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ABSTRACT

The aim of this study was to identify and characterize pituitary cells of
Steindachneridion parahybae females in captivity, highlighting the possible
relationship with reproductive disorders at this level, since this species shows
oocyte final maturation, ovulation and spawning dysfunction in captivity. The
localization and distribution of growth hormone (GH), prolactin (PRL), soma-
tolactin (SL), B-luteinizing hormone (B-LH), and B-follicle stimulating hor-
mone (B-FSH) immunoreactive (-ir) cells in the adenohypophysis was studied
by immunohistochemical and Western blot methods. In addition, cellular
morphometric analyses and semi-quantification of ir-cells optical density
(OD) during the annual reproductive cycle and after artificial induced spawn-
ing (AIS) were performed. Results showed that the distribution and general
localization of pituitary cell types were similar to that of other teleost species.
However, the morphometrical study of adenohypophysial cells showed differ-
ences along the reproductive cycle and following AIS. In general, females at
the vitellogenic stage presented greater OD values for GH, PRL and SL than
at other maturation stages (previtellogenic and regression stages), probably
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indicating an increased cellular activity during this stage. Conversely, B-LH
OD did not vary during the annual reproductive cycle. After AIS, 3-LH, SL
and GH ir-cells showed an increase in OD values suggesting a possible
involvement on oocyte final maturation, ovulation and spawning or a feed-
back control on the brain-pituitary-gonads axis. Reproductive dysfunction in
S. parahybae females in captivity may be due to alteration of the synthesis
pathways of 3-LH. In addition, GH family of hormones could modulate associ-
ated mechanisms that influence the reproductive status in this species. Anat
Rec, 298:1644-1658, 2015. © 2015 Wiley Periodicals, Inc.

Key words: luteinizing hormone; follicle stimulating hormone;
somatolactin hormone; prolactin hormone; growth
hormone; reproductive dysfunction

INTRODUCTION

As shown by Lubzens et al. (2010), one of the major
aims of commercial aquaculture is the production of a
large number of viable eggs, as well as a high production
and survival of fingerlings. However, to obtain viable
gametes in captivity, the control of reproductive function
is essential for sustainability of commercial aquaculture
(Mylonas et al., 2010). The key component regulating
fish reproduction is the endocrine system, primarily
through the brain-pituitary-gonad axis (BPG). Further-
more, a new vision for aquaculture has gradually
emerged from numerous studies, by applying it to the
conservation of endangered fish species.

Fish reproduction in captivity can be modulated by
manipulating environmental parameters, such as water
temperature, salinity, photoperiod, social factors, among
others (Zohar and Mylonas, 2001; Fiszbein et al., 2010;
Mylonas et al., 2010; Ramallo et al., 2014). Although
environmental requirements for many commercial fish
today are well understood, the biology of several teleost
species is not as well known. For that reason, sometimes
it can be impractical or even impossible to simulate the
required environmental conditions for natural reproduc-
tion in captivity. In addition, several important commer-
cial fish are almost exclusively collected from the
natural environment and transferred to captivity for
broodstock maintenance and rearing. However, after
their transference to fish farms, many species exhibit
some form of reproductive dysfunction that force the use
of exogenous hormones for successful reproduction
(Zohar and Mylonas, 2001; Mylonas et al., 2010).

Generally speaking, reproductive dysfunctions in
females involve failures in reaching final oocyte matura-
tion, ovulation and/or spawning; and in males they com-
prise low quality or reduced milt production. Several
researches have focused on the BPG axis to understand
these disorders. Reproduction in farmed fish can be
enhanced by the development of strategies which can
modify the synthesis and release of pituitary hormones
(Zohar and Mylonas, 2001; Mylonas et al., 2010; Zohar
et al., 2010). However, manipulation of these hormones
requires accurate identification of their producing cells.
Despite the lack of specific antibodies for accurate iden-
tification of pituitary cell types in Neotropical, non-
salmonid species, immunohistochemical (IHC) studies

with heterologous antisera can be applicable to localize
these pituitary cells, since their specificity and absence
of cross-reactivity can be demonstrated by preadsorption
tests and control assays (Shimizu et al., 2003a, 2003b;
Pandolfi et al., 2005). Some IHC studies on pituitary
cells have shown differences in morphology, size and
optical density (OD) of immunostains associated with
distinct physiological processes (Fiszbein et al., 2010;
Ramallo et al., 2012; Honji et al., 2013a).

The Neotropical catfish Steindachneridion parahybae
is an important migratory (potamodromous) ichthyopha-
gous freshwater fish, endemic to the Paraiba do Sul
River Basin, seriously endangered in this Basin and
regionally extinct in Sao Paulo State (Honji et al.,
2009a). Since 2003 a conservation action has been taking
place involving a fish restocking program run by Com-
panhia Energética de Sao Paulo (CESP), which has sup-
ported researches on S. parahybae biology, mainly on
broodstock management, egg and sperm quality and suc-
cessful larval rearing, to ensure successful controlled
breeding programs.

In the last few years, we have advanced the under-
standing of fundamental aspects of the reproductive
and developmental biology of S. parahybae. For
instance, the protocol for induced spawning of wild
(Caneppele et al.,, 2009) and captive (Honji et al.,
2013b) S. parahybae broodstock (F1) was established,
and the embryonic development and larval stages
(Honji et al., 2012a) and sperm quality of S. parahybae
(Sanches et al., 2013) have been described. These find-
ings demonstrated that reproduction of this species in
captivity is viable; however, it is necessary to improve
broodstock management to enhance fertilization rates
and obtain increased fingerling production for conserva-
tion programs. Unfortunately, the maintenance of S.
parahybae broodstock in captivity is not completely suc-
cessful as females fail to ovulate or spawn naturally
(Caneppele et al., 2009; Honji et al., 2013b). As the
endocrine reproductive regulation of S. parahybae is
poorly understood, these facts highlight the importance
of increasing the knowledge about the endocrine proc-
esses that control reproductive biology in this species
under captivity breeding, since any new insights into
the neural and hormonal processes that control the
BPG axis can be applied in fish farming aimed at
conservation.
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TABLE 1. Biometrical parameters in ovarian maturation stage and after artificial induced to spawning (AIS)

and GSI
Maturation stage N Standard length (cm) Total weight (g) GSI (%)
Previtellogenic 28 35.93 +0.64 698.52 + 29.50 0.40 +0.14*
Vitellogenic 22 34.50 = 0.55 596.66 + 25.35 1.59 +0.24°
Regression 18 33.61 £ 0.46 603.85 +29.97 0.57 +£0.09*
AIS 6 33.07 = 0.09 541.67 +8.08 1.61 +0.14°

Values followed by different letters (a,b) are significantly different during the reproductive maturation stage (P < 0.05).

In this study we performed, for the first time in S.
parahybae adult females, a characterization of gonado-
tropins (GtHs), B-follicle stimulating hormone (B-FSH)
and B-luteinizing hormone (B-LH), and the growth hor-
mone (GH)/prolactin (PRL)/somatolactin (SL) family of
hormones using THC analysis and Western blot (WB).
Morphometric analyses and semi-quantification of
immunoreactive (ir-) cells, along with comparison of
these ir-cells during the annual reproductive cycle and
after artificial induced spawning (AIS) in captivity were
also performed.

MATERIAL AND METHODS
Experimental Design and Collection of Animals

The study was performed at the Hydrobiology and
Aquaculture Unit of CESP (23°41'39”S and 45°60'42"W),
located in Paraibuna city (Sao Paulo State, Brazil). In
December 2007, one hundred adult S. parahybae females
(Table 1), born and raised in the CESP (first generation,
F1, Caneppele et al., 2009), were randomly divided into
two ponds (200 m?). During the annual experimental
design the broodstock were fed with commercial
extruded feed for carnivorous fish (40% crude protein,
Purina®) at a feeding rate of 2% of the biomass/day,
offered to the animals in two daily portions. The average
water temperature and dissolved oxygen concentration
(monitored with an oximeter, Horiba-ModU10) during
the experimental period were 21.10*+0.14 (°C) and
7.58 = 0.36 (mg/L) respectively.

Four animals were randomly sampled monthly, except
during the winter time (Southern hemisphere), and
transported to the CESP laboratory. Fish were anesthe-
tized with 0.1% benzocaine (ethyl-p-aminobenzoate),
total and standard length (cm) and total body weight (g)
were registered for each animal, and then fish were
killed by decapitation at the level of the operculum.
Thereafter, ovaries were quickly removed and weighed.
To confirm the maturation stage of ovarian development,
gonads were fixed in Bouin’s solution for 24 hr, and
dehydrated through a series of increasing ethanol con-
centrations. Ovaries were then cleared in dimethylben-
zene solution and embedded in Paraplast™ according to
routine histological procedures. Ovary sections (5 pm
thick) were obtained, mounted on poly-L-lysine solution-
coated slides, and stained with periodic-acid-Schiff
(PAS)haematoxylin/metanil yellow (Quintero-Hunter
et al., 1991) or hematoxylin/eosin (Behmer et al., 1976).
Sections were mounted with Erv-Mount®, and then
examined and documented using a computerized image
analyzer (Leica light microscope DM1000, Leica photo-
graphic camera DFC295, and image capture Leica Appli-
cation Suite Professional software, LAS V3.6). Both the
gonadosomatic index (GSI), expressed as the percentage

of body weight due to the ovaries [GSI = (gonad weight/
total weight) X 100] (Vazzoler, 1996), and the histologi-
cal results were used to determine the maturity scale.
The ovarian classification was as follows: previtellogenic,
vitellogenic, and regression (Fig. 1), these stages having
been previously identified by Honji (2011). The proce-
dures used to sacrifice animals in this study are in
agreement with the Animal Ethics Committee of the
Institute of Biosciences, University of Sao Paulo (Proto-
col 072/2008).

Since S. parahybae broodstock females do not breed in
captivity, six females were selected on the basis of the
typical morphological characteristics of sexual maturity,
according to the principles previously established for S.
parahybae, and the protocol for AIS with carp pituitary
extract (Fish Braz) was performed (100% survival and
positive response for induced spawning) (Caneppele
et al., 2009; Honji et al., 2012a, 2013b). This experimen-
tal group was referred to as “artificial induced
spawning” (AIS), in which females were manually
stripped for gamete collection and then were sampled
immediately.

Histological Analysis

For this analysis, the pituitary gland was dissected
and fixed for 24 hr in Bouin’s solution and dehydrated
through a series of increasing ethanol concentrations. As
described for ovarian histology, samples were cleared in
dimethylbenzene solution, and embedded in Paraplast®,
according to routine histological procedures. Serial sec-
tions (12-um thick) were obtained and stained with hae-
matoxylin/eosin, acid haematoxylin, periodic acid-Schiff
(PAS) or Masson’s trichrome. Sections were analyzed
using a computerized image analysis (described above).

Single Immunohistochemistry

For THC analyses, pituitary sections were immuno-
stained by means of the Catalyzed Signal Amplification
System (CSA Amplification System Kit-Code: K1500,
Dako), following manufacturer’s instructions. Briefly,
samples were deparaffinized in xylene, rehydrated
through graded ethanol concentrations, washed in PBS
buffer (phosphate buffered saline, pH 7.4), treated with
0.3% hydrogen peroxide (Hy0O5) in PBS for 15 min at
room temperature (RT) to block endogenous peroxidase
activity, washed in PBS again and treated with 5% non-
fat dry milk in PBS buffer for 30 min at RT to inactivate
non-specific sites (blocking solution). Next, sections were
incubated overnight at 4°C with the specific primary
antiserum (detail of antisera and dilutions used in
Table 2). After incubation with the primary antibody,
sections were washed in PBS buffer for 5 min (RT), and
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Fig. 1. Micrographs of the ovarian maturation stage of Steindach-  oocytes (arrowhead); (d) after artificial induced to spawning (AIS)
neridion parahybae. (a) previtellogenic stage, characterized mainly by  group, characterized mainly by the presence of postovulatory follicles
the presence of perinucleolar oocytes; (b) vitellogenic stage, charac-  (arrow). Periodic-acid-Schiff (PAS)/hematoxylin/metanil yellow (a,c) and
terized mainly by the presence of vitellogenic oocytes (asterisk); (c)  hematoxylin/eosin staining (b,d). Bars: 100um (a); 300um (b,c,d).
regression stage, characterized mainly by the presence of atretic

TABLE 2. Primary and secondary antisera dilutions used in the immunohistochemical and Western blot

methods
Immunohistochemistry Western blot
Secondary Secondary
Antiserum raised against Dilution antibody (rabbit) Dilution antibody (rabbit)
Oncorhynchus keta (3-FSH — code 2684) 1:4,000 1:600 NP 1:300
Oncorhynchus keta (B-FSH — code 8510) 1:1,000 NP
Fundulus heteroclitus (B-FSH) 1:1,000 1:1,000
Fundulus heteroclitus (B-LH) 1:1,000 1:3,000
Oncorhynchus keta (GH) 1:2,000 1:3,000
Oncorhynchus keta (PRL) 1:2,000 1:2,000
Sparus aurata (SL) 1:2,000 1:2,000

All the antisera used in this study were kindly provided by Drs: A. Shimizu (National Research Institute of Fisheries Sci-
ences, Fisheries Research Agency, Kanazawa, Yokohama, Japan), H. Kawauchi (School of Fisheries Sciences, Kitasato Uni-
versity, Iwate, Japan), and A. Astola (Facultad de Ciencias, Universidad de Cadiz, Spain).

NP-not performed.

then incubated for 45 min (RT) with a biotinylated sec- buffer (5 min at RT), and afterwards sequentially incu-
ondary antibody (dilutions used are detailed in Table 2). bated in streptavidin, tyramide and peroxidase-
To amplify the signal, sections were washed in PBS conjugated streptavidin solutions (CSA Amplification
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Fig. 2. Western blot analysis of pituitary homogenates of Steindachneridion parahybae incubated with
primary antisera: B-Follicle-stimulating hormone, B-FSH (line 2), B-Luteinizing hormone, B-LH (line 4),
Growth hormone, GH (line 6), Somatolactin hormone, SL (line 8), and Prolactin hormone, PRL (line 10).
Control lines (3, 5, 7, 9, 11) incubated with preadsorbed antibodies. Molecular markers (line 1) and Pon-

ceau S (line 12).

System Kit, Dako) for 45 min each at RT. Samples were
finally washed in PBS buffer, and peroxidase activity
was visualized with 3.3’-diaminobenzidine in a chromo-
gen solution and DAB substrate buffer (imidazole-HCl
buffer, pH 7.5, containing hydrogen peroxide and an
anti-microbial agent). Subsequently, sections were
lightly counterstained with hematoxylin for 2-3 min,
mounted with Erv-Mount®, and analyzed using a com-
puterized image analysis (described above).

For B-FSH and B-LH, to recover antigen immunoreac-
tivity, samples were treated with citrate buffer for epi-
tope unmasking. After blocking of endogenous
peroxidase activity, samples were heated for 10 min at
90°C with citrate buffer, cooled at RT, washed in distiller
water and then followed the IHC method described
above. In addition, to confirm the specificity of IHC reac-
tions, control sections were incubated with the primary
antibody preadsorbed with an excess of its respective
antigen, as was previously performed in other species:
Cichlasoma dimerus (Pandolfi et al., 2001a, 2001b, 2006,
2009a, 2009b), Salminus hilarii (Honji et al., 2013a),
Fundulus heteroclitus, Pagrus major, Micropterus dolo-
mieu (Shimizu et al., 2003a) and other fish species (Shi-
mizu et al., 2003b). To avoid false positive reactions the
primary antibody was replaced with PBS or normal bio-
tinylated secondary antibody (instead of primary anti-
body). No positive structures or cells were detected in
these sections.

Histological slides were deposited in the collection of
the Laboratoério de Metabolismo e Reproducao de Organ-
ismos Aquaticos (LAMEROA), Instituto de Biociéncias,
Universidade de Sao Paulo, Brasil.

Western Blot Analysis

To confirm the specificity of heterologous antisera
against PRL, GH, SL, B-FSH and B-LH in S. parahybae
pituitary gland, and also estimate the molecular
weights of these hormones in this species, we per-
formed electrophoresis on 15% sodium dodecylsulfate-
polyacrylamide (SDS-PAGE) of pituitary homogenates.
After electroBIhoresis, proteins and molecular markers
(ColorBrust™ Electrophoresis Markers) were trans-
ferred into nitrocellulose membranes, and incubated
with the different primary antisera (Table 2); immuno-
detection was visualized using an alkaline phosphatase
developing kit (BCIP/NBT, Vector Blue, DAKO, to Alka-
line Phosphatase kit) or with 3.3’-diaminobenzidine in a
chromogen solution and DAB substrate buffer (DAKO
kit), depending on the primary antiserum. Finally,
membranes were dried and digitalized (Fig. 2), and
molecular weights of immunoreactive bands were esti-
mated using Image Gauge software (Fuji, Photo Film,
V. 3.12). In addition, as described for THC reactions,
both positive and negative controls were also performed
for WB analysis.
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Fig. 3. Transversal sections through the pituitary gland and brain of
Steindachneridion parahybae. (a) Photomicrograph of the stained
(immunoblot) with B-Luteinizing hormone (B-LH) cells. Example of
measured OD (blue square) and cellular area (black circle) and nuclear
area (red circle) were indicated; b,c,d) Transversal sections of pituitary
and brain stained using acid hematoxylin (b) and periodic acid-Schiff
(PAS) (c,d). (b) Medial basal hypothalamus (HBM) region showing the

Morphometric Analysis

For analysis of the OD of immunostain, images cap-
tured for each sample using the LAS system (1260 pixels
by 960 pixels) were analyzed by means of the Image
Gauge software. Ten images per animal were analyzed;
fifteen randomly selected cells in each image were meas-
ured (Fig. 3a). To reduce variability in the results regard-
ing immunostain intensity between tissues processed
separately, representatives of females in all maturation
stages and of AIS were included in each batch of THC
reactions to further control for staining differences. For
analysis of pituitary cellular and nuclear area (Fig. 3a),
the same images used for OD measurements were used to
estimate these parameters. As cell bodies are irregular in
shape and most are split during histological section, we
only analyzed those cells where the nucleus was clearly

direct connection from the brain to the pituitary gland (Pi) through pitu-
itary stalk (PS). Others brain region: nucleus lateral of the lateral
recess (NRLI) and inferior lobe (IL); (c) Two components of pituitary
gland named adenohypophysis (ADH) and neurohypophysis (NH); (d)
ADH subdivided into RPD, PPD, and PIl. Bars: 10um (a,c); 400um
(b,d).

visible. To assess cellular and nuclear area (um?) we used
the Image Pro Plus software (Media Cybernetics).

Statistical Analyses

Statistical analysis of data related to morphometric
analysis, taking into account the maturation stage (pre-
vitellogenic, vitellogenic, regression stages) and “AIS”
group was performed using one-way analysis of variance
(ANOVA), followed by Student-Newman-Keuls (SNK)
test for parametric analysis or Dunn’s or Tukey’s test for
non-parametric analysis. Statistical differences were
considered to be significant when P <0.05. Data were
expressed as mean * standard error of the mean
(M =SEM). All statistical analyses were performed
using the statistical software SigmaStat for Windows
(version 3.10).



1650

HONJI ET AL.

Fig. 4. Transversal or sagittal sections through the pituitary gland
and/or brain of Steindachneridion parahybae. (a,b) Prolactin hormone
immunoreactive (PRL-ir) cells (a, arrowhead) in the RPD and details (b)
of PRL-ir using anti-chum salmon antisera; (c—f) Growth hormone

RESULTS

After assessing oocyte development, the maturation
stages were identified based on ovarian histology. The
following ovarian maturation stages were assigned, con-
sidering overall oocyte developmental phase: previtello-
genic stage (presence of perinucleolar oocytes) (Fig. la);
vitellogenic stage (presence of vitellogenic oocytes) (Fig.
1b); and regression stage (presence of atretic oocytes)
(Fig. 1c). In the “AIS” group several postovulatory fol-
licles (Fig. 1d) were observed. Furthermore, GSI values
for the vitellogenic stage were higher than in previtello-
genic and regression stages (P < 0.01) (Table 1), and sim-
ilar to the “AIS” group.

Histological, Immunohistochemical, and
Western Blot Analyses of the Pituitary Gland

The pituitary gland in S. parahybae is located in the
ventral region of the mediobasal hypothalamus, con-

immunoreactive (GH-ir) cells (c, arrowhead) along in the PPD and
details (d) of GH-ir using anti-chum salmon antisera. GH-ir cells (e and
f, arrowhead) were arranged near the NH branches (e and f, *). Bars:
400um (a,c); 10um (b,d,e,f).

nected by a thin pituitary stalk (Fig. 3b). This gland con-
sisted of two components, neurohypophysis (NH) and
adenohypophysis (ADH) (Fig. 3c), the latter subdivided
into rostral pars distalis (RPD), proximal pars distalis
(PPD), and pars intermedia (PI) (Fig. 3d).

The RPD contained weakly acidophilic cells, which
were not easily identified by histological methods (Mas-
son’s trichrome). These cells were PAS-negative and
arranged in cords. They positively immunostained with
anti-chum salmon PRL antiserum (Fig. 4a,b). No cross-
reactivity with other antisera was observed. Thin
branches of NH could be observed in this region.

The NH also extended several ramified branches into
the PPD. Only two different cellular types were identi-
fied within the purpose of this study in the PPD, with
presence of GH ir- (Fig. 4c—f) and B-LH ir-cells (Fig.
5a,b). Multiple GH ir-cells were identified in the PPD
with anti-chum salmon GH antiserum, restricted to the
central region; no other cells in other regions of the
ADH showed immunoreactivity for GH. These cells were
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Fig. 5. Transversal or sagittal sections through the pituitary gland
and/or brain of Steindachneridion parahybae. (a,b) B-Luteinizing hor-
mone immunoreactive (3-LH-ir) cells (a, arrowhead) along in the PPD
and details (b) of B-LH-ir using anti-mummichog antisera; (c,d) Soma-

PAS-negative, acidophilic, oval in shape, with a large
excentric and irregular nucleus, and were arranged near
the NH branches (Fig. 4e,f) and blood vessels. Gonado-
trophs were the most abundant cell type in the PPD
region and easily recognizable by histological methods,
as they were PAS-positive, basophilic and contained
vacuoles. Only LH producing cells were immunoreactive
with anti-mummichog B-LH antiserum (Fig. 5a,b). In
contrast, FSH producing cells were not immunodetected
with anti-mummichog B-FSH antiserum either anti-
salmon B-FSH antiserum by ITHC; however, an ir-band of
the expected molecular weight was detected by WB with
anti-mummichog B-FSH antiserum.

The PI was characterized by the presence of numerous
deep NH branches and several slightly acidophilic and
PAS-positive cells. These cells are responsible for the
synthesis and release of SL hormone, showing positive
immunostaining with anti-seabream SL antiserum (Fig.
5¢c,d). No cross-reactivity with any other cell type in the

tolactin hormone immunoreactive (SL-ir) cells (c, arrowhead) in the Pl
and details (d) of SL-ir using anti-chum salmon antisera (d). Bars:
400um (a,c); 10um (b,d).

ADH was observed. Somatolactin ir-cells were not
detected outside the PI.

Figure 2 summarizes the results obtained by WB to
confirm the specificity of the immunostain using heterol-
ogous antisera against PRL, GH, SL, B-FSH and B-LH
in S. parahybae pituitary gland. The estimated molecu-
lar weights for these peptides were: PRL: 22 kDa, GH:
21 kDa, SL: 26 kDa, 3-FSH: 18 kDa, and B-LH: 19 kDa.

Cellular and Nuclear Areas and
Semiquantitative Analysis of Immunostain
Optical Density

Some significant differences were identified regarding
the cellular and nuclear areas and the OD of the immuno-
stain (IHC) during the annual reproductive cycle and after
AIS of S. parahybae in captivity. OD values for B-LH were
similar throughout the reproductive cycle: previtellogenic,
113.19 = 6.50 a.u.; vitellogenic, 120.53 +1.10 a.u.; and
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Fig. 6. Semiquantitative analysis (optical density, a.u.) of immunohistochemistry of pituitary gland of
Steindachneridion parahybae during annual reproductive cycle and after the artificial induction spawning
(AIS): (a) B-Luteinizing hormone (3-LH); (b) Growth hormone (GH); (c) Prolactin hormone (PRL); (d) Soma-
tolactin hormone (SL). Values followed by different letters (a,b) are significantly different during the repro-

ductive cycle (P < 0.05).

regression, 120.68 = 1.34 a.u. (Fig. 6a). However, the
“AIS” group (130.97 = 1.66 a.u.) showed higher OD for
B-LH when compared to all other stages (P <0.05) (Fig.
6a). Cellular and nuclear areas of B-LH did not differ
during the annual reproductive cycle or for the “AIS”
group (respectively, previtellogenic: 11.85+0.17 pm?
and 6.75 = 0.09 pm?; vitellogenic: 12.26 +0.21 pm? and
7.03+0.10 pm? regression: 12 54+0.21 pm? and
6.99 +0.12 pm? €“AIS” group: 12.73+0.30 pm? and
6.71 + 0.13 um?) (Fig. 7a).

For GH, OD values were significantly higher for the
vitellogenic stage (147.48 +0.82 a.u.) than for the pre-
vitellogenic (128.94 £1.43 a.u.; P<0.0I) and regres-
sion stages (141.07 +1.48 a.u.; P<0.01) (Fig. 6b). In
the “AIS” group, the OD values (162.21 +2.40 a.u.)
were higher than all other stages (P <0.01) (Fig. 6b).
Cellular area of GH ir-cells showed significant differ-
ences during the annual reproductive cycle, with
higher values at the regression stage (12.51*0.35
um?) than at other reproductive stages: previtellogenic
(10.94 £ 0.32 pm?) and vitellogenic (11.19 +0.26 pm?;
P <0.05), and similar to those for the “AIS” group
(11.27 =0 .33 um?) (Fig. 7b). In addition, the nuclear
area showed no significant differences during the
reproductive cycle.

In the case of PRL, the OD values during the repro-
ductive cycle showed the same pattern as described for
GH, lower at previtellogenic (134.70+1.61 a.u.;
P<0.01) and regression stages (152.99+1.51 a.u.;
P <0.01) than at the vitellogenic stage (162.17 = 1.95
a.u.) (Fig. 6c¢). In the “AIS” group, OD values
(157.05 £ 1.77 a.u.) were only significantly higher than

those of the previtellogenic stage (P < 0.01) (Fig. 6¢). The
cellular area of PRL cells, was significantly higher in
the vitellogenic stage (15.13 = 0.21 pm?) than in the pre-
vitellogenic (12.98 +0.23 pum?) and regression stages
(12.89 =0.53 um?), as well as in the €“AIS” group
(13.30 = 0.47 um?;, P<0.01) (Fig. 7c). The nuclear area
showed no significant differences during the reproduc-
tive cycle.

Semi-quantitative analysis for SL ir-cells again
showed higher OD values for the vitellogenic stage
(160.67 + 1.56 a.u.) when compared to the previtellogenic
(114.15+1.46 a.u.; P<0.01) and regression stages
(152.85 = 1.46 a.u.; P<0.01). In the “AIS” group OD val-
ues were higher than all maturation stages
(196.35 £ 0.92 a.u.; P<0.01) (Fig. 6d). Somatolactin cel-
lular diameter also showed differences between matura-
tion stages and the “AIS” group. The vitellogenic
(12.16 =0.30 pm?) and regression stages (12.56 =+ 0.37
pm?) showed a higher SL ir-cell area than the previtello-
genic stage (10.66*=0.24 pm? and the “AIS” group
(10.91 +0.20 ym?) (P<0.01) (Fig. 7d). In addition, the
nuclear diameter of these SL cells showed no significant
differences during the reproductive cycle.

As FSH producing cells were not immunodetected
with anti-mummichog B-FSH antiserum by IHC, semi-
quantitative analysis for FSH was performed during the
reproductive cycle by the same way applied by IHC,
however with immunodetected bands obtained by WB.
FSH ir-bands showed higher OD values in the previtello-
genic stage (15.53 =2.92 a.u.) when compared to the
vitellogenic (8.26 =0.19 a.u.) and regression stages
(8.67 +0.81 a.u.; P<0.01) (Fig. 8).
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Fig. 7. Morphometric analysis of the pituitary cell types of Stein-
dachneridion parahybae during annual reproductive cycle and after the
artificial induction spawning (AIS): (a) B-Luteinizing hormone (3-LH); (b)
Growth hormone (GH); (c) Prolactin hormone (PRL); (d) Somatolactin
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Fig. 8. Semiquantitative analysis (optical density, a.u.) of immuno-
blots (Western blot) of pituitary gland of Steindachneridion parahybae
during annual reproductive cycle for B-Follicle-stimulating hormone (3-
FSH). Values followed by different letters (a,b) are significantly different
during the reproductive cycle (P < 0.05).

DISCUSSION

In this study, histological analysis of S. parahybae
gonads during the reproductive cycle suggests that, even
in captivity, these broodstocks undergo full gametogene-
sis (primary growth) and ovarian development until the
vitellogenic oocyte phase. Therefore, broodstock matura-
tion occurred from previtellogenic to vitellogenic stages.
However, despite the complete ovarian maturation
observed, S. parahybae females did not exhibit oocyte
final maturation, ovulation or spontaneous spawning in
captivity, probably due to dysfunction of the endocrine
system (Honji, 2011; Honji et al., 2012b, 2013b).

As expected, GSI values increased as the stage of
gonad maturation progressed, with the largest GSI val-
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ues being recorded when the broodstock had fully devel-
oped ovaries (vitellogenic stage) and lowest GSI values
observed at the previtellogenic stage, indicating a nor-
mal ovarian cycle, even in captivity. Furthermore, the
regression stage observed in S. parahybae is commonly
found in captive fish, mainly in species that fail to
spawn naturally. This GSI pattern of variation is
observed in several teleost fish species (Vazzoler, 1996;
Rocha and Rocha, 2006; Honji et al., 2009b). After AIS,
GSI values remained high, even in those S. parahybae
females that had been induced and had spawned, sug-
gesting that these animals experience multiple spawning
events during the annual reproductive cycle.
Morphometric analysis (nuclear and cellular diameter)
and OD of immunostain are widely used in medical prac-
tice, and increasingly improved accuracy of these analy-
ses has been developed by use of automated image
analysis methods (Smith et al., 2005; Theodosiou et al.,
2007; Filippi-Chiela et al., 2012). A change in nuclear
and cellular morphology occurs in many physiological
conditions (Filippi-Chiela et al., 2012) and the OD is a
useful tool to assess antigen abundance in different pat-
terns of antigen localization (Smith et al., 2005; Theodo-
siou et al., 2007). Even though we do not know with
certainty whether these substances are being released or
accumulated in the cytoplasm, it is generally accepted
that, at least in the case of GtHs, hormones are rapidly
released after synthesis (Maruska et al., 2011). Since
there are no tests available for measuring pituitary hor-
mones in the plasma of non-salmonid species, the meth-
ods used are a valid substitute to evaluate pituitary
hormones during the annual reproductive cycle in S.
parahybae. Similar analyses were performed in other
teleost species: C. dimerus (Fiszbein et al., 2010; Piazza
et al., 2011; Tubert et al., 2012), S. hilarii (Honji et al.,
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2013a). Moreover, despite nuclear diameter being a use-
ful tool to analyze neuron activity (Fiszbein et al., 2010;
Piazza et al., 2011), as no differences in nuclear diame-
ter were observed in this study, the morphometric analy-
sis was based mainly on the OD and the cellular
diameter as indicative of higher or lower cellular activity
during the reproductive cycle of S. parahybae.

Several cytochemical investigations focused on the
identification and localization of ADH cells types in tele-
ost species, including representative species of the fol-
lowing orders: Cyprinodontiformes (Batten, 1986),
Osteoglossiformes (Borella et al., 2009), Perciformes
(Garcia-Ayala et al., 1997; Villaplana et al., 2000; Pan-
dolfi et al., 2001a, 2001b); Clupeiformes (Laiz-Carrion
et al., 2003), Salmoniformes (Naito et al., 1993), Siluri-
formes (Volckaert et al., 1999), Cypriniformes (Chapman
et al., 2005), Osmeriformes (Saga et al., 1999), Pleuro-
nectiformes (Einarsdottir et al.,, 2006), and Atherini-
formes (Vissio et al.,, 1997). Among the reophilic
Neotropical species, only S. hilarii (Honji et al., 2013a),
S. brasiliensis (Jesus et al., 2014) and Piaractus mesopo-
tamicus (Borella et al., 1997), all Characiformes, were
previously analyzed, adding for the first time to the list
the tropical catfish S. parahybae in this study. Although
we found similar distribution and localization patterns
for ADH cell types in S. parahybae with other teleost
species (Agulleiro et al., 2006; Kawauchi and Sower,
2006; Takei and Loretz, 2006; Levavi-Sivan et al., 2010),
this is the first detailed and accurate identification of
ADH cells in a threatened South American fish species,
which exhibits endocrine disorders in captivity, reinforc-
ing the importance of this study.

As showed by Zohar and Mylonas (2001) and Mylonas
et al. (2010) three reproductive dysfunctions in teleost
fish are frequently observed in many species when
breeding in captivity. Briefly, (1) female vitellogenesis
and male spermatogenesis fail completely when brood-
stocks are maintained in captivity; (2) cultured females
fail to spawn at the end of the reproductive cycle
(oocytes undergo normal vitellogenesis, final maturation,
and ovulation; however, ovulated eggs are not released
to the water); (3) vitellogenesis appears to progress nor-
mally in cultured females, but oocytes fail to reach final
maturation, resulting in neither ovulation nor spawning.
These reproduction disorders have been identified to be
due to dysfunctions in GtHs synthesis and/or release
pathways from the pituitary gland (Zohar et al., 2010).
Steindachneridion parahybae females exhibit the third
problem listed here when reared in captivity.

Regarding gonadotropins (B-FSH and B-LH), both
GtHs were characterized in S. parahybae pituitary with
heterologous antibodies (F. heteroclitus). Only B-LH was
identified by both THC and WB methods. A B-FSH ir-
band of the expected molecular weight was detected by
WB analysis, but no ir-cells could be detected. In addi-
tion, anti-chum salmon antisera were used for studying
GtHs in several fish and have been described to give dif-
ferent ir-cells among diverse teleost species studied so
far (Agulleiro et al., 2006; Kasper et al., 2006), however,
in this study this antibody showed no positive ir-cells.
The difference between B-FSH and B-LH immunodetec-
tion in pituitary sections could be due to the different
molecular structure, phylogeny and evolution of GtHs
observed in many teleost fish (Levavi-Sivan et al., 2010).
Furthermore, epitopes for B-FSH could have been par-
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tially masked or degraded in histological sections by fix-
ation, dehydration, and embedding steps (typical for
THC procedures) (Shimizu et al., 2003a). If that was the
case, a further treatment by heating the samples with
epitope unmasking solution to denature the protein
could have been required for positive detection with the
antibody. Although heterologous antisera were used to
localize GtHs producing cells, their specificity was estab-
lished in our species by the absence of cross-reactivity,
by the WB analysis and also by the negative control.
Moreover, the estimated molecular weights of S. parahy-
bae GtHs are similar to that of other teleost fish
(Levavi-Sivan et al., 2010).

Vitellogenesis is likely to be controlled by FSH, as
observed in salmonid and non-salmonid species (Swan-
son et al., 1991; Levavi-Sivan et al., 2010). In S. parahy-
bae, during the reproductive cycle, the data herein found
suggest a higher amount of this hormone during the pre-
vitellogenic than vitellogenic and regression stages, dis-
playing a close relationship with the seasonality of the
ovarian development, i.e., vitellogenesis (Honji et al.,
2012b). In addition, unlike salmonid species, due to
absence of an accurate method to measure plasma levels
of FSH in Neotropical siluriform, semiquantitative anal-
ysis was performed in this study to detect differences in
the pattern of FSH in S. parahybae.

The absence of final maturation and ovulation indi-
cates that spawning appears to be strictly modulated by
the synthesis and release of B-LH, as observed in other
species (Zohar and Mylonas, 2001). In S. parahybae, OD
values did not differ between previtellogenic and vitello-
genic stages, indicating in the latter a lower cellular
activity than required to stimulate final oocyte matura-
tion, ovulation and spawning. This OD values were
higher in the “AIS” group that reached final oocyte mat-
uration and spawning. As described to FSH, there is no
protocol (i.e., specific antibodies) to measure plasma lev-
els of LH in S. parahybae, therefore, the development of
assays to measure these GtHs in siluriform species
plasma can be useful. Furthermore, other preliminary
studies in our laboratory are focused on the steroid syn-
thesis pathways and oocyte development (Honji et al.,
2012b) throughout the reproductive cycle and after AIS
in these females, together with the study of neurohormo-
nal modulation at the brain by gonadotropin-releasing
hormone (GnRH) (Honji et al., 2011). In this regard,
data about GnRH systems, steroid synthesis pathways
and oocyte development must be interpreted together to
assemble the puzzle that is reproductive dysfunction in
S. parahybae females in captivity.

Although several studies have been conducted on the
growth hormone family (GH, PRL and SL), most of these
investigations have focused only on identification, distri-
bution and characterization of these hormones in the
pituitary gland of teleost fish (Agulleiro et al., 2006;
Kawauchi and Sower, 2006; Takei and Loretz, 2006,
among other studies). Moreover, few studies have ana-
lyzed the possible seasonal changes of GH family hor-
mones, especially in non-salmonid species. These studies
include seasonal changes of GH (Pérez-Sanchez et al.,
1994; Riley et al., 2003), PRL hormone (Figueroa et al.,
1994, 1997) or all three members of the GH family (Var-
gas-Chacoff et al., 2009; Fiszbein et al., 2010); only one
study was conducted with a reophilic South American
species, S. hilarii (Honji et al., 2013a), in which
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hormones were compared between wild and captive
broodstock females during the annual reproductive cycle.
Distribution of GH, PRL and SL in the pituitary gland
of S. parahybae females was similar to those previously
described for other teleosts, and so were the estimated
molecular weights for GH family hormones (Berghman
et al., 1996; Stefano et al., 1999; de Celis et al., 2004;
Pandolfi et al., 2009a, 2001a).

Somatolactin function in teleost fish is not yet fully
established, since mode of action depends on the species
considered (Kaneko, 1996). Some studies suggested that
SL is involved in sexual maturity and smoltification in
salmonid species (Rand-Weaver et al., 1992; Bhandari
et al., 2003; Onuma et al., 2010); and in adaptation to
background and photoperiod changes (Zhu and Thomas,
1997; Ayson and Takemura, 2006); metabolism and acid-
base balance (Kakizawa et al., 1993, 1996; Zhu and
Thomas, 1995), stress response (Rand-Weaver et al.,
1993), and reproductive physiology in non-salmonid spe-
cies (Mousa and Mousa, 1999, 2000; Honji et al., 2013a).
Furthermore, environmental variations, such as photo-
period and temperature changes, can influence the SL
profile (Vargas-Chacoff et al., 2009; Fiszbein et al.,
2010). In this study, SL cells were PAS-positive and dis-
tributed in clusters surrounding the NH. Using the PAS
stain method in other teleost fish species has revealed
two different SL cell types in the PI region, based on
whether they expressed non-glycosylated (PAS-negative)
or glycosylated SL (PAS-positive) variants (Rand-Weaver
et al.,, 1991a, 1991b; Kaneko, 1996; Villaplana et al.,
1997; Borella et al., 2009; Honji et al., 2013a, and other
studies). Even though all SL cells immunostained with
anti-seabream antisera in the PI region were PAS-
positive and only one ir-band was identified by WB, the
presence in S. parahybae of both SL variants cannot be
ruled out.

Mousa and Mousa (1999, 2000) observed morphomet-
rical variations in SL cells of Oreochromis niloticus and
Mugil cephalus during the reproductive period, with
higher synthetic and secretory activity during sexual
maturation and spawning, suggesting that SL is
involved in some reproductive processes. Furthermore,
the larger nuclear area and higher OD observed in vitel-
logenic S. hilarii females (Honji et al., 2013a) also sug-
gests higher cellular activity during the reproductive
period in this species. In this sense, during the annual
reproductive cycle of S. parahybae, SL-producing cells
showed a more intense OD at the vitellogenic stage than
at the previtellogenic and regression stages, suggesting
a possible physiological role of this hormone during the
reproductive period in this species as well. After artifi-
cial induction, the highest OD was observed, also indi-
cating that SL is related to the reproductive cycle, and
to spawning in captivity following induction. Therefore,
in agreement with previous studies, our results also sug-
gest that SL may be linked to reproductive physiology in
S. parahybae.

In S. parahybae females, our data also suggest that
GH is involved in the reproductive process. Cells
expressing GH showed higher OD values at the vitello-
genic stage than at the previtellogenic and regression
stages, which may be reflecting a higher cellular activity.
In addition, in the “AIS” group even higher GH OD val-
ues were observed. This pattern of variation in cellular
activity during the reproductive cycle was also observed
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in another South American fish, S. hilarii (Honji et al.,
2013a), i.e, higher cellular activity during the reproduc-
tive period. Vargas-Chacoff et al. (2009), studying gene
expression of GH in a S. aurata broodstock during the
reproductive cycle, found a high profile of expression
during the summer (reproductive period) rather than
the winter season (non reproductive period). The change
in pattern observed by the authors was related with
increased feeding rates during summer and/or to repro-
duction. In addition, in Odontesthes bonariensis, GnRH
binding sites were identified in cells that expressed GH
(Stefano et al., 1999), suggesting a relationship between
GnRH and GH, in addition to the well established rela-
tionship between GtHs and GnRH. In S. parahybae we
also identified this relationship between GnRH neuron
(Honji et al., in preparation) and GH ir-cells and GtHs
cells. Based on these evidences, our results were consist-
ent with a variation of the GH profile during the repro-
ductive cycle of S. parahybae.

In teleosts, several studies showed that PRL is mostly
related to osmoregulation; particularly it has a role in
ion uptake and ion and water permeability pathways in
freshwater and euryhaline fish (Manzon, 2002; Saka-
moto and McCormick, 2006). Environmental variations
in photoperiod and temperature are the main factors
that influence PRL gene expression profiles in fish
(Manzon, 2002; Sakamoto and McCormick, 2006;
Vargas-Chacoff et al., 2009; Onuma et al., 2010). In Cyp-
rinius carpio and C. dimerus photoperiod was considered
an important neuromodulator in the hormonal pathways
that activate PRL synthesis and release in the pituitary
gland, mainly through modulation of PRL secretion by
melatonin (Falcon et al., 2007; Fiszbein et al., 2010). In
S. aurata, higher PRL gene expression was observed
during spring and autumn, the breeding season for this
species, and when considerable differences in tempera-
ture (up to 8°C) are recorded, when compared to winter,
a non breeding season (Vargas-Chacoff et al., 2009).
Although S. parahybae females were exposed to a natu-
ral photoperiod and temperature in captivity, some con-
siderations can be observed: PRL ir-cells showed lower
OD and cellular area during winter/autumn (non-breed-
ing season), when temperatures were low (19°C) and
days short, when compared to the higher OD and cellu-
lar area of animals during summer/spring (breeding sea-
son), when temperatures were higher (28°C) and days
longer. However, no differences were observed after AIS,
suggesting PRL involvement on reproductive status
(modulation of synthesis and/or release by environmen-
tal changes) but not directly on oocyte final maturation.

In summary, in this study we characterized by THC
and WB methods the different cells types in the ADH of
S. parahybae females throughout the annual reproduc-
tive cycle in captivity. These results could contribute to a
better reproductive performance in captivity, since their
endangered status deserves special attention and urgent
action, especially by increasing the knowledge of their
reproductive physiology, which is the basic premise for
the program of fish restocking in the Paraiba do Sul
River Basin.
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