3) or as mid-spermatogenic (n = 1) (Figs. 11 and 12). 

 

Finally, regarding the red-tailed sharks coming from Experiment 4 – Trial B, in-

volving the same time of hormonal challenge (26 days) but doubling the 

LHRHa+PIM doses, the same panorama was found as for the Experiment 4 – Trial 

A; indeed, 71% of the fish were females (undeveloped) and 29% males [undevel-

oped/early-spermatogenic (n = 2) or mid-spermatogenic (n = 2)]. 
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4.2. Biometric Data of Fish Before and After Hormonal Challenge 

 

4.2.1. Goldfish 

 
The body weight and the Fulton’s condition factor of the hormonally challenged 

goldfish, before (initial) and after (final) injection are plotted in Figs. 13 and 14, 

for females and males, respectively. In all the circumstances, there are no signifi-

cant differences between the initial and final moments of the experimental peri-

od. Facing the purpose of the use of the goldfish in this Dissertation, no further 

body parameters were statistically analysed in a perspective of initial against after 

injection. 

 

Fig. 13 – Body weight and Fulton’s condition factor of the hormonally challenged 

female goldfish. Data given as mean, mean ± standard error, and mean 

± 0.95 confidence interval. 

 
 

 

Fig. 14 – Body weight and Fulton’s condition factor of the hormonally challenged 

male goldfish. Data given as mean, mean ± standard error, and mean ± 

0.95 confidence interval. 
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4.2.2. Red-tailed Shark 

 

The body weight and the Fulton’s condition factor of the hormonally challenged 

red-tailed shark, before (initial) and after (final) injection are displayed in Figs. 15 

and 16, respectively for the experimental Trials A and B. The sexes were pooled 

in this general paired analysis, as the number of males is scarce and the basic 

body biometry do not differ between sexes (details below). The statistical tests 

showed that there were no differences between the initial and final body weight 

of the fish in both Trials. On the contrary, the initial and final Fulton’s condition 

factor was significantly different, with higher values found at the end of the assay. 

 
 
Fig. 15 – Body weight and Fulton’s condition factor of the hormonally challenged 

red-tailed shark in Trial A (see Experiment 4 in Methods). Data given as 

mean, mean ± standard error, and mean ± 0.95 confidence interval. The 

asterisks (***) signify there is a significant difference (p<0.001). 

 
 
Fig. 16 – Body weight and Fulton’s condition factor of the hormonally challenged 

red-tailed shark in Trial B (see Experiment 4 in Methods). Data given as 

mean, mean ± standard error, and mean ± 0.95 confidence interval. The 

asterisks (*) signify there is a significant difference (p<0.05). 

*** 

* 
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Considering the red-tailed shark used in Trials A and B, it is shown that the fish of 

both groups were comparable as to the basic whole body biometry, even when 

considering a separation by sexes. The fish were alike regarding the body weight 

(initial vs final, Fig. 17), Fulton’s condition factor (initial vs final, Fig. 18), and ini-

tial total length (Fig. 19). However, when analyzing the absolute and relative gon-

adal parameters of males and females after both experimental trials, some differ-

ences were disclosed, with the ANOVA revealing a significant effect of the factor 

sex. Specifically, (Fig. 20), the ovary weight was significantly heaviest than the 

testis in both Trial A and Trial B, and such difference was even more noticeable 

when looking at the GSI. There was no effect interaction between sex and assay 

condition on the gonadal parameters. 

 

 

Fig. 17 – Body weight of the hormonally challenged red-tailed shark from Trial A 

and Trial B. Data given as mean ± 0.95 confidence interval. 

 

 

Fig. 18 – Fulton’s condition factor of the hormonally challenged red-tailed shark 

from Trial A and Trial B. Data given as mean ± 0.95 confidence interval. 
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Fig. 19 – Initial total length of the hormonally challenged red-tailed shark from 

Trial A and Trial B. Data given as mean ± 0.95 confidence interval. 

 

 
 
Fig. 20 – Gonad weight and gonadosomatic index of the hormonally challenged 

red-tailed shark used in Trial A and Trial B. Data given as mean ± 0.95 

confidence interval. The asterisks signify significant differences between 

pairs of means (* when p<0.05 and ** when p<0.01). 

 

  

** 
* 

** 

** 
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4.3. Validation of the Grading System in the Goldfish Gonads  
 

The application of the gonadal staging scores and the stereological analyses were 

made in 34 goldfish, 21(62%) of which were females and 13 (38%) were males. As 

to the implementation of the OECD adapted semi-quantitative scoring system, the 

gonadal stages ranged from Score 0 to 4, in both females (Figs. 23 to 27) and 

males (Figs. 28 to 32).  

 

Globally, grouping sexes, most animals were rated in Stage 0 (35%) in and Stage 1 

(21%). The remaining ones were in Stage 2 (17%), Stage 3 (15%) and Stage 4 (12%). 

Anyway, it must be recalled that the same Stage number means different things 

for each sex. The distribution of individuals, per sex, according with the respec-

tive specific gonadal score is graphed in Fig. 21 (females) and Fig. 21 (males). 

  

Fig. 21 – Female goldfish. Distribution of studied fish in view of the ovary staging. 

 

Fig. 22 – Male goldfish. Distribution of studied fish in view of the testis staging. 
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Fig. 23 – Image from a goldfish ovary in Stage 0 (undeveloped). H&E staining. 

 

Fig. 24 – Image from a goldfish ovary in Stage 1 (early vitellogenic). H&E staining. 
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Fig. 25 – Image from a goldfish ovary in Stage 2 (mid vitellogenic). H&E staining. 

 

Fig. 26 – Image from a goldfish ovary in Stage 3 (late vitellogenic). H&E staining. 
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Fig. 27 – Image from a goldfish ovary in Stage 4 (late vitellogenic). H&E staining. 

 

Fig. 28 – Image from a goldfish testis in Stage 0 (undeveloped). H&E staining. 
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Fig. 29 – Image from a goldfish testis in Stage 1 (early spermatogenic). The darker 

basophilic areas correspond to mature spermatozoa. H&E staining. 

 
Fig. 30 – Image from a goldfish testis in Stage 2 (mid spermatogenic). Most pinkish 

zones are germinal epithelium and nearby connective tissue. H&E staining. 
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Fig. 31 – Image from a goldfish testis in Stage 3 (late spermatogenic). H&E staining. 

 

Fig. 32 – Image from a goldfish testis in Stage 4 (spent). The gonad as a spongy 

appearance, being the holes to the lumen of the lobules. H&E staining. 
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As regards all female fish used for the gonadal staging, they formed fairly homo-

geneous and comparable groups in what respects the basic body biometry com-

puted according with the various scores. This comparability was backed by the 

non-statistically significant differences in relation to either body weight or even 

length (Fig. 33). A parallel scenario was shown in males, divided according with 

the testis staging, since no intergroup differences were proved in ANOVA (Fig. 34). 

 

 

Fig. 33 – Body weight and total length of goldfish females according with the ovary 

maturation stage. Data given as mean ± 0.95 confidence interval. 

 

 

Fig. 34 – Body weight and total length of goldfish males according with the testis 

maturation stage. Data given as mean ± 0.95 confidence interval. 

 

In contrast with the stability of the body biometry across scores, the ANOVA dis-

closed significant differences in the gonadal related parameters, both in the total 

weight and in the gonadosomatic index. The patterns were different with sexes.  
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In female goldfish, the ovary weight significantly raised in parallel with increasing 

maturation [F (4, 16) = 28.9, p < 0.001], with the fish ranked as in Stage 4 having 

a much greater gonadal weight, which significantly differs (and without overlaps) 

from all the other stages (Fig. 35). In contrast, no differences existed in the ovary-

somatic index, which graphically presents a considerably high variability (Fig. 35). 

 

Fig. 35 – Ovary weight and gonadosomatic index of goldfish females according 

with the ovary maturation score. Data given as mean ± 0.95 confidence 

interval. 

 

In males, the testis weight significantly varied according with the factor matura-

tion Stage [F (4, 8) = 9.1, p < 0.01], and the same pattern was seen in the gona-

dosomatic index [F (4, 8) = 5.0, p < 0.05] (Fig. 36). However, the average values 

of both parameters significantly increase from Stage 0 to Stage 3, and then, ex-

pectedly, sharply drops in Stage 4 (recalling, the latter is the state of “spent”). 

 

 

Fig. 36 – Testis weight and gonadosomatic index of goldfish males according 

with the testis maturation score. Data given as mean ± 0.95 confidence 

interval. 
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A stereological analysis was conducted in the ovaries and testis as previously de-

tailed. The relative volumes of the sex-specific structural compartments in rela-

tion to the gonad are given in Fig. 37, form females, and in Fig. 38, for males.  

 

As to the results for females (Fig. 37), the mean relative volumes of the early vi-

tellogenic, the post-ovulatory, and the atresic follicles did display significant dif-

ferences, being stable irrespective of the maturation Score. All these follicles 

where associated to high variability, as evidenced by the wide-ranging 0.95 confi-

dence intervals. 

 

All other ovary follicles varied significantly according with the ovary Stage score 

(Fig. 36). As to results of the ANOVA over the primary follicles [F (4, 16) = 11.5, p 

< 0.001] and cortical follicles [F (4, 16) = 8.3, p < 0.001], the disclosed significant 

differences are graphically perceived as markedly parallel decreasing trends from 

Stage 0 to Stage 4. As to the mid vitellogenic follicles, the significant ANOVA [F 

(4, 16) = 8.7, p < 0.001] was correlated with a “mountain” type of graphic display, 

with a sequential rise from Stage 0 to Stage 2, followed by a sharp decline back to 

the initial very low values in the Stages 3 and 4. As to late vitellogenic follicles, 

the ANOVA [F (4, 16) = 18.7, p < 0.001] was connected with a two-platform type 

of graph, where the Stages 0 a 1 did not differ and had averages just slightly 

higher than 0 %, and the Stages 2 to 4 exposed mean values from 7 to 11 % (not 

differing between them). Finally, the ANOVA in mature follicles [F (4, 16) = 26.3, p 

< 0.001] unveiled a pattern that is similar to that of see in late vitellogenic, but 

with two evident differences. Indeed, the “first-platform” of very low mean relative 

volumes included not only the Stages 1 and 2 but also the Stage 2, from which 

phases the averages rose to 62 % and 76 %, for the Stages 3 and 4, respectively. 

 

As to result for males (Fig. 38), the mean relative volumes of the germinal epithe-

lium [F (4, 8) = 47.9 p < 0.001], sperm [F (4, 8) = 37.8 p < 0.001], and lobular lu-

men [F (4, 8) = 4.7 p < 0.05] all changed significantly, and with specific patterns. 

The germinal epithelium slowly decreased from Stage 0 to Stage 3, and then sharp-

ly rose in Stage 4. The graphic display is a “mirror” of that was seen with the rela-

tive sperm volume, which peaked at 38 % in Stage 3 and fell to 1.6 % in Stage 4. 

The empty luminal space in the lobules was prominent in Stage 0, and then de-

clined to reach a final baseline average plateau of 5 to 10 % in Stages 2, 3 and 4.  
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Fig. 37 – Relative volumes (VV) of the goldfish ovarian follicle types, according with 

the maturation score. Data given as mean ± 0.95 confidence interval. 
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Fig. 38. The relative volumes (VV) of the germinal epithelium, sperm, and lobular 

lumen in male goldfish, according with the testis maturation score. Data 

given as mean ± 0.95 confidence interval. 

 
Taking into account the aim of this study as to the validation of gonadal matura-

tion staging systems using the goldfish, it is informative to look at the patterns of 

the stereological data per gonadal stage. For this, we constructed in numbers the 

“average” ovary and testis, by partitioning them into the analysed structural com-

partments. The goldfish ovaries are seen in Fig. 39 while the testes are in the Fig. 

40. In both sexes, each maturation Stage resulted in an explicit stereological pat-

terns. The unique situations that are more visually approximate are the Stages 2 

and 3 of males, but even so, they both are (very logically) distinct, with a 10% in-

crease in sperm in Stage 3. The data in Figs. 39 and 40 correspond to the averag-

es of the relative volumes, and therefore do not offer a view of the existing varia-

bility, which was already provided, when disclosing the 0.95 confidence intervals 

for each metric (see above). Anyway, all the “stereo-signatures” are unequivocal. 
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        Primary Follicles 

        Cortical Follicles 

        Early Vitellogenic Follicles 

        Mid Vitellogenic Follicles 

        Late Vitellogenic Follicles 

        Mature Follicles 

        Post Ovulatory Follicles 

        Atresic Follicles 

 

 

  

Fig. 39. Partition of the goldfish ovary, in each maturation Stage, by the % average 

relative volumes (VV) of the three analysed structural compartments. Each 

histological Stage translates to a particular stereological signature. Not all 

the types of follicles exist in all Stages and 0% means a value up to 0.49%. 
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Fig. 40. Partition of the goldfish testis, in each maturation Stage, by the % average 

relative volumes (VV) of the three analysed structural compartments. Each 

histological Stage corresponds to a specific stereological signature. 
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5 – Discussion 



2016 Lia Henriques  60 

  



2016 Lia Henriques  61 

5. Discussion 

 

5.1. Induction of Gonadal Growth/Maturation 

 

The gonadal development in fish is controlled in a large extent by environmental 

stimuli which model the neural and hormonal pathways that govern maturation 

(Harvey and Hoar, 1980). These pathways can be artificially manipulated by inject-

ing natural or synthetic hormones. In some cases, this is the only known way to 

induce gonadal maturation and to reproduce one specific species in captivity. 

 

Nonetheless, in several species, including the red-tailed shark, the way to proceed 

with artificial maturation has not been intensively reported, at least following the 

best scientific standards. In fact, beyond the scarce existence of studies in this 

species, those that exist provide deficient details about the way one can repro-

duce red-tailed shark in captivity. Moreover, those studies provided either very 

deficient or no information at all concerning the necessary timings (age), size and 

weight for the red-tailed shark to breed (Shireman and Gildea, 1989). These au-

thors stressed the difficulty in getting consistent spawning in that cyprinid. By the 

contrary, information on the hormonal control and manipulation of reproduction 

are so well documented for the goldfish that it is easy to reproduce and validate 

the studies done with this species in other laboratories, including in our facilities. 

 

Despite the above, Shireman and Gildea (1989) successfully induced maturation 

and spawning in the red-tailed shark. On the other hand, in this Dissertation, the 

gonadal maturation was not accomplished even though an identical method was 

used initially. Facing the mentioned lack of information on the literature, this fail-

ure can be accredited to various factors, like the absence of crucial information as 

to the best husbandry conditions to promote breeding, or regarding the minimal 

weight, age and length of the fish to reach adulthood. We recall that the animals 

used had the biggest length we can request in the commercial circuit, based on 

fish produced in captivity. Our first “negative” results, in which we found only a 

female gonadal undeveloped phenotype, created the need to design different tri-

als to test if the gonadal maturation could be induced in our red-tailed sharks. 
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On a longer try-out (the Experiment 3), based on an hormonal challenge with five 

injections, we adapted the Ziari et al. (2015) period of treatment as tested in the 

blue gourami (Trichogaster trichopterus); in that study the dosage was 7 doses 

for over 13 days. This longer administration period was used here by us because: 

(1) the blue gourami is a freshwater fish from the family Osphronemidae, which is 

phylogenetically related to the Cyprinidae; (2) there was no other study in closest 

families or species; (3) the study was based on hormonal challenges of initially 

immature blue gourami, in a situation that resembled our study. Indeed, our ini-

tial observations of the red-tailed shark gonads revealed only undeveloped ova-

ries. Despite of this, the protocol followed here in Experiment 3 was not powerful 

enough to trigger gonadal growth in the used red-tailed-shark. Although this spe-

cies and the blue gourami are both freshwater species, somewhat related in phy-

logeny, their physiology of reproduction differs, which may lead to different re-

sults. Contrary to our study, Ziari et al. (2015) induced maturity of oocytes even 

when using singly a luteinizing hormone-releasing hormone analogue (LHRA-A2). 

Because of the negative results from the initial three trials, another assay (named 

Experiment 4), with ten injections and two different dosages (Trial A and Trial B), 

was created due to the negative outcomes of the first tests. The Experiment 4 

was based on an hypothesized dose-dependency of the hormonal challenge, as 

for example confirmed in the above-cited study of Ziari et al. (2015). Therefore, 

the greater number of injections along the time, resulting in an increased dosage, 

could theoretically elicit oogenesis and spermatogenesis, thus promoting gonadal 

growth and eventually maturation. This despite knowing that we were starting the 

new challenges with undeveloped animals, which, based on the first data, seemed 

at most either late juveniles or very young adults. After the Experiment 4, total 

maturation of the gonad was not accomplished, but some new observations were 

seen. In fact, not only the gonad weight and GSI were dosage-dependent (in Trial 

B both parameters were significantly greater than in Trial A), but some fish had a 

male phenotype, from undeveloped/early-spermatogenic to mid-spermatogenic. 

 

The appearance of males only in Experiment 4 deserves some considerations. It 

may be just a coincidence because, in the initial experiments, we analysed less 

animals, and so we could have missed males just by chance. However, data from 

the Experiment 4 is consistent in both Trials and may have another explanation. 

One possibility is that we could be facing a case of sequential hermaphroditism, 
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which somehow could have been triggered by the prolonged hormonal challenge. 

Indeed, it is now known that serotonergic and dopaminergic system may inhibit 

sex change in protogynous fish species (Wootton and Smith, 2014), and in our 

experiments we injected PIM, which is a dopamine receptor antagonist. In this 

instance, the red-tailed shark can be one more protogynic species, like those of 

the Labridae family (Gillanders, 1995; Jones, 1980; Warner, 1975), among other. 

One support for our hypothesis is that protogynic species typically have female-

biased sext ratios (Pandian, 2015), and, overall, we found more females than male 

red-tailed sharks. In addition, the Cyprinidae is one of the many (at least 48) tele-

ost families that display protogyny (Wootton and Smith, 2014). However, our hy-

pothesis has also weaknesses, because usually, despite not always, males of pro-

togynic species differentiate from adult females (Pandian, 2015). This is definitely 

not the case of our study, where the females always had undeveloped ovaries. 

Yet, in protogyny, there are fish species in which initial phase/primary males can 

differentiate either directly from juveniles or from adult females (Pandian, 2015). 

 

Still another hypothesis that could apply to the fact that we only observed red-

tailed shark males, in Experiment 4, is that several fish species, irrespective of 

the definitive sex, during their normal period of gonadal differentiation initially 

pass through a stage of what is called “juvenile hermaphroditism”, with all juve-

niles having an ovary that shows only immature oocytes. At a point in life, which 

varies with species, there are juveniles (around half of the progeny) in which oo-

cytes start degenerating and the gonads start developing as testes. This is known 

and studied for long, particularly in model fish organisms that are cyprinids too, 

like the zebrafish, involving an extraordinarily complex and variable mechanism 

(Liew and Orbán, 2014; Takahashi, 1977). In zebrafish, the process of definition 

of a testis from the early ovary occurs between 20 and 40 days post-fertilization. 

In view of these gonadal differentiation strategies seen in some fishes, one possi-

bility was that we found some red-tailed sharks with transitional gonads, evolving 

from a supposed early juvenile ovary. The ovary transition towards testis in some 

animals could have been triggered by the hormonal challenge of Experiment 4. A 

priori this is a more unlikely scenario when comparing with the other hypothetic 

ones mentioned above. Indeed, we did not found what could be viewed definitely 

as truly transitional gonad, i.e., with primary oocytes side by side with male germ 

cells, and the red-tailed sharks fish we used seem a priori too old for still being at 

a stage of a juvenile ovary. They measured 7 cm on average, which, in view of the 
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scarce data available for the species, is more compatible either with late (and not 

with young) juveniles or even with young adults. Our uncertainties only expose 

the scarcity of the data on the physiology of reproduction of the red-tailed shark. 

 

Irrespective of the strategy, the fact is that we could not promote maturation of 

the gonads in the red-tailed shark, despite there was a significant growth (that 

was materialized by an increase in mass) of the gonads in Trial B of Experiment 4. 

It could be argued that maturation was not fully achieved because of the stress 

induced by the physical manipulation of the fish inherent to the injections. How-

ever, it was statistically confirmed that not only the various experimental groups 

were homogeneous but also that they were not seemingly impacted by the injec-

tions. Indeed, not only there was not statistical difference between the initial and 

final weight, but also the Fulton’s Condition Factor actually improved, which is in 

line with our observations that the fish eat well, that behaviour seemed normal, 

and, at last, that the fish keep growing and maturating (as proved by their gonad 

weight-related parameters). In agreement, also for the goldfish the body weight 

and Fulton’s Condition Factor remained constant when comparing “initial versus 

after” injections, which is in line with the notion that fish coped with the handling. 

 

With all the above in mind, there is no doubt that many more studies should be 

made on the sex differentiation, gonadal growth, and maturation and spawning 

of the red-tailed shark. They will allow developing reliable and reproducible (and 

certainly more efficient) strategies for reproduction programs of the species. This 

would benefit not only the ornamental fish market but also repopulation efforts 

in all the natural geographic areas where this species was push into extinction. 

 

5.2. Validation of the Grading Systems in the Goldfish Gonads 

 

Here we evaluated the usability and accuracy of the criteria for staging ovaries 

and testes that was proposed by Johnson et al. (2009) in the OECD Guideline for 

the Diagnosis of Endocrine–Related Histopathology of Fish Gonads. The method 

was specifically proposed for the goldfish, and was originally developed having in 

mind the other small-fish model organisms, viz., the Japanese medaka, the fat-

head minnow and the zebrafish. However, it seemed adaptable for other species. 

Qualitative, semi-quantitative, quantitative, and, at last, statistical methodologies 

were executed to validate the reliability of the proposed stages for the gonads of 
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goldfish males and females. For this aim, we studied both hormonally challenged 

and non-injected fish. This strategy was very successful in providing animal vari-

ous degrees stages of gonadal growth and maturation. Anyway, it should be men-

tioned that the goldfish is a multispawner species, and so, even without hormonal 

intervention, and as far as the environmental/husbandry conditions are favoura-

ble to reproduction, adult females have asynchronous ovaries that should contain 

several generations of oocytes, and adult males should also have active spermat-

ogenesis at various stages (Billard, 1986; Qi et al., 2013). Despite of these facts, 

and the resulting aptitude of goldfish to spawn several times during one breeding 

season, final maturation, gamete release and fertilization will not occur without 

specific environmental to social stimuli, either natural or artificially manipulated. 

 

As to potential negative influences derived from injections that could affect com-

parability of the fish, the statistical tests revealed no differences between the ini-

tial and final weights and the Fulton’s factor of the injected fish. Likewise (not 

detailed in Results), the two parameters did not differ either when comparing in-

jected with non-injected goldfish. This study, despite not exhaustive, agree with 

the data for the red-tailed shark, and suggest that the used goldfish was a homo-

geneous group that was not negatively impacted by the manipulation procedures. 

Finally, it is pertinent to stress that both the length and weight of the fish did not 

influence the ovary or the testis status, since they did not differ between Stages. 

 

As confirmed statistically, the ovary and testis weight increased with the Stage, 

and, as expected, in males the weight raised up to Stage 3 and dropped in Stage 

4. This Stage corresponds to the most immature of all stages of the adult testis. 

Contrarily to what was seen in the males, in which we observed animals in Stage 

4, the spent, we did not found females in the analogous status, which would be 

Stage 5, post-ovulatory. Anyway, our hormonal and husbandry conditioning was 

not meant to elicit spawning but rather to promote several stages of maturation.  

In this perspective, the GSI was perfectly in line with the semi-quantitative stages, 

because it steadily improved as the Stages number also raised up to maturation. 
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As for the relative volumes of the primary oocyte follicles in the ovary, there were 

statistical differences between Stages, with a continuous decrease from Stage 0 to 

Stage 4. This corroborates the Johnson et al. (2009) proposal, since they describe 

the Stage 0 as a maturation period with only immature phases, primary and corti-

cal oocytes, and the Stage 4 as a stage with almost or non-immature phases. The 

stereological data also backed up the idea that there is a certain overlap as to the 

presence of primary oocytes from Stage 1 onwards. Nevertheless, that overlap is 

understandable in the light of the asynchronous nature of the goldfish ovary. 

 

As for the relative volumes of the cortical oocyte follicles, there were statistically 

significant differences between Stages too, in a pattern resembling that of prima-

ry follicles. There was a continuous decrease of mean values from Stage 0 up to 

Stage 4. This information partially corroborates the exact criteria of Johnson et al. 

(2009), since they state that no cortical alveoli exist in Stage 0, only introducing 

them from Stage 1 on. This small discrepancy may be due to one of two factors: 

(1) in goldfish the Stage 0 may have more initial cortical alveoli oocytes than that 

seen in the species that served as models for the OECD staging system; and/or 

(2) the criteria for identification of cortical oocytes was not equal between us and 

Johnson et al. (2009). These ideas agree well with the notion that even the small 

model fish that are most used nowadays, such as those included in the OECD 

guideline, display fine cytological differences in what regards the same oocyte 

stage, as well illustrated even in reference textbooks (Dietrich and Krieger, 2009). 

In short, our study calls for the need to consider that ovaries in Stage 0, in addi-

tion to the earlier phases, may have a contingent of early cortical alveoli follicles. 

 

As for the relative volumes of the early vitellogenic follicles, there were no statis-

tically significant differences between Stages. This shows that early vitellogenic 

oocytes are not as important as other oocytes in the identification of a Stage. In 

the system of Johnson et al. (2009), those kind of follicles are emphasized for the 

Stage 2, but in our study the numerical data thus not back a particular relevancy. 

 

As for the relative volumes of the mid vitellogenic oocytes, there statistically sig-

nificant differences were disclosed between Stages. The pattern exposed increas-

es in Stages 1 and 2, with a maximum in the latter. This is line with the criteria of 

Johnson et al. (2009), since they describe that Stage 2 should have at least half of 
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the sectioned oocytes at mid vitellogenesis, which should be overshadowed by 

the more advanced maturation follicular phases when getting into Stages 3 and 4. 

We used relative volumes, an unbiased measurement, and not the number of sec-

tioned follicles, which is a biased umber inherent to direct counts in sections. So, 

we can state that an eventually better indication for researchers would be to con-

sider that in Stage 2 the mid vitellogenic follicles occupy, on average, 35% of the 

area of the sectioned ovary (which is equal to the relative volume); with 20% and 

60% as the minimal and maximal expectable values, respectively (revisit Fig. 36). 

 

As to the relative volumes of the late vitellogenic follicles, there were also statisti-

cally significant differences between Stages. The goldfish pattern corroborates 

the Johnson et al. (2009) criteria in what respects the Stages 2 and 4, because in 

these it is expected in them a predominance of this type of follicles. However, we 

found also a high value for late vitellogenic follicles in Stage 2. Johnson et al. 

(2009) state that in Stage 2 at least half of the follicles are early and mid vitello-

genic, which we corroborate with our data. Yet, they omitted what to expect as to 

late vitellogenic follicles in Stage 2. Our data (see Fig. 36) support that about 10% 

of the ovary at that particular Stage may be occupied by late vitellogenic follicles. 

 

As for the relative volumes of the mature oocytes, the factor Stage was also sta-

tistically significant, because they extremely rose in Stages 3 and 4 (see Fig. 36).  

Our stereological data corroborate the criteria of Johnson et al. (2009), especially 

as to Stage 4, but apparently not for Stage 3. Indeed, the OECD guidelines estab-

lished that at Stage 3 the majority of developing follicles are late vitellogenic, but 

our numbers reveal that at this ovarian phase the mature follicles prevail over all. 

One possible explanation for the discrepancy between our study and the scheme  

of Johnson et al. (2009) may rely on the fact that in the cited scheme what seems 

to be at stake in the number of sectioned follicles, and not how much volume of 

the ovary they occupy. From our histological assessment, mature follicles indeed 

appear in ovaries with Stage 2, but despite they are not abundant they are much 

bigger, and consequently they may occupy a relatively high space in the ovary. 

Another explanation for the apparent lack of agreement may be the exact criteria 

for considering an oocyte as mature, which may vary (Dietrich and Krieger, 2009). 
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The relative volumes of the POF and atresic follicles were always very low, which 

is perfectly compatible with the type of ovary of the goldfish. Moreover, because 

we did not found ovaries in Stage 5, those follicles were not used for a validation. 

Anyway, it can be concluded from our quantification that the two types of follicles 

are not relevant for the staging from Stages 0 up to 4, in both males and females.  

 

As to the stereological analysis of the grading system in the goldfish testis, the 

relative volumes of the sperm statistically differed with maturation Stage. The 

consistent and significant increase of the sperm from Stage 0 up to Stage 3, fol-

lowed by an almost disappearance in Stage 4, nearly perfectly corroborates the 

criteria proposed by Johnson et al. (2009). However, in our adaptation of the cri-

teria to the goldfish, we considered that in Stage 0 spots of sperm could occur. 

Johnson et al. (2009) undoubtedly proposed that in Stage 0 spermatozoa is non-

existent. We felt that these criteria would be too stringent for goldfish, and our 

stereological data seem to support our option (recall the patterns in Fig. 37). Note 

that even Johnson et al. (2009) proposed to types of staging schemes, one for the 

fathead minnow and zebrafish, that we adapted and implemented, and another 

for the Japanese medaka. This illustrates well the need to tune some specificities. 

 

Still in relation with the study of the testis, we targeted the germinal epithelium, 

which also provided significant modifications according with the Stage. The pat-

tern was quite in conformity with the criteria of Johnson et al. (2009), as its struc-

tural prominence decreased from Stage 0 up to Stage 3, followed by a steep rise 

in Stage 4. In the OECD criteria, the mention to the decreasing thickness of the 

germinal epithelium is only mentioned for Stages 1, 2 and 3. In view of our data, 

it can be advised to integrate in the OECD scheme right from Stage 0 the notion 

that from this point on the relative space occupied by that epithelium decreases.  

 

As for the relative volume of the testis lobular luminal space, the factor Stage was 

also statistically significant, with space being relatively more prominent at Stage 

0. This parameter was assessed here as a complementary approach, because the 

in the criteria proposed by Johnson et al. (2009) the lumen is not included. How-

ever, based on our data it seems relevant to equate including in the OECD criteria 

the notion that the empty space in the middle of the testes lobules proportionally 

may decline from Stage 0 onwards, which may be particularly interesting to better 

separate Stages 0 and 1, which, as above discussed have some overlap. In fact, 
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the sole discerning criteria of Johnson et al. (2009), which, as we proved, may 

fail, is the putative absence of sperm in Stage 0 and its eventual presence in 

Stage 1. 

 

In short, our parallel histological and stereological approaches generally corrobo-

rated the ovary and testis staging systems proposed by Johnson et al. (2009), and 

applied here in the goldfish, thus making one first quantitative validation of the 

schemes. Moreover, we offered new facts that can be used for improvements.  

 

When we plotted all the stereological data per Stage, for the ovaries (Fig. 37) and 

for the testes (Fig. 38), we generated quantitative signatures for each gonad that 

were unique and revealing of specific maturation status. This was an innovative 

form of proving that the current number of Stages are sufficient and make sense, 

and that there is still room for improving the semi-quantitative staging to allow a 

better discriminating power. Clearly, a scoring system is no match to an accurate 

quantitative approach, but if tuned and validated may suffice for most purposes. 

The elegant quantitative signatures we could build via manual point counting also 

call for the development of semi-automatic or automatic image analysis systems 

that would be “smart enough” to correctly analyse whole digital slides, and offer a 

precise scoring. Unluckily, there are few trustworthy tools for the automatic quan-

tification of complex images, but the future is arriving fast (Gross et al., 2016). 
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6. Conclusions  

 

6.1. Goldfish  

 

Our main goal was reached since we could reach gonadal maturation and growth 

in the goldfish. We also achieved variability of the gonadal stage, in females and 

males, as we could reach all of the 4 stages of the ovary and testis. With this, we 

also graded successfully all the gonads and we found that the stereology can dis-

criminate the several stages, and that the OECD system, proposed by Johnson et 

al. (2009), was generally valid despite some quantitative relative volumes depart-

ed from what was expected. With this in mind, some improvements should be 

performed in the system so it could be more accurate, and that in future studies 

this method should become automated so it becomes quicker and easier. 

 

6.2. Red-tailed Shark  

 

Although our main goal was not reached, we could achieve gonadal growth and 

we reported new histological features of the red-tailed shark microanatomy of the 

gonads. With this work, we can state that fish with an average dimension of 7 cm 

will not achieve gonadal maturation, or at least this will be very unlikely. Males of 

this species were found in several stages of gonadal maturation, contrary to this, 

females remained in stage 0 (undeveloped) of maturation. These new findings led 

us to different hypotheses on why we only found these changes (female to male) 

in one of our experiment (Experiment 4), to answer to this, new and improved 

studies must be performed on this species. 
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A – Histological Processing 

 

Material 

 

 Plastic embedding device, Bio–Optica (Milano, Italy); 

 Semi–enclosed benchtop tissue processor, Leica TP1020 (Wetzlar, Germany); 

 Paraffin dispenser embedding, Leica EG1140H (Wetzlar, Germany); 

 Cold plate, Leica EG1140C (Wetzlar, Germany); 

 Rotary microtome, Leica RH225 (Wetzlar, Germany); 

 Universal oven, Memmert (Schwabach, Germany) 

 99.9% Ethanol (CAS 64–17–5) Manuel Vieira & Cª (Irmão) Sucurs. LDA. (Portu-

gal); 

 Xylene (CAS 1330–20–7) VWR International (Fontenay–sous–boise, France); 

 Paraffin, Thermo Fisher Scientific (Whaltham, MA, USA); 

 Microscope slides, Klinipath (Duiven, The Netherlands). 

 

Method 

 

1. Place the fixed gonads and heads on a plastic embedding device, one for 

each gonad or head; 

2. Lay all the plastic embedding devices in the semi–enclosed benchtop tissue 

processor, Leica TP1020, and schedule the program to stay in each stop 

during 1 hour; 

3. First stop, 70% Ethanol (Add 700 mL of 99,9% ethanol to 300 mL of distilled 

water); 

4. Second stop, 90% Ethanol (Add 900 mL of 99,9% ethanol to 100 mL of dis-

tilled water); 

5. Third stop, pure ethanol; 

6. Fourth stop, pure ethanol; 

7. Fifth stop, absolute ethanol; 

8. Sixth stop, absolute ethanol; 

9. Seventh stop, absolute ethanol; 

10. Eight stop, ethanol and xylene (1:1); 

11. Ninth stop, xylene; 

12. Tenth stop, xylene; 
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13. Eleventh stop, paraffin; 

14. Twelfth stop, paraffin. 

15. Remove all the plastic embedding devices off the semi–enclosed benchtop 

tissue processor, Leica TP1020, and place them in the paraffin dispenser 

embedding, Leica EG1140H; 

16. Remove the plastic embedding device surrounding the gonad or head and 

place it in a metallic mould; 

17. Fill the metallic mould with paraffin and let it chill and harden up in the cold 

plate, Leica EG1140C; 

18. When the paraffin is solidified, remove the metallic mould; 

19. Afterwards put the histological material in the rotary microtome, Leica 

RH225; 

20. Start by cutting the material with 4 μm of thickness and placing it in Micro-

scope Slides; 

21. After cutting all the material let it dry and melt the paraffin in the universal 

oven, Memmert, for at least 2 h. 
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B – Hematoxylin & Eosin (H&E) Staining 

 

Materials 

 

 Staining rack: 

 Xylene (CAS: 1330–20–7) VWR International (Fontenay–sous–boise, France); 

 99,9% Ethanol (CAS: 64–17–5) Manuel Vieira & Cª (Irmão) Sucurs. LDA. 

(Portugal); 

 Tap water; 

 Mayer's Hemalum solution, Merk Millipore (Darmstadt, Germany); 

 37% hydrochloride Acid (CAS: 7647–01–0), Merk Millipore (Darmtadt, 

Germany); 

 Eosin Y (Yellowish) (CAS: 17372–87–1), Merk Millipore (Darmstadt, Ger-

many). 

 Microscope slides, Klinipath (Duiven, The Netherlands); 

 Cover glass, Medite Medzntechnik (Burgdorf, Germany); 

 Coverquick 2000, (CAS: 00–00–0) VWR International (Fontenay–sous–Bois, 

France). 

 

Method 

1. Dewaxing: 

1.1  Submerge the samples in xylene for 10 minutes; 

1.2  Submerge the samples in xylene for 10 minutes; 

2. Hydration: 

2.1. Submerge the samples in 100% alcohol for 5 minutes; 

2.2. Submerge the samples in 95% alcohol (Add 950 mL of 99.9% ethanol to 

50 mL of distilled water) for 5 minutes; 

2.3. Submerge the samples in 70% alcohol (Add 700 mL of 99.9% ethanol to 

300 mL of distilled water) for 5 minutes; 

2.4. Submerge the samples under flowing tap water for 5 minutes; 

3. Staining: 

3.1 Submerge the samples in Mayer’s Hemalum solution for 2 minutes; 

3.2 Submerge the samples under flowing tap water for 5 minutes; 

3.3 Quick dip in the alcohol acid differentiation solution (Add 5 mL of 37% 

hydrochloric acid to 1 L of 80% ethanol); 

3.4 Submerge the samples under flowing tap water for 5 minutes; 
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3.5 Submerge the samples in Eosin Y (Yellowish) solution (Dissolve 1 g of Eo-

sin Y (Yellowish) in 100 mL of distilled water) for 1 minute; 

3.6  Quick dip in tap water; 

3.7  Quick dip in 100% alcohol; 

3.8  Quick dip in 100% alcohol; 

3.9  Quick dip in 100% alcohol; 

3.10  Quick dip in xylene; 

3.11  Quick dip in xylene; 

4. Mounting: 

4.1 With a pipette lay some Coverquick 2000 in the microscope slide and 

cover it with a cover glass; 

4.2 Allow it to dry for at least three days. 
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C – Experiments Summary 

 

Experiments 1, 2 and 3 

Experiment 1 2 3 

n 2 2 2 2 8 

Species Gold Shark Gold Shark Shark 

Injections 1 2 4 

Dose 10 µL  10 µL 10 µL 

Dosage 

10 µg/g LHRHa 

+ 

0.5 µg/g PIM 

Per BW 

10 µg/g LHRHa 

+ 

0.5 µg/g PIM 

Per BW 

(10 µg/g LHRHa 

+ 

0.5 µg/g PIM) 

Per BW 

Notes   

Injection 1 to 3 

only LHRHa, 4th 

injection mix 

 

Experiments 4 - Trial A, 4 - Trial B, and 5 

Experiment 4 – Trial A 4 – Trial B 5 

n 14 14 22 

Species Shark Shark Gold 

Injections 10 10 1 

Dose 10 µL 20 µL 10 µL 

Dosage 

(10 µg/g LHRHa 

+ 

0.5 µg/g PIM) 

Per BW 

(20 µg/g LHRHa 

+ 

1 µg/g PIM) 

Per BW 

(10 µg/g LHRHa 

+ 

0.5 µg/g PIM) 

Per BW 

Notes 
Injection 1 to 8 only LHRHa, 9th and 

10th injections mix 
+ 12 non injected 
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