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SPECIFIC RECOMBINANT GONADOTROPINS INDUCE SPERMATOGENESIS
AND SPERMIATION FOR THE FIRST TIME IN A TELEOST FISH, THE
EUROPEAN EEL
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New specific single-chain recombinant gonadotropins were tested treating European eel
males. Males received recombinant FSH (rFSH) in three doses (2.8, 1.4 and 0.7 µg/fish;
named high, medium and low treatments) during 3 weeks. Later, an increasing
recombinant LH (rLH) dose (every 3 weeks; 1, 2, 6 µg/fish) was combined with rFSH.
rFSH by itself was able to induce the spermatogenesis, causing higher androgen levels
and development until the spermatogonia 2 stage in the high rFSH group. The rLH
promoted further maturation, but only the highest dose of rLH induced the most
advanced stage (spermatozoa 2), and significant GSI increase in all the groups. All
treatments induced spermiating males, however, the best sperm quality (
motile cells and volumes ~0.4 ml) was observed in males treated with the highest rFSH
dose and a progressive increase of rLH treatment. In this way, these new specific
recombinant gonadotropins have demonstrated the ability to induce the
spermatogenesis in vivo in European eel.

Introduction

In teleosts, recombinant gonadotropins (rGTHs), both in vitro and in vivo, have been
able to induce the steroidogenesis and gonad development, however the in vivo
results have been variable [9].
In vivo, specific rGTH stimulated estradiol (E2) production in female of species such
as orange-spotted grouper (Epinehelus coioides; [1]) or rosy bitterling (Rhodeus
ocellatus; [6]), achieving ovulation in the latter, in this study however, already
sexually matured females were used. In males, rGTHs were also able to induce the
androgenesis process e.g. in zebrafish (Danio rerio; [8]) and European sea bass
(Dicentrarchus labrax; [10]). Generally, the hormonal treatment was not able to
induce the spermiation in vivo, with the exception of goldfish (Carassius auratus; [6])
and European sea bass [10], where the treated fish were already sexually matured at
the beginning of the study.
In Japanese eel (Anguilla japonica), recombinant FSH (rFSH) stimulated the in vitro
production of E2 and testosterone (T) in oocytes, but only at vitellogenic or further
developed stages [3,7]. Also in vitro, both rFSH and recombinant LH (rLH) induced
the germinal vesicle breakdown in mature oocytes (nuclear migration; [7]). In vivo,
rGTHs did not stimulate an increase in the gonadosomatic index (GSI) in females,
but some induction of vitellogenesis were observed [5]. In males, rGTHs expressed
by baculovirus [7], yeasts [4] or Drosophila cell lines [5] were able to induce
androgenesis in vitro. A complete spermatogenesis, with the presence of some
spermatozoa in the testis, was achieved with rGTHs expressed by baculovirus [5]. In
vivo, Japanese eel and goldfish rGTHs, expressed by baculovirus, stimulated a
complete spermatogenesis in male eels, but spermiation has never been achieved
[2,5].
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Materials and Methods

European eel males (n=72; 100.1±1.9 g) from a local fish farm were distributed in
four 150-L aquaria and progressively adapted to sea water and 20 ºC. Single-chain
recombinant FSH and LH were obtained by transfection of a mammalian cell line
(CHO) with further partial purification and up-concentration (Rara Avis Biotec S.L.;
Valencia, Spain). Fish were submitted to three hormonal treatments administered
weekly during a total of 12 weeks. Males received rFSH in three doses (2.8, 1.4 and
0.7 µg/fish; named high, medium and low treatments) during 3 weeks. After that, an
increasing (every 3 weeks) dose of rLH (1, 2 or 6 µg/fish) was combined with the
different rFSH doses.
Three males per treatment were sacrificed every 3 weeks. External morphometric
parameters (fin color and eye index, EI) were noted. Fish and testis were weighed to
calculate the GSI. Blood samples were taken and plasma levels of 11-ketosterone
(11KT) and T were determined by commercial ELISA kits. A portion of testis was
collected for its inclusion in 10% formalin buffered at pH 7.4 for histological
determination of the stage of testis development. Histology were done following the
protocol of [11], where a s
haematoxylin and eosin.
When possible, sperm was collected by abdominal pressure one week after hormone
administrations. Volume and density were noted, and motility was assessed in
triplicate using phase-contrast microscope, video-camera (60 fps) and a computerassisted sperm analysis (CASA) software (ISAS, Proiser R+D, S.L., Paterna, Spain).
Results and Discussion

The administration of rFSH alone was enough to initiate the spermatogenesis (week
3), inducing dark coloration of the fins, increased T levels and EI (Fig. 1A), and
promote testis development until the SPG2 stage in fish reared in the high rFSH
group (Table 1). However, no differences were observed in GSI. Higher 11KT values
were observed in the high rFSH group relative to the lower doses, which did not
show significant increases throughout the treatment.
Table 1. Distribution of stages of testis development reached by the different males through the
samplings (weeks 3-12) in the three experimental grou
) Medium
2; SPC1: Spermatocyte 1; SPC2: Spermatocyte 2; SD: Spermatid; SPZ1: Spermatozoa 1;
SPZ2: Spermatozoa 2.
SPG1 SPG2 SPC1 SPC2 SD SPZ1 SPZ2

rFSH +
W12
6µg rLH/fish
rFSH +
2µg rLH/fish

W9

rFSH +
1µg rLH/fish

W6

rFSH

W3
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The rLH administration promoted (week 6) additional maturation to the SPC2 stage in
medium and high experimental groups, but no gonadal progression was observed in
the low group. Only the high group showed darker fins relative to previous weeks.
Similar maximum T levels were achieved in all the experimental groups. However,
the highest 11KT values were observed in the rFSH high group (Fig. 1C).
A second increase of rLH (week 9) induced further maturation to SD-SPZ1 and SPC1
stages in the high and low groups, respectively. The medium group showed no
further maturation (staying at the SPC1-2 stages), although the fish registered higher
EI and darker fins. Here (week 9) the Low group fishes showed a significant increase
of EI in comparison with untreated fish, for the first time. Additionally, none of the
groups showed significant GSI increases. The highest dose of rLH (week 12) was
necessary to mature fish to the most advanced stage (SPZ2), which also was the
dose that caused the highest values of EI and the darkest fin colour. The GSI
increased gradually during the treatment however, did not show significant increase
before this point in any of the experimental groups. GSI increase was especially
pronounced in the fish receiving the high rFSH treatment. A progressive 11KT (high
group) and T (all treatments) decrease was observed from week 9 to week 12, but
without significant differences in respect to week 6.
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Figure 1. Sperm parameters throughout the FSH/LH treatments: A) Eye index; B) Sperm
volume; C) 11KT plasma levels; D) Total motility. Different letters indicate differences during the
treatment and asterisk indicates differences between treatments.

th

th

The sperm production in high, medium and low experimental groups started at 8 , 9
th
and 10 weeks, respectively (Fig. 1B). Although the sperm quality was variable, the
fish treated with the highest rFSH dose and progressive increase of rLH yielded the

9

spermatozoa/ml and volumes of approximately 0.4 ml (Fig. 1D).
By the first time in teleosts, specific recombinant gonadotropins have produced good
quality sperm, demonstrating that the half-life of these recombinant gonadotropins is
long enough to induce in vivo effects. The group treated with the highest rFSH and
increasing doses of rLH provided the best sperm quality samples. However, ~20% of
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non-responders were registered and the sperm quality was variable. Therefore,
further experiments combining these recombinant hormones are required to improve
the hormonal treatments.
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CHARACTERIZATION OF NUCLEAR AND MEMBRANE PROGESTIN
RECEPTORS IN EUROPEAN EEL, AND THEIR EXPRESSION IN VIVO
THROUGHOUT SPERMATOGENESIS
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-dihydroxy-4-pregnen-3-one (DHP)
-trihydroxy-4-pregnen-3ported in the
regulation of spermatogenesis. Two mechanisms of action can mediate the progestins
action: the classic genomic mechanism of steroid action relatively slow involving nuclear
receptors (nPRs or Pgrs), members of the nuclear steroid receptor superfamily; and the
non-genomic, rapid activation of intracellular signal transduction pathways, mediated by
the membrane progestin receptors (mPRs), members of the progestin and adipoQ
receptor (PAQR) family.
We characterized and studied the mRNA expression of two nuclear progestin receptors
mPRAL1, mPRAL2) in brain, pituitary and gonads for the first time in a teleost, the
European eel.
mPR phylogeny placed three eel mPRs together wit
-like1) and mPRAL2 (alpha-like2). The two other eel mPRs (i.e.:
representatives.
In vivo studies of mRNA expression throughout spermatogenesis suggest that
progestins exert their actions in the eel brain and pituitary by both nPRs and mPRs. In
the induction of meiosis, whereas mPRa, mPRAL1 and mPRAL2 seems to be involved
on the process of final sperm maturation.

Introduction

In all vertebrates, progestins have a crucial function in gametogenesis. It is known
that in male fish two progestins: 17alpha,20beta-dihydroxy-4-pregnen-3-one (DHP)
and/or 17 ,20 ,21-trihydroxy-4-pregnen-3-inducing
steroids (MIS), mediating the process of sperm maturation and spermiation (1). In
Japanese and European eels, DHP has been proposed to be an essential factor for
the meiosis initiation at the beginning of spermatogenesis (2). Progestins can diffuse
through the cell membranes (3) and bind to nuclear progestin receptors (nPRs or
Pgrs). Receptor activation leads to modulation of gene transcription and translation
activity (4), resulting in a relatively slow biological response. However, many
progestin actions are non-genomic, and involve rapid activation of intracellular signal
transduction pathways mediated by membrane progestin receptors (mPRs). The
mPRs are 7-transmembrane receptors coupled to G-proteins, but they do not belong
to the G protein coupled receptor (GPCR) superfamily. Instead, they are members of
the progestin and adipoQ receptor (PAQR) family (5).
The European eel has complex life cycle, with a blockade of sexual maturation as
long as the reproductive oceanic migration is not performed. Together with its
phylogenetical position, branching at the basis of the teleosts (6), the eel is a perfect
model to study the ancestral regulatory functions which are controlling reproduction.
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In this study, two nuclear progestin receptors (pgr1, pgr2) were characterized in the
European eel, and five membrane progestin receptors
) were characterized both in the European and Japanese eel.
Phylogenetic analyses were performed for both nuclear and membrane progestin
receptors. Also, the expression profiles of the European eel nuclear and membrane
progestin receptors were quantified in the brain, pituitary and testis through
spermatogenesis for the first time in a teleost.
Materials and Methods

One hundred European eel males (mean body weight 100±6 g) were gradually
acclimatized during one week to sea water (37±0.3‰ of salinity) and kept at 20 °C
during the whole experimental period. Once a week they were weighed and injected
with human chorionic gonadotropin (hCG; 1.5 IU g fish; Profasi, Serono, Italy)
during 8 weeks (7), to induce the eel sexual maturation. 5-8 eels were sacrificed
before hCG treatment, and later each week (W1-8) through the hormonal treatment.
Testicular tissue samples were collected for histological analysis. Samples of brain,
pituitary and testis were collected for qPCR analyses, and blood samples were
collected for the analysis of DHP plasma levels. Histological analysis was performed
as described by Morini et al. (8). Stages were classified as described by Morini et al.
(9). Total RNA of testis, brain parts and pituitary were isolated and purified, and
reverse transcripts were obtained as described by Peñaranda et al. (10). The
quantitative real-time Polymerase Chain Reactions (qPCR) were carried out as
described by Morini et al. (9) to determine the expression of each nPR and mPR
gene, using specific European eel progestin receptor qPCR primers (7) and the
Acidic ribosomal phosphoprotein P0 (ARP) as reference gene (11). Plasma
concentrations of DHP were measured by mean of radioimmunoassay. Progestin
receptor sequences were retrieved as described by Morini et al. (9). Phylogenetic
analyses of both mPRs and nPRs are performed as described by Morini et al. (9).
Results and Discussion

One pgr locus is present in vertebrates, only the goldfish (C. auratus) (BAO48148,
BAO48149, NCBI), the frog Xenopus (12), and both Japanese and European eels
exhibit two PGRs. According the phylogenetic analyses, the frog and the goldfish
PGRs may come from species specific duplication while the eel PGRs may come
from the third round of whole genome duplication which occurred in early teleosts.
Phylogenetic analyses were performed in order to determine the relationship of eel
mPRs characterized. The resulting tree clustered the five eel mPRs in 3 groups:
-like1), mPRAL2 (alpha-like2) clustered with the vertebrate
respectively.
The present study is the first to report mRNA expression of five membrane and two
nuclear PRs through spermatogenesis in fish. In the brain and pituitary, mRNAs for
all five mPR subtypes were constantly expressed during spermatogenesis.
,
mPRAL1 and mPRAL2 showed low expression in all the brain parts and the pituitary,
expression. The presence of eel mPRs in the brain and pituitary regions may suggest
a possible progestins control of functions in reproduction through a negative
feedback of progesterone on GnRH secretion; however further research is required
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to elucidate the specific signalling roles of mPRs in the eel brain and pituitary.
Concerning the nPRs, both nPRs in the pituitary were upregulated throughout the
induced-hCG maturation, showing higher expression from spermatocyte stage to
spermatozoa stage, which correspond to stages from meiosis to full spermiation.
Only pgr1 mRNA expression increased in all the brain parts through
spermatogenesis, corresponding with the plasma levels of DHP found in the
European eel, which significantly increased during the spermatogenesis. These
results highlight the implication of these nPRs controlling the spermatogenesis
process; Pgr1 would be involved in the reception of DHP signal in the brain, while
both Pgr1 and Pgr2 would receive the DHP signal in the pituitary, in order to regulate
the spermatogenesis from meiosis to final sperm maturation.
In the testis, the three mPRalpha/alphathe same expression pattern, increasing until the spermatozoa stage. This
expression pattern agree with the increase of eel DHP plasma levels from
spermatocyte to spermatozoa stage (not shown), suggesting an implication of these
receptors on the regulation of the final stage of spermatogenesis in the testis,
high expression in the testis during the spermatogonia stage, and showing a fast
decrease onwards, until spermatozoa stage. According to Miura et al. (2), DHP plays
an important role on the initiation of the meiosis and on further spermatogenesis.
From the pattern of in vivo expression of the different receptors through
and pgr2 could be involved on mediating DHP effects on early spermatogenic stages.
In conclusion, we have performed the most complete description of progestin
receptors in the eel, and likely in any teleost species. Two nPR and five mPR genes
were identified in the genome of European and Japanese eel. All nuclear and
membrane PRs were present in tissues of the BPG axis, likely involved in the eel
reproductive system. Nuclear and membrane receptors seem to play different roles in
reproduction. pgr1 could be involved in the reception of DHP signal in the brain, while
both pgr1 and pgr2 would receive the DHP signal in the pituitary, in order to regulate
spermatogenesis. On the other hand, in testis, the membrane receptors mPRa,
mPRAL1 and mPRAL2 seem to be involved in sperm maturation, while
and
could be involved in the process of meiosis.
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EXPRESSION OF NUCLEAR AND MEMBRANE ESTROGEN RECEPTORS IN
THE EUROPEAN EEL THROUGH THE SPERMATOGENESIS
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Estrogens can bind to nuclear estrogen receptors (ER) or membrane estrogen
receptors (GPR30 or GPER). For the first time in a teleost, we analysed the expression
of 3 nuclear ERs (ESR1, ESR2a, ESR2b) and 2 GPERs (GPERa, GPERb) in the brainpituitary-gonad (BPG) axis, through the spermatogenesis. The expression of eel
estrogen receptors resulted being tissue-specific (with different patterns in brain,
pituitary and testis), as well as phase-specific through the testis development. Testes
nuclear ERs seem to play a role in the spermatogonia renewal, while testes GPERs
seem to be involved in final spermatogenesis. The change of water salinity induced an
increase in the ERs expression along the BPG axis, together with the GPERs in
pituitary and an increase of estradiol (E2) plasma levels, suggesting an osmolality effect
on the expression of reproductive genes along the BPG axis.

Introduction

Estrogens are small lipophilic steroid hormones, which play significant roles in the
control of spermatogenesis. The sex steroid estrogens can bind nuclear receptors
(ER) or membrane receptors (GPR30 or GPER) to elicit a slow genomic action by
modulating the gene transcription and translation activity, or a rapid, non-genomic
activation of intracellular signal transduction pathways. The nuclear ER includes
ESR1 and ESR2, with at least three distinct subtypes, ESR1, ESR2a and ESR2b in
the teleosts species (1). Two membrane GPERs are present in most teleosts, and
are called GPERa and GPERb (2).
Due to their phylogenetical position, branching at the base of teleosts, and their
complex life cycle, with a blockage in pre-puberty until its oceanic migration, the
European eel (A. anguilla) is a powerful model to understand the ancestral regulatory
functions of reproduction in teleosts, the largest group of vertebrates. In this study,
we measured for the first time in a teleost the expression in vivo of the three nuclear
and two membrane estrogen receptors simultaneously in the tissues of the BPG axis,
through the spermatogenesis.
Materials and Methods

One hundred European eel males (BW 100±6 g) were gradually acclimatized during
one week to sea water (37±0.3‰ of salinity) and kept at 20 °C during the experiment.
Once a week they were weighed and injected with human chorionic gonadotropin
(hCG; 1.5 IU g fish) during 8 weeks (3), to induce the sex maturation. Groups of 5-8
eels were sacrificed in freshwater (FW) and sea water (SW) conditions (before hCG
treatment), and later each week through the hormonal treatment. Testis samples
were collected for histological analysis. Brain, pituitary and testis samples were
collected for qPCR analyses, and blood samples for the analysis of E2 plasma levels.
Histological analysis was performed as described by Morini et al. (4). The stages
were classified as described by Morini et al. (5). Total RNA of testis, brain parts and
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pituitary were isolated and purified, and reverse transcripts were obtained as
described by Peñaranda et al. (6). The qPCRs were carried out as described by
Morini et al. (5) to determine the expression of each gene, using specific European
eel estrogen receptor qPCR primers (2) and ARP as reference gene (7). Plasma
concentrations of E2 were measured by RIA.
Results and Discussion

Before hormonal treatment, E2 plasma level of immature European eels showed a
sharp increase with the change of FW to SW condition, suggesting an effect of the
salinity on the steroidogenesis. These results agree with previous studies where the
increase of salinity augmented E2 plasma levels in hypophysectomized or intact silver
European eel (8), suggesting that the transfer to SW modulate the E2 level, through
an extra-pituitary mechanism. These results can be explained by the catadromous
life cycle of European eel, which must respond to salinity changes, attending to its
reproductive migration. Furthermore, the change to SW induced an increase of the 3
nuclear ERs expression in all the tissues of the BPG axis, as well as GPERa and
GPERb in the pituitary, and seem to be induced by the E2 increase in the plasma.
In the pituitary, the nuclear ERs expression remained stable or decreased until the
end of the testis development. The up-regulation of ESR1 observed in European (2)
and Japanese (9) eel females is missing in the male eel. In the brain, the nuclear
ERs expression remained stable during the maturation, except in the mes/diencephalon, where the 3 nuclear ERs expression increased until the spermatozoa
stage. In the female European eel, only ESR1 increased in the forebrain with the
maturation (2), suggesting a different regulation of the nuclear ERs between male
and female eels. The up-regulation by E2 of ESR1 suggested in female brain
Japanese eel (9) probably also occurs in the males, inducing an up-regulation of the
3 nuclear receptors.
In the testis, nuclear ERs are highly expressed at Spermatogonia A (SPGA) stage,
then sharply decreased in Spermatogonia B/Spermatocytes (SPGB/SPC) stage, and
remain very low expressed until the end of the spermatogenesis. In the Japanese
eel, Miura et al. (10) showed that E2 plays an important role in spermatogonial
renewal. The very high expression of all nuclear ERs at SPGA stage that we found is
in accordance with the proposed role of estrogens as a spermatogonial renewal
factor. In the European eel, the parallel regulation of the 3 nuclear ERs suggests that
the E2 role as a spermatogonial renewal factor is mediated by ESR1, ESR2a and
ESR2b.
Concerning the membrane estrogen receptors, GPERs are low expressed at SPGA
stage, and progressively increased until the end of the spermatogenesis. These
results suggest a potential role of both GPERa and GPERb in the final sperm
maturation process, after the action of nuclear ERs.
In conclusion, the nuclear ERs in the testis and in the neuroendocrine system, as
well as the membrane GPERs in the pituitary, seems to play a critical role in the eel
osmoregulation. Testes nuclear ERs are likely to play a role in the spermatogonia
renewal, while testes GPERs seems to be involved on the final spermatogenesis.
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