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Abstract Potamodromous teleosts that require

migration to reproduce show dysfunctions that block

ovulation and spawning while in captivity. To under-

stand the physiological basis of these reproductive

dysfunctions, follicle-stimulating hormone b subunit

(fshb) and luteinizing hormone b subunit (lhb) gene

expression analyses by real-time quantitative PCR,

together with measurements of estradiol (E2), 17a-
hydroxyprogesterone (17a-OHP) and 17a,20b-dihy-
droxy-4-pregnen-3-one (17a,20b-DHP) levels, were

carried out throughout the reproductive cycle of the

potamodromous Salminus hilarii. The following

reproductive stages were evaluated in captive and

wild females: previtellogenic (PV), advanced matura-

tion/mature (AM) and regression/spent (REG/

SPENT). In the wild females, fshb expression

decreased from the PV to the AM stage, and the

opposite pattern was detected for E2, which increased

from the PV to the AM stage. fshb was expressed at

lower levels in captive than in wild females, and this

difference did not change during the reproductive

cycle. lhb expression also increased from the PV to the

AM stage in both groups, but the wild females at the

AM and REG/SPENT stages showed higher lhb

expression levels than the captive females. The

concentrations of 17a-OHP did not change during

the reproductive cycle, and the levels were higher in

the captive than in the wild females at all reproductive

stages. 17a,20b-DHP levels did not change between

wild and captive females. However, in captive

females, the transition from PV to AM stage was

followed by an increase in 17a,20b-DHP levels. These
data indicate that dysfunctions in the gonadotropins

and steroids synthesis pathways cause the ovulation

failure in captive S. hilarii.
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Introduction

The physiological control of fish reproduction is

dependent on the species’ reproductive strategy, the

synchrony of oocyte development and the spawning

frequency (Rocha and Rocha 2006). The impediment

of reproductive migration by natural or human inter-

ference prevents females from ovulating and,
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consequently, spawning. Zohar and Mylonas (2001)

and Mylonas et al. (2010) have stated that an

impediment of reproductive migration is the most

common reproductive dysfunction in fish, which

involves the completion of vitellogenesis but a failure

of vitellogenic oocytes to undergo final oocyte mat-

uration (FOM). Methods for hormonal manipulation

that interfere with the hypothalamic–pituitary–go-

nadal (HPG) axis are necessary to reach the final

maturation and ovulation for artificial reproduction in

fish.

A variety of hormones in the HPG axis have been

successfully used to induce the final maturation of fish

gonads, but the effects of confinement on the

endocrine system that ultimately block FOM are still

unclear (Zohar and Mylonas 2001). Hypophysation is

a common method to induce spawning in rheophilic

fish (von Ihering 1937; Fontenele 1955) and has been

used extensively for fingerling production in fish

farming (Zohar and Mylonas 2001). Currently, many

other methods are also applied, such as gonadotropin-

releasing hormone (GnRH) delivery systems (My-

lonas and Zohar 2001; Marino et al. 2003) and

treatment with human chorionic gonadotropin (hCG)

either alone (Zohar and Mylonas 2001) or in combi-

nation with pituitary extracts (Leonardo et al. 2004;

Caneppele et al. 2009).

Follicle-stimulating hormone (FSH) and luteinizing

hormone (LH), which are glycoproteins produced by

adenohypophyseal cells, have a shared a subunit and a

specific b subunit (Levavi-Sivan et al. 2010). The

expression patterns of these gonadotropins (GtHs)

during the reproductive cycle of teleosts varies accord-

ing to the ovarian development and, consequently,

spawning frequency, which directly influences the

pattern of gonadal steroid production. High levels of

FSH b subunit (fshb) gene expression in teleost species

are related to the beginning of the reproductive cycle,

i.e., the early stages of gametogenesis, while LH b

subunit (lhb) gene expression is higher at the end of the

reproductive cycle,mainly during ovulation and spawn-

ing (Levavi-Sivan et al. 2010).

After synthesization, GtHs undergo a fast release

and activate gonadotropin receptors present in the

ovarian follicular cells (Maruska et al. 2011). The

activation of such membrane receptors by these

glycoproteins triggers the follicular steroidogenesis

(Young et al. 2005). The primary sex steroids

produced by teleost ovaries are 17b-estradiol (E2),

testosterone (T), 17a-hydroxyprogesterone (17a-
OHP) and 17a,20b-dihydroxy-4-pregnen-3-one
(17a,20b-DHP). During the vitellogenic stage of

oocyte development, E2 is produced in the follicular

layers. Then, it acts through nuclear estrogen receptor

(ER) signaling, which stimulates hepatocytes to

synthesize vitellogenin (Vtg) for release into the

bloodstream. Vitellogenin (Vtg) is a phospholipogly-

coprotein that is incorporated into oocytes during

vitellogenesis. At the final maturation stage, there is a

shift in the steroidogenic pathway, from E2 to 17a-
OHP. Accordingly, progestogens are the main gonadal

steroids that are produced to stimulate FOM, ovulation

and spawning (Lubzens et al. 2010).

Factors influencing the success of fish reproduction

are the synthesis and secretion rates of GtHs and

gonadal steroids (Zohar and Mylonas 2001). There-

fore, analyzing the expression pattern of these glyco-

proteins and steroids during the reproductive cycle is

the first step in understanding the reproductive process

and evaluating whether the dysfunction during the

reproduction cycle of certain Neotropical fish species

is due to any impairment in GtH synthesis or release.

The Neotropical Salminus hilarii, which is also

known as tabarana, is an important migratory fresh-

water fish, of great ecological importance of the

Brazilian ichthyofauna. This species inhabits the

upper Paraná River basin and the São Francisco,

Tocantins, Alto Amazonas and Alto Orinoco basins

(Mirande 2010), and similar to many freshwater

Neotropical fish, the tabarana has a migratory repro-

ductive behavior and is considered a short distance

migration species (Agostinho et al. 2003). S. hilarii is

a group synchronous (total spawner) species that

spawn from November to February in the upper

regions of the Tietê River in the Alto Tietê River basin

(Honji et al. 2009). These authors observed a lack of

postovulatory follicles and ripe oocytes (with migra-

tion of the nucleus to the periphery of cytoplasm

towards the micropyle) in captive S. hilarii brood-

stock, which produced fewer and larger eggs than wild

animals. These findings clearly showed that an

impediment of migration negatively impacted FOM

in this species, and observations related to the

hormones produced by the HPG axis are considered

important for understanding the possible physiological

causes of the reproduction failure.

Artificial reproduction can be applied for most

potamodromous fish species in captivity using pituitary
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extracts (Baldisserotto and Gomes 2005). This protocol

was also successful for S. hilarii, a potamodromous

species, in which females do not ovulate or spawn

naturally in captivity, although the males do release

sperm (Honji et al. 2011). This fact raises the hypothesis

of dysfunctions in the production of pituitary gonado-

tropins and/or gonadal steroids in the captive females.

Our studies have focused on the changes that occur

in gonadal steroids and the gonadotropin mRNA

expression in wild and captive S. hilarii females

during the reproductive cycle, highlighting this

species as a model to better understand the reproduc-

tive physiology of this species and the impact of a

migration impediment on a potamodromous Neotrop-

ical fish species.

Materials and methods

Fish collection

The S. hilarii wild female broodstock (20 females;

total length: 40.67 ± 2.0 cm; body mass:

843.83 ± 266.0 g) that were used in this study were

caught from April 2004 to August 2006 in the upper

regions of the Tietê River between the towns of Mogi

das Cruzes and Biritiba Mirim, São Paulo State,

Brazil, which is a region of the Alto Tietê basin. This

time period was considered based on the description of

the reproductive cycle established for S. hilarii by

Honji et al. (2009). This region was characterized by

the lotic waters in the main channel of the Tietê River

(23�320S and 46�080W).

The second group of fish (captive), which was also

comprised of 20 animals (total length 35.23 ±

0.86 cm; body mass 534.22 ± 45.47 g), was main-

tained during the same period in two 100 m2 ponds at

the Ponte Nova Fish Farm (23�350S and 45�580W) and

also in the Alto Tietê basin in Salesópolis, São Paulo

State, Brazil. During the experimental period, the

animals in captivity were fed with commercial feed

(40 % crude protein), and both the temperature and

dissolved oxygen level were monitored daily with an

oximeter (model 55; YSI, Yellow Springs, OH).

Additionally, the experimental design, sampling fre-

quency and fish measurements were identical to those

described by Honji et al. (2009).

The females sampled in the river and in captivity

(randomly selected from the ponds) were transported

to the laboratory, anesthetized with tricaine methane-

sulfonate (MS-222; Sigma Diagnostics INS, St. Louis,

MO) (1 gMS-222 per 10 l water) and neutralized with

sodium bicarbonate (1 g per 10 l water). Blood

samples were collected by a puncture of the caudal

blood vessels using a heparinized syringe, and the

blood was centrifuged for 5 min at 655.1 9 g. The

obtained plasma was frozen and kept at -80 �C until

steroid analysis.

Animals were killed by decapitation at the level of

the operculum (according to the Institutional Animal

Care Protocols—CEMEA approval 0.28.04), and the

pituitaries were collected, frozen in liquid nitrogen

and kept at -80 �C until RNA extraction. Following

this procedure, the animals were dissected, and the

ovaries were removed and weighed to the nearest

decigram. Both the gonadosomatic index (GSI), which

is expressed as the percentage of body weight as

related to the ovaries [GSI = (gonad weight/total

weight) 9 100] (Vazzoler 1996), and the histological

results were used to determine the maturity stage.

The pattern of oocyte development in wild and

captivity S. hilarii females was previously described

by Honji et al. (2009) and adjusted herein in three

stages: previtellogenic (PV), advanced maturation

(AM) and regression/spent (REG/SPENT). Addition-

ally, the oocyte development classification presented

herein is accordingly by França et al. (2010) and

Quagio-Grassiotto et al. (2011, 2014), based on the

cellular events that drive oocyte development in the

Ostariophysi group.

To confirm the maturation stage of the gonads, the

ovaries were fixed in Bouin’s solution for 24 h,

dehydrated in ethanol, cleared in dimethylbenzene

and embedded in Paraplast (Erviegas, São Paulo,

Brazil). Ovary sections (5 lm thick) were stained with

hematoxylin–eosin, examined and documented using

a computerized image analyzer (Leica DM1000 light

microscope, Leica DFC 295 camera, and computer

image capture, Leica Application Suite Professional,

LAS v3.6). Histological methods were previously

described by Honji et al. (2009).

Steroid analysis

The plasma levels of 17b-estradiol (E2), 17a-hydrox-
yprogesterone (17a-OHP) and 17a, 20b-dihydroxy-4-
pregnen-3-one (17a,20b-DHP) were quantified by an

enzyme-linked immunosorbent assay (ELISA)
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(Diagnostic Systems Laboratories, DSL, Inc., Texas,

USA, for E2 and 17a-OHP and Cayman Chemical

Company, Michigan, USA, for 17a,20b-DHP). The
absorbance measurements were performed in a

microplate reader (Tecan Sunrise, NC, USA).

Analyses were carried out strictly following the

manufacturer’s instructions, and a standard curve was

run for each ELISA plate. Also, pilot assays using three

different dilutions of three samples were carried out in

order to establish the appropriate working dilutions.

Additionally, plasma samples were run in duplicate,

and validations of kits were determined by calculating

the intra- and inter-assay coefficients of variation (%

CV). The acceptable limit for the intra- and inter-assay

%CVwasB20.0 (Sink et al. 2008). The detection limit

of the assay was 10 pg/ml for E2, 15 pg/ml for

17a,20b-DHP and 50 pg/ml for 17a-OHP. Plasma

validation for S. hilarii was assessed by computing

intra- and inter-assay coefficients of variation (CVs)

that were (minimum–maximum) 0.69–14.76 and

3.32–16.54 % for E2; 1.50–16.80 and 2.92–18.97 %

for 17a-OHP; and 2.30–15.10 and 1.47–16.25 % for

17a,20b-DHP.

Total RNA isolation and reverse transcription

Total RNA from S. hilarii pituitaries was extracted

using the SV Total RNA Isolation System (Promega)

according to the manufacturer’s instructions. The

RNA pellet was dissolved in DEPC-treated water and

quantified by its absorbance at OD260/OD280. The

quality of the RNA preparation was analyzed by

electrophoresis on a 2.0 % agarose gel. Total RNA

(1 lg) from each sample was reverse transcribed in the

presence of the enzyme RT-MMLV (Invitrogen Life

Technologies) and an RNase inhibitor (RNaseOUT,

Invitrogen Life Technologies) according to the man-

ufacturer’s instructions.

Polymerase chain reaction, cloning and sequence

analysis

The polymerase chain reaction (PCR) for amplifica-

tion of the fshb subunit cDNA from S. hilarii was

performed using degenerated primers, which were

based on the nucleotide sequences of Clarias gariepi-

nus (Vischer et al. 2003) and Cyprinus carpio (Chang

et al. 1992), and the PCR for lhb used degenerated

primers that were based on the nucleotide sequence

described by Parhar et al. (2003) (Table 1).

The PCR products were separated on a 2.0 %

agarose gel, and the desired size of the bands was

approximately 220 bp for both fshb and lhb. The

amplified fragments of each gene were ligated into the

pGEM-T-Easy plasmid (Promega Co., Madison, WI)

and transformed into competent Escherichia coli

DH5a cells (Invitrogen Life Technologies). Single

colonies of cells that were grown on LB plates were

selected, and the plasmidic DNA was extracted by

alkaline lysis using the QIAprep Spin Miniprep Kit

(Qiagen, Germany) and digested with the restriction

enzyme EcoRI (Fermentas Life Science) according to

the manufacturer’s instructions. The sizes of the

inserts were checked by electrophoresis using a 1 %

agarose gel with 10 % ethidium bromide and visual-

ized in a UV transilluminator (Bio-Rad Gel-Doc-1000

Darkroom Documentation System).

Strands were sequenced with an ABI 3100

sequencer (Applied Biosystems) using the T7 or SP6

primers and the BigDye Terminator v3.1 Cycle

Sequencing Kit (Applied Biosystems) according to

the manufacturer’s instructions. Nucleotide sequences

were identified by the NCBI BLASTx program

(GenBank, NCBI).

qPCR

The fshb and lhb mRNA levels in the pituitary glands

of wild and captive females at different maturation

stages were determined by qPCR. Specific primers

were designed for qPCR (Table 2) at internal regions

of the fshb and lhb partial sequences obtained for S.

hilarii. Quantification and amplification were per-

formed with 12.5 ll of Platinum SYBR�Green qPCR

SuperMix-UDG (Invitrogen Life Technologies),

Table 1 Primers used to isolate the cDNA of S. hilarii fshb

and lhb subunit for PCR analysis

Gene Primer Sequence

fshb Sense 50 ATGGCRGGRTCAGAATGCAG 30

Antisense 30 GTAGTAGGCGTGTGTGTGGC 50

lhb Sense 50 GCTCAAAGCTACMTTCTGNC 30

Antisense 30 ACTCTCTCTGTGTCATRCAG 50

Group codes used: M = A ? C; N = A ? C ? T ? G;

R = A ? G
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0.5 ll of each primer [10 lM] (sense and antisense)

and 1 ll of cDNA, with water added to obtain a final

volume of 25 ll. The samples were amplified using an

iCycler iQ thermocycler (Bio-Rad) with the following

conditions: 50 �C (2 min), 95 �C (1 min), 40 cycles at

95 �C (15 s) and 60 �C (30 s). For the melting curve,

the temperature increased from 72 to 95 �C at a rate of

0.5 �C/30 s. For normalization of the cDNA loading,

all samples were run in parallel using the reference

gene elongation factor 1a (Table 2). This gene has

been commonly used as a reference gene in pituitary

research (Varsamos et al. 2006; Tam et al. 2011) and

was the most stable reference gene in validation

experiments (Olsvik et al. 2005; Infante et al. 2008).

The relative mRNA expressions of fshb and lhb were

determined using the 2�ðDCtÞ method. The CVs in the

qPCR assay were (minimum–maximum) 13.5–18.3 %

for FSH and 6.5–14.7 % for LH.

The partial sequences that were obtained in this

work are available in the GenBank: Genetic sequence

database at the National Center for Biotechnical

Information (NCBI) for fshb (GenBank ID:

JQ045707) and for lhb (GenBank ID: JQ045708).

Statistics

The results were expressed as the mean ± SEM

(standard error of the mean). Comparisons between

wild and captive females and among the maturation

stages of the ovaries within each group were per-

formed by a two-way analysis of variance (ANOVA),

followed by the all pairwise multiple comparison

procedures (Holm–Sidak method) for identification of

statistically distinct groups. The significance level

adopted was 95 % (P\ 0.05). Statistical analyses

were performed using the software SigmaStat for

Windows version 3.10 (Systat Software, San Jose, CA,

USA).

Results

GSI analysis and ovarian maturation stages

After assessing the oocyte development, the matura-

tion stages were identified based on ovarian histolog-

ical analyses of females from both environments. The

classification of maturation stages was: PV stage

(April–August), which comprises the animals before

the beginning of exogenous vitellogenesis (perinucle-

olar and cortical alveolar oocytes in both environ-

ments) (Fig. 1a, b—forwild females, captive females);

AM stage (September–December), which include the

vitellogenic females (showing only vitellogenic

oocytes) for captive females, and vitellogenic females

(vitellogenic oocytes), and also those that showed

vitellogenic oocytes with nuclear migration (for wild

females) (Fig. 1c–f—for wild females, captive

females); and REG/SPENT stage (January–March),

which include the animals that shows atretic oocytes

(in both environments), and forwild females, those that

presented the postovulatory follicles (Fig. 1g–h—for

wild females and Fig. 1i for captive females).

GSI increased from the PV to the AM stage

(P\ 0.001 for both groups), and while the values

were maintained at a similar level at the REG/SPENT

stage in the captive females, they decreased from the

AM to the REG/SPENT stage in the wild females

(P\ 0.001). Thus, captive females had a higher GSI

at the REG/SPENT stage compared to the wild

females (P\ 0.001) (Fig. 2).

Plasma steroids

Plasma E2 concentrations increased from the PV to the

AM stage and decreased in the REG/SPENT stage in

wild females (P = 0.004) but was not altered in

captive females throughout the reproductive cycle

(Fig. 3a). When comparing the same reproductive

stage in both environments, the data showed that

captive females presented lower plasma E2 concen-

trations than the wild females in AM stage

(P = 0.004) (Fig. 3a).

The plasma 17a-OHP concentrations were not

altered during the reproductive cycle in either the

captive or wild animals (P = 0.8989 and P = 0.069,

respectively) (Fig. 3b). However, the captive females

presented higher plasma 17a-OHP concentrations

than the wild females throughout the reproductive

Table 2 Primers used for qRT-PCR gene expression analysis

Gene Primer Sequence

fshb Sense 50 TTCAGGGAGTGGACGTATGAG 30

Antisense 50 CACACGCACTCCCACTACTG 30

lhb Sense 50 TTTCAAACCACCATTTGCAG 30

Antisense 50 CATCCCTATAGGTGCACACG 30

ef1a Sense 50 CCCCTGCAGGACGTCTACAAG 30

Antisense 50 AACACGACCGACGGGTACA 30
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Fig. 1 Micrographs of the ovarian maturation stage of Salmi-

nus hilarii in both groups (wild and captive females). a,
b Previtellogenic stage (PV) [wild females (a); captive females

(b)], showing the perinucleolar oocytes in both groups; c–
f advanced maturation stage (AM) [wild females (c–e); captive
females (f)], showing the vitellogenic oocytes (c) (arrowhead),
and vitellogenic oocyte with nuclear migration (d) (arrowhead),
and details of nuclear migration (e) (arrowhead) to the periphery
of the oocyte cytoplasm (arrow). These characteristics were

observed only in wild females (vitellogenic oocyte with nuclear

migration). Captive females showing only vitellogenic oocytes

(f) (arrowhead) without nuclear migration; g–i regression/spent
stage (REG/SPENT) [wild females (g, h); captive females (i)],
showing the postovulatory follicles (g) (arrowhead) and atretic

oocytes (arrowhead) (h). These characteristics were observed in
wild females (postovulatory follicles). Captive females showing

only atretic oocytes (i) (arrowhead). Hematoxylin–eosin

staining. Bars 300 lm (a–d, f, i); 100 lm (e, g, h)
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cycle (P = 0.029 in the PV stage; P = 0.008 in the

AM stage; and P = 0.004 in the REG/SPENT stage)

(Fig. 3b).

Plasma 17a,20b-DHP levels did not change during

the reproductive cycle in wild females and were also

not different between captive and wild females.

However, in captive females, 17a,20b-DHP increased

from PV to AM stage (P = 0.005) (Fig. 3c).

fshb and lhb mRNA expression

The PV females showed a higher fshb expression than

the AM females from the wild, and the expression

levels subsequently increased at the REG/SPENT

stage (P\ 0.01); however, this profile was not

observed in the captive females (Fig. 4a). Wild

females at the PV and REG/SPENT stages also

showed higher fshb expression levels than the captive

females (P\ 0.001) (Fig. 4a).

The pituitary lhb expression was increased in the

wild and captive females at the AM stage, and the

expression levels were maintained during the REG/

SPENT stage (Fig. 4b). Additionally, the wild females

at the AM and REG/SPENT stages showed higher lhb

expression levels than the captive females (P\ 0.001)

(Fig. 4b).

Discussion

The reproductive cycle based on the morphology of S.

hilarii ovaries (Honji et al. 2009) and the classification

of the stages underwent some modifications to allow a

comparison between the animals from the assessed

environments. Based on the histological analyses, the

morphology of the ovaries was similar between the

two groups (wild and captive females), with difference

only at the final maturation stage of oocyte and

postovulatory follicles in wild animals. This corrob-

orates previous findings that S. hilarii is a group

synchronous species, with total spawn and a marked

seasonality in the ovarian development (Honji et al.

Fig. 2 Gonadosomatic index (%) during the reproductive cycle

of wild and captive Salminus hilarii females. Data are presented

as the mean ± standard error of the mean (mean ± SEM).

Values followed by capital letters (A, B) are significantly

different between the environments, and small letters (a,

b) indicate significantly different mean values among the

maturation stages (P\ 0.05)

Fig. 3 Plasma sex steroids levels in wild and captive Salminus

hilarii females during the reproductive cycle. a Plasma 17b-
estradiol (E2). b Plasma 17a-hydroxyprogesterone (17a-OHP).
c Plasma 17a,20b-dihydroxy-4-pregnen-3-one (17a,20b-DHP).
Data are presented as the mean ± standard error of the mean

(mean ± SEM). Values followed by capital letters (A, B) are

significantly different between the environments, and small

letters (a, b) indicate significantly different mean values among

the maturation stages (P\ 0.05)
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2009). The specimens from both environments were

grouped into different stages: PV (exogenous vitello-

genesis), AM (vitellogenic oocytes and vitellogenic

oocytes in nuclear migration) and REG/SPENT

(atretic oocytes and postovulatory follicles). This

classification derived from new knowledge about

oocyte development in perciform species from marine

(Grier et al. 2009) and freshwater environments, such

as Ostariophysi, Gymnotus sylvius (França et al.

2010), Pimelodus maculatus (Quagio-Grassiotto

et al. 2011) and Serrasalmus maculatus (Quagio-

Grassiotto et al. 2014).

The analysis of the S. hilarii gonadotropins

revealed the occurrence of two cDNAs encoding fshb

and lhb, which were cloned. Their expression levels

were investigated in the pituitaries of wild and captive

females throughout the reproductive cycle. Firstly,

when PCR amplification of the GtHs cDNA was

performed using degenerated primers of salmon, no

amplification was observed, corroborating the

previous immunohistochemistry (IHC) results (Honji

et al. 2013). IHC test outcomes showed that the

pituitary gonadotropes were weakly immunoreactive

to anti-chum salmon antisera. S. hilarii GtHs cells

were more immunoreactive to b-LH than to b-FSH
antibodies (Honji et al. 2013), and due to lack of strong

positive immunoreactions, the study of GtHs expres-

sion was more appropriate. Furthermore, plasma

estrogens and progestogens (E2, 17a,20b-DHP and

17a-OHP) were also measured. These assessments

allowed an investigation of the changes in the

pituitary–gonadal axis during the reproductive cycle

of wild and captive S. hilarii females.

The fshb and lhb gene sequences have been

extensively studied in many teleost species (Elizur

et al. 1996; Gomez et al. 1999; Jackson et al. 1999;

Saito et al. 2002; Mateos et al. 2003; Kim et al. 2005;

Olsvik et al. 2005; So et al. 2005; Jeng et al. 2007;

Cerdà et al. 2008; Guzmán et al. 2009; Zhou et al.

2010). These assays were reviewed by Levavi-Sivan

et al. (2010). However, investigations in potamodro-

mous, such as Characiformes, which is a large order

comprising approximately 1674 species (Nelson

2006), have not yet been performed. Our results

showed that the expression of the fshb subunit gene in

wild females decreased at the AM stage and increased

at the REG/SPENT stage. However, this pattern was

not observed in the captive females, while the fshb

gene was expressed at the same level during the entire

reproductive cycle. There was a decrease in fshb

expression in wild females at the AM stage. Subse-

quently, an increase occurred in the lhb expression,

which remained throughout the REG/SPENT stage.

The captive females also presented this lhb expression

pattern. In Oncorhynchus mykiss, the fshb expression

also increased in females at the early vitellogenic

stage. Nevertheless, lhbwas markedly increased at the

later stage of vitellogenesis stage and persisted

throughout oocyte maturation and ovulation, corrob-

orating that lhb is a final-stage maturation gonado-

tropin (Gomez et al. 1999).

The same fshb and lhb profile was observed during

the reproductive cycle of Carassius auratus (Yoshiura

et al. 1997), Sebastes schlegeli (Kim et al. 2005),

Gasterosteus aculeatus (Hellquist et al. 2006) and

Micropogonias undulatus (Banerjee and Khan 2008).

In most of these species, the fshb and lhb expression

decreased after the vitellogenic stage. However, this

profile expression was not observed in S. hilarii.

Fig. 4 Pituitary mRNA levels of fshb (a) and lhb (b) subunits in
wild versus captive Salminus hilarii females during the

reproductive cycle, analyzed by qRT-PCR. Levels were

normalized to elongation factor 1a (EF1a) and represented as

the mean ± standard error of the mean (mean ± SEM). Values

followed by capital letters (A, B) are significantly different

between the environments, and small letters (a, b) indicate

significantly different mean values among the maturation stages

(P\ 0.05)
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Furthermore, the fshb plasma levels in O. mykiss

increased immediately after the release of oocytes

from the female body cavity. The FSH levels would

have been maintained if the oocytes had not been

released (Breton et al. 1998).

The captive Senegalese sole broodstock (Solea

senegalensis) exhibited a lower fsh gene expression

during the spawning season compared to the wild

animals (Guzmán et al. 2009). This corroborates the

data on S. hilarii at this time of the reproductive cycle.

The abovementioned authors substantiated that the

higher fsh expression on wild fish suggests an increase

in FSH secretion from the pituitary, which results in

higher levels of this glycoprotein in the bloodstream

(Swanson et al. 2003). However, in S. senegalensis,

the lhb transcript levels were similar in the wild and

captive animals (Guzmán et al. 2009). Therefore, the

dysfunction in ovulation in captive female of S.

senegalensis could be associated with a lack of LH

release into the bloodstream of this species. Mylonas

et al. (2010) also suggested this lack of LH release in

several fish species. Lower fsh expression in S. hilarii

captivity females reflected the lower E2 plasma levels

in these animals, mainly at the AM stage, when

compared to wild animals. Even with lower E2 levels,

oocytes can develop and become vitellogenic.

Notwithstanding, as previously described, the absolute

fecundity in S. hilarii in captivity is lower than in wild

females (Honji et al. 2009). Therefore, the data found

herein suggest that low fsh expression and, conse-

quently, E2 synthesis, can explain a lower oocyte

recruitment in captivity females.

Contrastively, the lhb expression pattern in captive

S. hilarii females was similar to that found in wild

females all through the reproductive cycle. The

expression levels in the wild animals were higher

though. The responsiveness of the gonadotrophs to the

hypothalamic gonadotropin-releasing hormone

(GnRH) is highly dependent on the reproductive

stage. In this case, gonadal steroid hormones can be

the primary modulators of GnRH action on FSH and/

or LH release (Ando and Urano 2005) through

kisspeptin neurons (Oka 2009). In Sparus aurata

captive females, the levels of lhb in the pituitary

increased with the progression of vitellogenesis and

the arrival of the spawning season (Meiri et al. 2004).

However, after completion of vitellogenesis, pituitary

LH reached its maximal levels. Consequently, the LH

level in plasma remained undetectable, and the

oocytes underwent atresia. These findings suggest

that lh expression and release may be affected in

captive females. Differences in the lhb gene expres-

sion can be the result of either a downregulation or an

upregulation of genes in the steroid synthesis pathway,

particularly considering that domestication causes

broad effects on gene expression in fish (Tymchuk

et al. 2009).

During the AM maturation stage, plasma levels of

E2 reached the highest level throughout the wild

female reproductive cycles. The increase in E2 plasma

levels may have contributed to the decrease in fsh

expression at this stage, particularly considering that

estrogen has a negative feedback on fsh gene expres-

sion, as previously described in the literature (Levavi-

Sivan et al. 2010). This pattern could be explained by a

direct action of E2 on fsh gene transcription via

interactions with estrogen receptors (Dickey and

Swanson 1998; Melamed et al. 2000; Mateos et al.

2002; Aroua et al. 2007; Banerjee and Khan 2008). It

could also be ascribable to the presence of estrogen

receptors in the gonadotrophs (Banerjee and Khan

2008; Levavi-Sivan et al. 2010). In captive females,

the small amount of E2 concentration was sufficient to

promote vitellogenesis, which was confirmed by the

high GSI values that were reached at the AM stage.

Analyzing both the lhb mRNA expression and the

17a,20b-DHP plasma levels, the data suggest that

even when low levels of lhb are expressed, the

concentration of 17a,20b-DHP in captive females

compared to wild animals did not change. Thus, the

lack of ovulation in S. hilarii captive females cannot

be related only to dysfunctions in lhb synthesis and/or

a modulation of progestogen production by gonado-

tropin. This assay results suggest that ovulation

dysfunctions, which are common in captive fish, do

not necessarily have a common physiological basis. In

most teleost species, the ovulation dysfunction in

captivity is attributed to the lack of LH release from

the pituitary cells (Mylonas and Zohar 2001). How-

ever, this premise does not apply to the potamodro-

mous S. hilarii, due to the lack of investigation of

plasma LH in this species. The data acquired with this

work revealed that genetic disturbances affecting

different components of the pituitary–gonadal axis

appear to influence the fshb and lhb gene expressions,

as well as the steroidogenic pathway. Furthermore, we

emphasize that there are differences in the synthesis

and release of fshb and lhb correlation patterns.
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Therefore, we cannot address the role of dysfunctions

only focusing on the alteration in the synthesis rate of

those GtHs.

Despite the lack of measurements of GtH plasma

levels in Characiformes species, Maruska et al. (2011)

substantiated that pituitary gonadotropin mRNA

levels in Astatotilapia burtoni (Perciformes) correlate

positively to the plasma levels of these glycoproteins.

Therefore, GtHs hormones are quickly released after

synthesis. It is also known through extensive data

analyses that GtHs are potential regulators of steroid

synthesis (Blázquez et al. 1998; Zohar and Mylonas,

2001; Mylonas et al. 2010). This study enabled the

observation of both the full regulation of the HPG axis

and data on the GtHs gene expression and plasma

steroids. These data, along with the previously pub-

lished knowledge of oocyte development and fecun-

dity (Honji et al. 2009), must be interpreted as a whole

to solve the puzzle of reproductive dysfunction in

females of S. hilarii in captivity.

This study constitutes the first approach to gonado-

tropin expression in a potamodromous fish. The results

of this investigation will be useful in guiding more

specific studies on induction protocols for the repro-

duction of S. hilarii, a target species for conservation

actions in the Alto Tietê River basin. The development

of spawning protocols requires thorough consideration

of the complex function of the HPG axis, which

includes the positive and negative feedback, which

regulates hormone production (Dickey and Swanson

1998). Other HPG axis relevant functions are the key

enzymes of the steroidogenic pathway (Tanaka et al.

2002; Sreenivasulu and Senthilkumaran 2009), the

interrelation between the HPG axis and the hypotha-

lamic–pituitary–interrenal axis (Milla et al. 2009), the

interference of other peptides on gonadotropin expres-

sion, such as activins, follistatins and inhibins (Petrino

et al. 2007; Aroua et al. 2012) and also the maturation

promoting factor (MPF) (Nagahama and Yamashita

2008).

In conclusion, the fshb and lhb subunits are

differentially expressed in wild and captive S. hilarii

and could explain the success obtained by the

hypophysation method that has been used for the

assessment of this (Honji et al. 2011) and other

potamodromous species applying artificial reproduc-

tion protocols. Additionally, plasma levels of E2 and

17a-OHP, which are the main steroids produced by

fish ovaries, are also differentially produced when

reproductive migration is blocked. The development

of immunoassays to measure plasma gonadotropins in

Characiformes can be useful for determining the

mechanisms underlying the dysfunction of the pitu-

itary–gonadal axis in Neotropical migratory fish

species in captivity. Finally, understanding the expres-

sion pattern of hormones in the HPG axis and the

enzymes involved in the steroidogenic pathway will

help improve the artificial reproduction methods,

which are essential to successful fish farming of

potamodromous migratory fish species.
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