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Abstract: This study summarizes new data on induced spawning of Steindachneridion parahybae,
focusing on the aggressive behavior of females. This study characterizes the vasotocinergic system
using immunohistochemistry, highlighting the potential influence of arginine-vasotocin (AVT) on
reproductive physiology. Two experimental groups were proposed: (A) control, with one female in
the aquarium, and (B) experimental, with two females in the same aquarium. Dominant (D) females
presented a more aggressive behavior and did not show any injury. They apparently had a length
and body mass higher than injured nondominant (ND) females. The analysis identified positive AVT
immunoreactive (ir) neurons exclusively within the preoptic area, including parvocellular, magno-
cellular, and gigantocellular subpopulations, containing fibers-ir extending into the pituitary gland.
Cellular and nuclear areas were greater in D compared to ND in the magnocellular subpopulation.
There were no differences between parvocellular and gigantocellular subpopulations. There was a
difference on the steroid plasma profile of cortisol (more in ND than in D) and 17«,203-dihydroxy-
4-pregnen-3-one (more in D than in ND). Furthermore, control and D females presented higher
optical densities for AVT-ir, gonadotropin-releasing hormone-ir, and luteinizing hormone-ir than ND.
In general, there were no differences in the results of female (control group) with D females. The AVT
system is highly complex, possibly counting multiple sites of action during artificial reproduction and
acting directly and/or indirectly associated with behavioral and physiological changes in S. parahybae
females when induced to spawning.

Keywords: reproduction; neuroendocrinology; sexual steroid; agonistic behavior; aggression

Key Contribution: This is the first study characterizing the vasotocinergic system and its influence
on social behavior and reproductive physiology of females of an endangered Neotropical catfish
(Steindachneridion parahybae) during induction to breeding in captivity. Dominant females show better
reproductive results and lower plasma cortisol concentrations than nondominant females. There are
also greater optical densities of the following neurohormones: gonadotropin-releasing hormone and
arginine-vasotocin, and the pituitary hormone (-luteinizing hormone. The current results suggest
possible effects of the arginine-vasotocin system on aggressive behavior and steroidogenesis.
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1. Introduction

Steindachneridion parahybae (Steindachner, 1877) is a medium-sized Neotropical catfish
species that is endemic to the Paraiba do Sul River basin in Brazil [1]. It is listed in the “Brazil
Red Book of Threatened Species of Fauna” and on the “International Union for Conservation of
Nature’s Red List of Threatened Species” (IUCN), both as “endangered species” [1,2]. There
are no reports of this species in the southern rivers of the Paraiba do Sul River basin [1].
Nevertheless, S. parahybae had been commonly captured in commercial fisheries along the
Paraiba do Sul River basin during the 1950s (around 1000 kg/year) [1]. Over the last few years,
a conservation action has promoted a fish restocking program coordinated by the former Com-
panhia Energética de Sao Paulo (CESP). This company had supported research on the biology
of S. parahybae, especially on reproductive physiology and development biology. Studies on S.
parahybae aimed mainly to establish of a protocol for artificial spawning [3,4], develop embryos
and larvae [5-7], improve broodstock metabolism [8] and the neuroendocrine system [9-11],
and improve the quality of gametes of S. parahybae [6,11-13].

The key component regulating fish reproduction is the neuroendocrine system, pri-
marily through the brain-pituitary-gonadal (BPG) axis (see: [14-18] for review). Studies on
the neural and hormonal processes that control the BPG axis of S. parahybae have sought to
analyze the artificial reproduction and describe that the impediment of S. parahybae repro-
ductive migration via natural or human interference changes the reproduction physiology
of this species [3,9-11]. These previous studies on S. parahybae females in captivity revealed
that rearing broodstocks of this species was not entirely successful due to observed repro-
ductive dysfunction. This dysfunction includes failure to undergo final oocyte maturation
(FOM), ovulation, and spawning, suggesting the presence of endocrine dysfunction in
these animals when raised in captivity. The absence of FOM and ovulation in S. parahybae
females suggests a disruption in the synthesis and/or release of LH and/or the GnRH
system [9-11]. On the other hand, S. parahybae males do not present any reproductive
dysfunction when kept in captivity, they complete spermatogenesis naturally (sometimes
there is a need for artificial induction with exogenous hormones just to increase the semen
released during induced reproduction) [12,13]. In addition, the maintenance of S. parahybae
females in captivity suggests that these animals undergo multiple spawning events during
the reproductive cycle [9-11]. Nevertheless, due to the scarcity of animals in the natural
environment, it is hard to understand the reproductive biology of S. parahybae. Furthermore,
during the first attempt at artificial induction to spawning of wild S. parahybae in captivity,
after 200 ATUs (accumulated thermal units) and under an average temperature of 24 °C, it
is possible to observe an increase in the animal’s activity, including an aggressive behavior
of females that harms the partner (males), forcing the separation of the animals in this first
attempt, and not maintaining wild animals at risk [3]. Continuing the attempts to induce
reproduction of S. parahybae in captivity and adjust the induction protocol, Honji et al. [4]
observed such behavior and described the aggressive behavior between two females after
the second hormone dose until the gamete’s dry extrusion, allowing us to ask/hypothesize
several questions about the aggressive behavior of S. parahybae females in captivity during
artificial reproduction.

Several groups of neurohormones are involved in mediating social and reproductive
behavior via interactions with other neuropeptides or neurotransmitter systems in the fish
brain, including alternative phenotypes (variation in social dominance or the control of
a territory) and/or social cognition (interactions) [19-23]. Among these neuropeptides,
the vasopressin-vasotocin peptide family modulates several processes in reproductive
physiology, comprising both aggressive and reproductive behaviors [19,24,25]. The non-
apeptide arginine-vasotocin (AVT) in nonmammals and its mammalian homolog arginine-
vasopressin (AVP) is expressed in the brain and affects numerous social behaviors by acting
in the BPG axis [20,26,27]. In fish, the vast majority of studies only examined AVT in males,
mainly in relation to social behaviors (establishment of dominance hierarchy) [19,20,24],
separating males by reproductive or social status while females were grouped into a sin-
gle category. However, it is also important to examine plasticity of the AVT system in
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female fish; they also undergo cyclical changes in behaviors and reproductive physiology,
comparable to males, in many species, especially in those where males do not present
social hierarchies (and no reproductive dysfunction in captivity) instead of females, when
they are very aggressive and also show reproductive dysfunction in captivity, as with
S. parahybae. Additionally, neurohormones and sexual steroids maintain and regulate
AVT synthesis in the fish brain, suggesting that reproductive status regulates the AVT
system [24-27]. Therefore, it is recommended to analyze the AVT system in males and
females separately. In this context, research has linked AVT to stress responses because of
AVT neurons via innervate corticotroph cells of the pituitary gland. It affects adrenocorti-
cotropin (ACTH) release and thus cortisol secretion from the interrenal gland [28]. It also
affects sexual plasticity, such as regulating behavioral sex change [29], and social behavior,
such as dominant/subordinate behavior [19,22,25,30], courtship [31], aggression [25,32],
among others [20,26,29,33]. Therefore, the AVT peptide also provides an integrational
neural substrate for a dynamic modulation of these behaviors by promoting endocrine and
sensory stimuli [20,25,33].

Nonapeptide AVTs are found predominantly in three different cell populations within
a preoptic area (POA) located in the anterior hypothalamus (see: [24,26,34-36] for review).
Subpopulations of cells in POA can associate with different functions, including stress re-
sponse, territorial behavior, among others. Nevertheless, little is known about the potential
physiological roles of AVT system in Neotropical fish or the relation of AVT neurons to
other neuroendocrine circuits controlling reproduction. This possible relationship may be
species-specific. Data on the AVT neuronal system (present study), gonadotropin-releasing-
hormone system [10], gonadotropins and growth hormone family members [9], steroid
synthesis pathways, and oocyte development [11] must be interpreted together in order to
solve the puzzle of the reproductive dysfunction of captive S. parahybae females, especially
improving the understanding of their reproductive physiology since the endangered status
of the species deserves special attention and urgent actions. Therefore, this study aimed to
characterize the vasotocinergic system of S. parahybae during artificially induced spawning,
focusing on the reproductive behavior of females. Then, after characterizing this system,
we related AVT across the BPG axis, and its effects on reproductive dysfunction of captive
S. parahybae broodstock (F1). Using immunohistochemistry and morphometry of AVT
neurons as proxies, we predicted that AVT influences the BPG axis, affecting reproductive
performance and behavior of S.parahybae females.

2. Materials and Methods

The present study was conducted at the Unidade de Hidrobiologia e Aquicultura da
CESP de Siio Paulo (23°41'39” S and 45°60'42"” W), located in the municipality of Paraibuna
(Sao Paulo State, Brazil). S. parahybae females (F1) were obtained via artificially induced
reproduction with wild broodstocks at the same station [3]. In December 2007, a hundred
adults of S. parahybae females, born and raised at CESP, were kept into two earth ponds
(200 m?). Fish were fed at 8 am and 4 pm on commercially extruded food for carnivorous
fish, containing 40% of crude protein, at a rate of 2% biomass/day, offered twice a day
(according to CESP’s fish farm routine). The annual mean water temperature and dissolved
oxygen concentration (monitored with an oximeter, Horiba-ModU10) were 21.10 & 0.14 °C
and 7.58 + 0.36 mg/L, respectively.

2.1. Broodstock Selection, Hormonal Induction, Reproductive Behavior, and Spawning

Steindachneridion parahybae females born and raised at CESP fish farm were selected
based on the typical morphological characteristics of sexual maturity, according to pa-
rameters previously established for this species [3-5]. Captivity females (Table 1) were
selected via external characteristics according to the hyperemic genital pore and the swollen
abdomen. A biopsy was performed in these females, cannulating the gonoduct with a
fine polyethylene catheter (5 mm external diameter) attached to a plastic syringe through
the urogenital papilla. After this procedure, several oocytes were collected to examine
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their size, appearance, and diameter homogeneity. These are important criteria to estab-
lish the spawning readiness of the female broodstock in artificial hormonal induction [5].
The homogeneity of oocyte diameter was analyzed with a stereomicroscope (Leica S9D
stereomicroscope, Leica MC170HD photographic camera, and computer image capture,
Leica LAS Interactive Measurements). Wild males (Table 1) were chosen according to the
white color and the high fluidity of milt, after massaging gently the abdominal region.

Table 1. Data on Steindachneridion parahybae reproduction at the Unidade de Hidrobiologia e Aquicultura
da Companhia Energética de Sio Paulo during their reproductive period. The broodstock’s biometrical
parameters (total length and weight), temperature (°C), and dissolved oxygen (mgL_l) of water are
shown. Data are presented as the mean + mean standard error (M + MSE).

. . First CPE Dose Second CPE
Animal n Total Length (cm)  Total Weight (g) hCG (IU/kg) (mg/kg) Dose (mg/kg)
Females 9 38.92 +1.39 612,78 £17.33 2 05 5
Males 3 43.00 +2.08 1575.00 & 75.00 - - 3

First injection (0.5 mg cPE per kg™1)

24.6 °C and 7.74 mgL ™!

Second injection (5.0 mg cPE per kg~1)

23.9°Cand 8.14 mgL~!

Spawning

25.0 °C and 8.20 mgL ™!

The selected broodstocks (1 = 9) in the earth ponds were transferred to the CESP
laboratory and kept in aquaria (1000-L tanks). Next, females were weighed and immediately
induced to reproduce by combining whole acetone-dried carp pituitary extract (cPE) and
human chorionic gonadotropin (hCG) as below [3-5]. Two doses (0.5 and 5.0 mg cPE per
kg~ ! of fish body weight dissolved in 0.9% sodium chloride solution) were considered for
females within a 12 h interval between cPE doses. The hCG concentration was 2 IU per kg ™!
for females. This dose was applied only when the second dose was administered. For males,
a single dose was given at the same time as the females’ second dose. This dose contained
3 mg cPE per kg ! of fish body weight dissolved in 0.9% sodium chloride solution. Table 1
shows a summary of the doses used in this protocol (plus the average water temperature
and dissolved oxygen concentration during the females’ first and second doses).

After hormone administration up to spawning, two female broodstocks (experimental
group, n = 2/aquarium) were placed together in a glass aquarium at the CESP laboratory in
triplicate (n = 6) to facilitate the observation of reproductive behavior during artificial induc-
tion (Figure 1a,b). Males were kept together in a single tank outside at the CESP laboratory.
Their behavior was not analyzed because males do not show aggressive behaviors (between
them either before or after hormonal induction). The control group (1 = 1/aquarium, in
triplicate n = 3) counted only one female in each glass aquarium (Figure 1c). Following
the final hormonal induction, the female gametes were placed in dry plastic containers
after abdominal massage performed from head to tail (manually stripping). The semen
was collected in the same way, mixed with oocytes, and homogenized. Fertilization was
performed by gently mixing the gametes (routine “dry” method), followed by adding
water to trigger fertilization. The eggs were transferred to 200-L conical incubators. Water
temperature and dissolved oxygen concentrations were registered (Table 1).

Approximately six/eight hours after the eggs were placed in the conical incubator
and after the gastrula stage established [5], the fertility rate was calculated according to
the equation F = (number of fertilized eggs x 100)/number of total eggs. This protocol
derives from a routine adopted at the CESP [3-5]. Fertilized eggs were distinguished from
unfertilized eggs according to general aspect and color and considering that unfertilized
eggs are opaque.
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Figure 1. (a) Aggressive behavior between Steindachneridion parahybae females when kept in the
same aquarium during the artificial spawning in captivity (CESP collection images); (b,c) schematic
drawing showing the experimental design: (b) two S. parahybae females in the same aquarium; and
(c) control group, one S. parahybae female in the aquarium. Broodstock female, 635 g (total body
mass), Paraiba do Sul River basin, Paraibuna, Sao Paulo State, Brazil.

2.2. Fish Collection to Steroid Analysis, Ovarian Histological Analysis, and Brain and Pituitary
Gland Histological and Immunohistochemical Analysis

Following gamete extrusion and shortly after females were manually stripped for gamete
collection, all females were sampled immediately (control and experimental group). The wild
male broodstocks were transferred back into their original ponds (100% survival). It is relevant to
highlight that S. parahybae males were extensively studied (gamete quality) by Okawara et al. [7],
and Sanches et al. [12,13]. Seminal quality did not limit the procedures in the present study.
All females were anesthetized with 0.1% benzocaine (ethyl-p-aminobenzoate). Total and stan-
dard length (cm) and total body weight (g) were recorded. Next, blood samples were taken by
a puncture in the caudal vein using a heparinized syringe. The collected blood was centrifuged
for 5 min at 655.1 g. The obtained plasma was frozen and kept at —80 °Cuntil steroid analysis.
Then, the fish were euthanized by decapitation at the level of the operculum. The ovaries were
removed, and the brain and the pituitary (Pi) gland were collected via careful head removal and
fixed in Bouin’s solution for 24 h.

2.2.1. Steroid Analysis

Plasma levels of cortisol (Cort), 173-estradiol (E;), testosterone (T), 11-ketotestosterone
(11-KT), and 17x-203-dihydroxy-4-pregnen-3-one (17x-203-DHP) of all S. parahybae fe-
males were quantified via hormone enzyme-linked immunosorbent assays (ELISA) using
commercial kits (Cayman Chemical Company, Ann Arbor, MI, USA, for 11-KT and 17 -203-
DHP; IBL International, Hamburg, Germany, for Cort, E; and T). Analyses were conducted
according to the manufacturer’s instruction. Absorbance measurements were performed
with a microplate reader (Molecular Devices, SpectraMax 250, Sunnyvale, CA, USA).
Honji et al. [11] validated the assays of E;, T, 11-KT, and 17-203-DHP previously. Cortisol
assay was validated using the same method, the detection limit was 2.46 ng/mL for Cort.
Working dilutions were 1:2 to 1:8 for Cort. Intra- and inter-assay coefficients of variation
(CVs) were (minimum-maximum) 0.50-8.50% and 1.79-19.67% for Cort. The acceptable
limit for the intra- and inter-assay %CV was <20.0 (according to our previous studies).

2.2.2. Ovarian, Brain, and Pituitary Gland Histological Analysis

After fixing the sampled tissues in Bouin’s solution, they were dehydrated using a series
of increasing ethanol concentrations. The samples were then cleared with dimethylbenzene
solution and embedded in Paraplast® according to routine histological procedures. Ovary
sections (5 um thick) and brain and Pi (12 pm thick) serial sections were obtained using
a microtome (Leica HistoCore AutoCut, Deer Park, IL, USA) mounted on Poly-L-Lysine
solution-coated slides. Ovary tissues were stained with haematoxylin and eosin to charac-
terize ovary histology. Brain and Pi samples were stained with acid haematoxylin, PAS, and
Masson’s trichrome to precisely locate the various brain and nucleus areas and Pi regions.
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The sections were mounted in Erv-Mount® and then examined and documented using a
computerized image analyzer (Leica DM1000 LED light microscope, Leica MC170HD pho-
tographic camera, and computer image capture, Leica LAS Interactive Measurements, Deer
Park, IL, USA). To identify precisely the different oocyte development stages and distinct
subdivisions (neurohypophysis and adenohypophysis) and pituitary cells of S. parahybae, this
study used the detailed description of ovarian maturation stages described by Honji et al. [11]
and pituitary gland characterization described by Honji et al. [9]. Furthermore, to precisely
locate the various brain and nucleus areas, this study consulted detailed previously published
atlases of other species, namely sea bass (Dicentrarchus labrax) [37-39], zebrafish (Danio re-
rio) [40], African catfish (Clarias gariepinus) [41,42], medaka (Oryzias latipes) [43], and an atlas
currently under production for S. parahybae (Honji et al., in preparation).

2.2.3. Single Immunohistochemistry of the Brain and Pituitary Gland

Immunohistochemistry (IHC) analyses used brain and Pi gland sections. Sections were
immunostained using the Catalyzed Signal Amplification System (CSA Amplification System
Kit-Code: K1500, Dako kit), following the manufacturer’s instructions. The samples were
deparaffinized with dimethylbenzene, rehydrated via different graded ethanol concentrations
(absolute, 96, 90, and 70%), then washed with PBS buffer (phosphate buffered saline, pH 7.4),
and treated with 0.3% hydrogen peroxide (H,O,) in PBS for 15 min at room temperature (rt)
to block endogenous peroxidase activity. Then, samples were washed again with PBS and
treated with 5% nonfat dry milk in PBS buffer for 30 min at rt to inactivate nonspecific sites
(blocking solution). Next, sections were incubated overnight at 4 °C with a 1:500 dilution of
primary rabbit antiserum (rabbits were injected with an AVT Synpep coupled to Keyhole Limpet
Hemocyanin). After incubation with the primary antibody, the sections were washed in PBS
buffer for 5 min (rt) and then incubated for 45 min (rt) with a biotinylated secondary antibody
(Sigma-Aldrich, St. Louis, MO, USA, anti-rabbit, IgG, diluted 1:600). In order to amplify the
signal, the sections were washed in PBS buffer (5 min at rt) and then sequentially incubated in
streptavidin, tyramide and peroxidase-conjugated streptavidin solutions (CSA Amplification
System Kit, Dako) for 45 min at rt. Finally, the samples were washed with PBS buffer. Peroxidase
activity was visualized using 3.3'-diaminobenzidine (DAB) in a chromogen solution and DAB
substrate buffer. Subsequently, the sections were lightly counter-stained with acid haematoxylin
for 2 to 3 min, mounted in Erv-Mount®, and analyzed using computerized image analysis (as
described above).

To confirm the specificity of IHC reactions with heterologous antisera against AVT
in the brain and pituitary gland of S. parahybae, the procedures adopted were preadsorp-
tion tests and control assays. Control sections were incubated with the primary antibody
preadsorbed with excess AVT (1 pg/mL) (Sigma-Aldrich [Arg8]-vasotocin acetate salt, St.
Louis, MO, USA), as previously performed with other species, such as chanchita (Cichla-
soma dimerus) [30]. To avoid false positive reactions, the primary antibody was replaced
with PBS or normal biotinylated secondary antibody (in place of primary antibody). There
were no positive structures or cells in these sections (Figure 2a,b). The IHC analyses for
gonadotropin-releasing hormone (GnRH1 or cfGnRH—catfish GnRH; dilution to primary
antibody African catfish (C. gariepinus) 1:500; secondary antibody anti-rabbit 1:600; GnRH2
or cGnRH-II—chicken-II GnRH; dilution to primary antibody sea bass (D. labrax) 1:500;
secondary antibody anti-guinea pig 1:600) and p-luteinizing hormone (3-LH; dilution to
primary antibody mummichog (Fundulus heteroclitus) 1:1,000; secondary antibody anti-
rabbit 1:600) were carried out in accordance with previous studies of the research group of
the present authors [9,10], including specificity of IHC reactions with heterologous antisera.
For this reason, GnRH and LH analyses of S. parahybae are not presented in this study’s
results, especially regarding histological description and regions where species were identi-
fied, as the study group has already published these results. Further details can be found
in the mentioned studies [9,10]. Histological slides were deposited in the collection of the
Laboratério de Aquicultura e Ecofisiologia Marinha (LAQUEFIM), Instituto de Biociéncias,
Universidade de Sao Paulo, Brazil.
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Figure 2. (a,b) Transversal sections through the preoptic area (POA) of Steindachneridion parahybae
brain: (a) Arginine vasotocin (AVT) antiserum specificity was tested via antiserum alone; and (b) by
preadsorption with an excess of antigen on successive 12 pm sections. Photomicrograph of the
stained (immunostaining) with AVT neurons: (a) example of measured cellular area (black circle,
arrowhead) and nuclear area (red circle, arrow); (c—e) lettered lines indicate the levels of the mains
nucleus of the transverse sections of the anterior (c) to the posterior (e) region of POA (preoptic
area), and (c) telencephalic region and their nuclei; (d,e) preoptic area and their key nuclei. AC,
anterior commissure; Ce, cerebellum; Dc1, central part of the dorsal telencephalon, subdivision 1; Dc2,
central part of the dorsal telencephalon, subdivision 2; Dc3, central part of the dorsal telencephalon,
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subdivision 3; Dc4, central part of the dorsal telencephalon, subdivision 4; Dp, posterior part of
the dorsal telencephalon; LFB, lateral forebrain bundle; NO, optic nerve; NPP, nucleus preopticus
periventricularis; OC, optic chiasma; POA, preoptic area; POR, preoptic recess; Se, sulcus externus;
TOM, medial olfactory tract; V, ventricle; Vd, dorsal nucleus of the ventral telencephalum; V1, lateral
nucleus of the ventral telencephalum; Vv, ventral nucleus of the ventral telencephalum. Transver-
sal sections of pituitary and brain stained using acid haematoxylin (central area) (adapted from
Honji et al. [10]). Ce, cerebellum; dTEL, dorsal telencephalum; HBM, medial basal hypothalamus;
MB, midbrain; MO, medulla oblongata; OB, olfactory bulb; Pi, pituitary gland; SV, saccus vasculosus;
TOM, medial olfactory tract; vTEL, ventral telencephalum. Scale bar: 10 um (a,b); 400 um (c—e).

2.2.4. Morphometric Analysis

The morphometrical analysis of AVT immunoreactive (-ir), cfGnRH-ir, cGnRH-II-ir,
and 3-LH-ir of S. parahybae during artificially induced spawning in captivity, the following
parameters were considered: cellular and nuclear areas (um?), and optical density (OD) of
immunostaining (a.u.). For these analyses, images captured for each sample (ten images
per animal) using the LAS system (1260 x 960 pixels) were considered. As cell bodies
are irregular in shape and most split during histological section, this study only analyzed
cells in which the nucleus was clearly visible. Ten AVT ir-neurons, eight cfGnRH and
c¢GnRH-II ir-neurons, and fifteen (3-LH ir-cells were analyzed as for cellular and nuclear
areas (per animal) (Figure 2a represents an example of analysis to AVT-ir neurons) using
the software Leica LAS Interactive Measurements. To analyze the OD of immunostaining,
the same images above were analyzed with the software Image Gauge. As well as for
the measurements of the cell bodies, ten AVT ir-neurons, eight cfGnRH and cGnRH-II
ir-neurons, and fifteen 3-LH ir-cells were analyzed for OD of immunostaining (based only
on neurons and/or cells that were immunoreactive). Additionally, to reduce variability in
the results of immunostain intensity between tissues, processed separately, representatives
of brain and Pi samples were included in each batch of IHC reactions to further control
staining differences. Similar analyses have been performed of other teleost species [44-47],
including a study examining S. parahybae pituitary cells (3-LH-ir) and neurons (cfGnRH-ir
and ¢cGnRH-II-ir) [9,10].

2.3. Statistical Analyses

A descriptive analysis was performed, and all values are expressed as mean + mean
standard error (M £ MSE). The assumptions (homogeneity and normality) were previously
verified (Levene’s test). In this context, if data fit a Gaussian distribution (normal distri-
bution), they were analyzed via parametric test, otherwise, nonparametric comparisons
were performed when data did not conform to the assumption of homogeneous variances.
Biometrical parameters, steroid plasma levels, and morphometric data were compared via
one-way analysis of variance (ANOVA) between experimental groups, followed by post
hoc Tukey test (parametric comparisons). If data were nonparametric, a Kruskal-Wallis
test, followed by Dunn’s test was performed. Statistical differences were significant when
p < 0.05. Additionally, Pearson’s correlation analysis was conducted to ascertain the linear
relationship between measurements. It assigned a value ranging from —1 to 1, where
0 indicates no correlation, 1 represents perfect positive correlation, and —1 denotes per-
fect negative correlation. Additionally, a 5% confidence level (interval) was considered.
All statistical analyses were performed using the statistical software SigmaStat for Windows
(version 3.10; Systat Software, San Jose, CA, USA).

3. Results
3.1. Water Quality

Table 1 shows water quality parameters recorded throughout the experiment. The av-
erage water temperature and oxygen concentration during the first and second doses were
24.6 °C and 7.74 mgL~!, and 23.9 °C and 8.14 mgL !, respectively. The average water
temperature and oxygen concentration during spawning were 25.0 °C and 8.20 mgL~!.



Fishes 2024, 9, 235

9 of 24

3.2. Broodstock Selection, Hormonal Induction, Reproductive Behavior, and Spawning

Mature S. parahybae broodstocks (Table 1) appeared in February and could spawn.
All broodstocks (100% survival) induced to spawning with the specific protocol described
here responded positively to artificial reproduction. Captivity females were smaller than
wild males (Table 1). It was not possible to establish the age of males because they were
all wild specimens. However, all animals were adults and consequently older than the
captivity females.

In the experimental group, after the first dose until the second hormonal dose (12 h of
interval between doses), female broodstocks were not active and did not show aggressive
interactions, only occasional sporadic active movements. After the second hormonal
dose, there was a gradual increase in the animals’ activity (qualitative analysis), including
aggressive behavior that even hurt one of the females. A female chased the other, trapped
itin a corner of the aquarium Sometimes the chasing specimen had physical contact with
other females, including biting and tail-hitting them. At the time of manually stripping
for gamete collection, one female was damaged and the other had no injuries in the
experimental aquariums. In this case, females who showed a more aggressive behavior
apparently had a longer length and higher body mass than injured females (not statistically
significant) (Table 2). Based on this information, this study defined as “dominant” females
(D) those presenting a more aggressive behavior with no injuries and as “nondominant”
females (ND) those that were injured (Table 2). Such injuries appeared throughout the body
of the ND female, including the dorsal part of the body and the caudal fin. Therefore, in
the present study, aggressive behavior was based on the physical attacks that ND females
suffered but was not quantified during the hormonal induction process.

Table 2. Reproductive data in control, dominant and nondominant Steindachneridion parahybae female
at the Unidade de Hidrobiologia e Aquicultura da Companhia Energética de Sao Paulo (CESP).
Broodstocks biometrical parameters (total length and weight); total oocytes spawned weight; oocytes
per spawned grams; rough estimate of oocytes per kg of female; and total fertilization rate. Data are
presented as the mean + mean standard error (M = MSE).

Animal n Total Length (cm)  Total Weight (g) Spa]v:g:lel dO‘:\)]ggt;st ® Oog}::‘ifl?:;ms Oocl:};t;s;kkg of
Females (control) 3 38.92 £ 0.52 633.33 + 18.78 29.90 295.87 + 14.56 ~5523
Females (Dominant) 3 39.43 +0.41 626.67 + 35.28 30.80 298.67 + 10.48 ~5125
Females (Nondominant) 3 38.40 + 0.59 598,33 + 15.90 19.40 294.29 + 18.99 ~3225

Total fertilization rate (%)

31.50 £ 10.20% (control); 27.20 £ 18.70% (dominant); 21.50 £ 10.00% (nondominant)

Spawning occurred at 200 and 220 ATU (at 25 °C). The total spawned egg weight was
80.10 g and the fertilization rate was 31.50 & 10.20% for the control group, 27.20 & 18.70%
for the D group, and 21.50 £ 10.00% for the ND group (Table 2). D and ND females spawned
30.80 g and 19.40 g of eggs, respectively, containing 298.67 &+ 10.48 oocytes/gram. D females
produced approximately 5,125 oocytes/kg containing 294.29 + 18.99 oocytes/gram, and
ND females produced approximately 3225 oocytes/kg (Table 2). In the control group, fe-
males spawned 29.90 g containing 295.87 £ 14.56 oocytes/gram, producing approximately
5523 oocytes/kg.

3.3. Steroid Analysis

ND females had plasma Cort levels approximately 4.3 times higher than D females
and 4.2 times than control females (326.14 & 13.18, 76.04 £ 3.98, and 77.65 £ 1.55 ng/mL,
respectively, p < 0.001) (Figure 3a). Plasma E;, T, and 11-KT levels of all females (ND,
D, and control) were not statically different (Ep: 845.03 £ 228.78, 853.17 + 126.09, and
819.35 + 119.87 pg/mL, p = 0.989; T: 0.59 £ 0.27, 0.46 £+ 0.13, and 0.49 £ 0.06 ng/mL,
p =0.886; 11-KT: 28.03 £ 8.25,9.10 = 1.43, and 13.36 & 2.54 pg/mL p = 0.363) (Figure 3b-d).
Contrary to Cort levels, D and control females showed 17x-203-DHP levels higher than
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ND females (~2.10 times higher in relation to D and ~1.99 higher in relation to the control):
31,889.63 £ 1369.23 (D), 33,782.16 £ 1804.23 (control), and 16,052.62 + 1,651.38 pg/mL

(ND) (p < 0.001) (Figure 3e).
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Figure 3. (a—e) Plasma sex steroid levels in control, dominant and nondominant Steindachneridion
parahybae females during artificial spawning in captivity. (a) Plasma cortisol (Cort); (b) plasma
173-Estradiol (E2); (c) plasma testosterone (T); (d) plasma 11-ketotestosterone (11-KT); and (e) plasma
17 0,203-dihydroxy-4pregnen-3-one (17x,203-DHP). Data are presented as the mean + mean standard
error (mean = MSE). n = 3 per experimental group. Values followed by letters are significantly
different the dominant, nondominant females, and control group (p < 0.05).

3.4. Histological and Immunohistochemical Analyses of the Ovarian, Brain, and Pituitary Glands

Histological analyses of the ovaries identified the following phases of oocyte devel-
opment in females of all groups: vitellogenic oocytes (Figure 4a) with nuclear migration
(Figure 4b,c) and postovulatory follicles (Figure 4d), in addition to several reserve oocytes
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(perinucleolar oocytes) (Figure 4). There were no qualitative differences between experi-
mental groups in the histological analyses.

Figure 4. (a-d) Micrographs of the ovaries of Steindachneridion parahybae in captivity showing different
germ cell types observed in the control, dominant and nondominant females. (a) Vitellogenic oocytes
(asterisk); (b,c) vitellogenic oocytes with nuclear migration (arrowhead) and vitellogenic oocytes
(asterisk); and (d) vitellogenic oocytes (asterisk) and postovulatory follicle (thick arrow). Thin arrows
(all images) indicate reserve oocytes, namely, perinucleolar oocytes. Haematoxylin and eosin stain.
Scale bars: 300 pm.

Figure 2c—e shows a schematic sagittal section of an adult brain of S. parahybae.
The lines indicate levels of transverse histological sections of the main nuclei resulting from
the identification of AVT neurons. The preoptic area (POA) (Figure 2c—e) in S. parahybae
extends from the ventral telencephalon region (Tel) to the beginning of the diencephalon.
It surrounds the anterior diencephalic ventricle portion, also known as the third ventri-
cle. Moreover, the main nuclei of POA were identified based on cell size distribution:
parvocellular, magnocellular, and gigantocellular, respectively (Figure 5a,c,e).
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Figure 5. (a—f) Transversal sections through the preoptic area (POA) of Steindachneridion parahybae
brain. (a,b) Arginine-vasotocin (AVT) immunoreactive (ir) neurons in the parvocellular (pPOA)
subpopulations (a) and details of AVT-ir (b); (c,d) arginine-vasotocin immunoreactive neurons in
the magnocellular (mPOA) subpopulations (c) and details of AVT-ir (d); (e,f) arginine-vasotocin
immunoreactive neurons in the gigantocellular (gPOA) subpopulations (e) and details of AVT-ir (f).
Scale bars: 100 um (a,c,e); 10 um (b,d,f).

Adult S. parahybae females showed AVT-ir neurons exclusively inside the POA area
(pPOA, mPOA, and gPOA subpopulations) (Figure 5). AVT-ir cell bodies located in the pPOA
area (Figure 5a,b) were the most rostral, ventral, and numerous cells, round or oval in shape,
and presented smaller cellular and eccentric nuclear areas (102.37 &= 3.40 and 72.40 + 1.19 um?,
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respectively) than other cell subpopulations. The mPOA neurons (Figure 5¢,d) extended more
dorsally and posteriorly from the pPOA. They were numerous and round or pyriform in
shape, with a larger cellular and eccentric nuclear area (157.93 + 2.76 and 78.55 + 1.28 um?,
respectively) than pPOA cells. Finally, in more dorsal and posterior positions were the gPOA
cell subpopulation (Figure 5e,f). These cells are characterized by an irregular shape, the largest
cellular area (245.43 + 4.10 um?) inside the POA area, and presented more spherical and
eccentric nuclei (146.14 + 2.74 ym?) than pPOA and mPOA cells. AVT-ir cell bodies were
located in the pPOA, mPOA, and gPOA subpopulation borders of the third ventricle (Figure 5).
Table 3 shows the cellular and nuclear area of each subpopulation.

Table 3. Morphometric analysis (cellular and nuclear area—um?) of arginine-vasotocin immunoreac-
tion neuron of Steindachneridion parahybae female in the different preoptic area of the brain: parvo-
cellular (pPOA); magnocellular (mPOA), and gigantocellular (gPOA) areas. n = 3 animals; n = 10
cellular and nuclear area per animal measured; totalizing 30 cells/nucleus per experimental group.
Data are presented as the mean + mean standard error (mean + MSE).

Cellular Subpopulations in

the Preoptic Area Cellular Area (um?) Nuclear Area (um?)
Parvocellular (pPOA) 102.37 £3.402 7240+ 1.192
Magnocellular (mPOA) 157.93 +£2.76 ° 7855+ 1.28b
Gigantocellular (gPOA) 24543 £4.10°¢ 146.14 +2.74 ¢

Values followed by different letters (a,b,c) are significantly different between brain areas (p < 0.05).

The most dense AVT-ir axonal projections occurred inside the POA area, mainly in the
ventral area of POA (Figure 6a,b). These AVT-ir fibers processes appeared to project both
towards the Pi gland, as seen in Figure 6¢,d. At the Pi gland (anterior pituitary, adenohy-
pophysis), there were AVT-ir fibers at the proximal pars distalis and at the pars intermedia,
while at the rostral pars distalis (Figure 6¢,d), no positive IHC reaction was observed.

Figure 6. (a—d) Transversal sections through the preoptic area (POA) and pituitary (Pi) gland of
Steindachneridion parahybae. Distribution of fibers immunoreactive (ir) with arginine-vasotocin (AVT)
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antisera (a—d). Details of strong and several fibers-ir lengthways with AVT antisera in the ventral
POA area and Pi gland. At the Pi gland, mainly in proximal pars distalis (PPD) and pars intermedia
(PI), while in rostral pars distalis (RPD). IL, inferior lobe; LFB, lateral forebrain bundle; OC, optic
chiasma; P, pituitary gland; TEL, telencephalon; TLA, nucleus of the lateral torus; TO, tectum optic; V,
ventricle; Scale bar: 100 um (a,b); 50 um (c); 10 um (d).

3.5. Morphometry of AVT-ir Cellular and Nuclear Areas in POA Area and between Dominant vs.
Nondominant Females

The cellular and nuclear area of AVT-ir neurons of the S. parahybae brain differ among
subpopulations (pPOA, mPOA, and gPOA) (Table 3). The gPOA cells showed larger
cellular and nuclear areas than mPOA cells (p < 0.01 for both areas) and pPOA (p < 0.02 for
cellular area and p < 0.01 for nuclear area). In turn, pPOA cells showed smaller cellular and
nuclear areas than mPOA cells (p < 0.01 for both areas).

The comparison of the cellular and nuclear area between experimental groups revealed
variations in nuclear area among the mPOA subpopulation. There were smaller areas
in the ND group in relation to the control and D groups (p < 0.006). There were no
differences between pPOA and gPOA subpopulations (Table 4). Regarding GnRH, there
were differences in the cellular area for cfGnRH, with lower values in the ND group in
relation to the control and D groups (p < 0.05) (Table 4). Regarding cGnRH-1I, there were
differences in nuclear area, showing lower values in the ND group in relation to the control
and D groups (p < 0.05) (Table 4). Regarding luteinizing hormone (b-LH), both areas
(nuclear and cellular) were smaller in the ND group than in the control and D groups
(p < 0.05) (Table 4).

Table 4. Morphometric analysis (cellular and nuclear area—um?) of arginine-vasotocin in distinct
region (AVT pPOA = parvocellular, AVT mPOA = magnocellular, and AVT gPOA = gigantocellular),
catfish gonadotropin-realizing hormone (cfGnRH) and chicken-II gonadotropin-realizing hormone
(cGnRH-II) immunoreaction neuron and -luteinizing hormone (3-LH) immunoreaction cells in
control, dominant and nondominant of Steindachneridion parahybae female. For AVT: n = 3 animals;
n =10 cellular and nuclear area per animal measured; totalizing 30 cells per experimental group; for
cfGnRH and ¢cGnRH-II: n = 3 animals; 1 = 8 cellular and nuclear area per animal measured; totalizing
24 cells per experimental group; for 3-LH: n = 3 animals; n = 15 cellular and nuclear area per animal
measured; totalizing 45 cells per experimental group. Data are presented as the mean + mean
standard error (mean + MSE).

Cellular Subpopulations Control Dominant Nondominant

in the Preoptic Area Cellular Area Nuclear Area Cellular Area Nuclear Area Cellular Area Nuclear Area
AVT pPOA 103.11 +£3.20 2 7410+£250° 102.18 £2.10 2 7244+210° 102.56 £ 3.60 2 7236 +£1.24%
AVT mPOA 157.77 £3.247 7720+ 1852 159.76 +4.34° 7525+ 1172 156.10 £ 1.77 2 61.86 +1.77°
AVT gPOA 254.52 £7.34° 137.50 4222 243.61 £7.42° 146.60 +4.39 2 247.24 £3.92° 145.68 +3.54 2
cfGnRH 27.34+£0.99° 13.07 £ 0.44 2 2631 +£149° 12.97 £ 0.63 2378 +0.71° 11.01 £ 0452
c¢GnRH-II 28.31 £1.33% 11.59 £ 0.55 2645 +1.27% 10.61 +£0.54 2 25.09 £1.27¢ 7.89 +0.27°

B-LH 14.40 £ 0447 6.80 £0.96° 13.46 £ 0227 6.93 £0.24° 12.11 +0.43 " 6.54 +£0.11°

Values followed by different letters (a,b) are significantly different between brain areas (p < 0.05).

Figure 7 summarizes the results obtained via semi-quantitative analysis. In general,
ND females showed lower OD values in relation to control and D females. Regarding AVT,
OD values were lower in pPOA, and mPOA and gPOA in ND (176.33 £ 11.29, 193.67 £ 6.25,
and 189.00 £ 5.52 a.u., respectively), than the control (262.50 £ 2.92, 259.75 + 1.89, and
263.25 £ 1.75 a.u., respectively) (p < 0.001) and D (242.33 £ 15.27, 237.67 + 5.42, and
248.33 + 5.88 a.u., respectively) (p < 0.001). Only mPOA OD values differed control females
from D females (p < 0.001). Regarding GnRH OD values, cfGnRH and ¢cGnRH-II were low
in the ND group (105.00 & 1.95 and 140.15 & 6.57 a.u., respectively) compared to the control
(134.51 £ 3.88 and 194.16 + 6.23 a.u., respectively) (p < 0.001) and the D group (130.72 £ 5.50



Fishes 2024, 9, 235 15 of 24

and 200.40 + 8.87 a.u., respectively) (p < 0.001). Regarding 3-LH, the same pattern of
difference occurred, with lower OD values in the ND group (118.12 & 1.30 a.u.) compared
to control females (143.65 + 1.88 a.u.) and D females (142.13 £ 1.81 a.u.) (p < 0.001).
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Figure 7. (a—f) Semiquantitative analysis (optical density (OD), a.u.) of immunohistochemistry of
the arginine-vasotocin (AVT) and gonadotropin-releasing hormone (GnRH) neuronal system and
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gonadotropins (LH) of Steindachneridion parahybae in the different experimental groups, control,
dominant, and nondominant females. (a) AVT-pPOA: parvocellular arginine-vasotocin subpopu-
lation; (b) AVT-mPOA: magnocellular arginine-vasotocin subpopulation; (c) AVI-gPOA: giganto-
cellular arginine-vasotocin subpopulation; (d) cfGnRH: catfish gonadotropin-releasing hormone;
(e) cGnRH-II: chicken-II gonadotropin-releasing hormone; (f) 3-LH: 3-luteinizing hormone. For AVT:
n = 3 animals; n = 10 for OD of immunostaining per animal measured; totalizing 30 cells per ex-
perimental group; for cfGnRH and ¢cGnRH-II: n = 3 animals; 7 = 8 for OD of immunostaining per
animal measured; totalizing 24 cells per experimental group; for 3-LH: n = 3 animals; n = 15 for OD
of immunostaining per animal measured; totalizing 45 cells per experimental group. Values followed
by different letters (a,b,c) represent significantly different (p < 0.05).

The main Pearson’s correlation results are presented in Figure 8. Plasma Cort had a
positive correlation in control and D animals with 17«-203-DHP and 3-LH, but a negative
correlation in ND animals. As for androgens, a positive correlation was identified between
Cort and 11-KT for all groups, as well as for T for D and ND (positive) and negative for
the control (Cort and T). Furthermore, plasma Cort also showed a positive correlation for
the different AVT subpopulations in the D animals and the control group, but a negative
correlation only for the mPOA subpopulation in the ND animals. As the animals in
the present study were artificially induced to reproduce, there was a positive correlation
between (3-LH and 17x-203-DHP (all groups). On the other hand, 17x-203-DHP showed
a positive correlation with AVT pPOA and AVT gPOA and a negative correlation with
AVT mPOA (both for D and control animals) and a positive correlation with mPOA was
identified in ND females. Inversely to what was identified in ND animals, as 17x-20f3-
DHP was positive for AVT mPOA and negative for AVT pPOA and AVT gPOA. Positive
correlation between AVT (mPOA, gPOA and pPOA) with cfGnRH, cGnRH-II and (3-LH
were observed in practically all groups, except for mPOA with 3-LH (negative) and between
pPOA and cGnRH-II (no interaction) in the group D females.
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Figure 8. Pearson’s correlation coefficient matrix showing potential relationships between sex-
ual steroids, cortisol plasma concentration and optical density (a.u.) of immunohistochemistry
of the arginine-vasotocin (AVT), gonadotropin-releasing hormone (GnRH) neuronal system and
gonadotropins (LH) of Steindachneridion parahybae in the different experimental groups, control,
dominant, and nondominant females. The color of each box indicates the relationship between
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the various parameters examined in this study, with dark red indicating positive relationships and
dark green indicating negative relationships. Abbreviations: AVT-pPOA: parvocellular arginine-
vasotocin subpopulation; AVT-mPOA: magnocellular arginine-vasotocin subpopulation; AVT-gPOA:
gigantocellular arginine-vasotocin subpopulation; cfGnRH: catfish gonadotropin-releasing hormone;
c¢GnRH-II: chicken-II gonadotropin-releasing hormone; 3-LH: 3-luteinizing hormone; and 17x-20[3-
DHP: 17 x-203-dihydroxy-4-pregnen-3-one.

4. Discussion
4.1. Water Parameters and General Characteristics of the Breeders

The water quality parameter values of the present study were within the comfort zone
of this species, and close to previous research performed for maintaining and rearing of
broodstocks of wild S. parahybae [3] and captivity females [4,5]. The reproductive data of
S. parahybae in captivity (i.e., hormonal induction response, quantity of oocytes released,
fertilization rate) have been extensively discussed in previous studies [3-5,7,11] and the
results obtained in the present study did not differ from the reproductive pattern observed
for S. parahybae in captivity. Regarding the histological analyses of the ovaries, the phases
of oocyte development during the reproductive cycle of S. parahybae in captivity were
also widely discussed [11]. The present study also corroborated that S. parahybae females
can experience multiple spawning events during the reproductive cycle, because, after
artificial induction, postovulatory follicles and several vitellogenic oocytes with nuclear
migration and vitellogenic oocytes were identified in these animals that had been induced
and spawned. More information on induced reproduction of S. parahybae can be found
in [3-5,7,11].

4.2. Vasotocinergic System Characterization, and Social Status: Dominant and
Nondominant Females

This study initially characterized the vasotocinergic system and its potential associ-
ation with reproductive physiology and social behavior of S. parahybae females. In this
species, AVT-ir neurons are located exclusively inside the POA and distributed among
parvo, magno, and gigantocellular subpopulations. The pPOA subpopulation is located at
the rostral and ventral region of the POA. It is potentially important in mediating stress
responses in fish. The mPOA and gPOA subpopulations are located more caudally and
dorsally to pPOA,; it distinguishes pPOA neuron by morphology, soma size, and most
caudal distribution. Studies have linked both cellular subpopulations (mPOA and gPOA)
to behavioral functions, such as territorial behavior, but there are variations in distribution
that suggest specificity. This pattern of distribution is consistent with all vertebrate species
studied to date, including agnathans and gnathostomes. These cells project to a variety
of brain regions and to the pituitary gland [20,28] in teleost species such as butterflyfish
(Chaetodon miliaris and C. multicinctus) [48], medaka (O. latipes) [49], goldfish (Carassius au-
ratus) [50], and pupfish (Cyprinodon nevadensis) [51]. AVT-ir neurons are located almost
exclusively in the POA and the anterior hypothalamus, distributed among a population of
densely packed small cells and two other populations of larger cells surrounding the recess
of the third ventricle, the pPOA, mPOA, and gPOA. Analyzing butterflyfish (C. multicinctus
and C. miliairs), Dewan et al. [48] described a group of additional AVT-ir neurons in the
ventral tubular hypothalamus with even smaller soma diameter than pPOA cells. This
population did not appear in S. parahybae and chanchita (C. dimerus) [30]. Direct evidence
from the observation of axonal projections into the pituitary gland of S. parahybae suggest a
possible role of AVT at a central level acting as a neuromodulator or as a neurohormone
with target sites such as the pituitary, mainly to proximal pars distalis (PPD) (next to
gonadotropins, mainly -LH) [9], and is discussed below.

In general, the morphometric analysis (cellular and nuclear area) of AVT-ir in D and
ND of S. parahybae did not reveal differences. However, the gene expression analysis
in peacock blenny (Salaria pavo) [35,36], toadfish (Porichthys notatus) [52], and Azorean
rock-pool blenny (Parablennius parvicornis) [53] indicated low AVT gene expression levels
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and/or soma size in these subpopulations (pPOA, mPOA, and gPOA) when associated
with territorial behavior. Other species, such as zebrafish (D. rerio) [54], African cich-
lid fish (Astatotilapia burtoni) [19], anemonefish (Amphiprion ocellaris) [55], and chanchita
(C. dimerus) [30], presented an opposite pattern, that is, high AVT levels associated to
territoriality. In this case, several previous findings have shown that AVT differentially
expresses in these subpopulations (pPOA, mPOA, and gPOA), which directly affect the
behavior of many fish species [24]. These studies have indicated differences in AVT gene
expression, suggesting differences in descriptions of anatomy [19,54].

In relation to behavior, females that were kept in the same tank presented lesions
on the skin caused by aggressive behavior. As only one female presented injuries, one
was considered D and the other ND (subordinate). Caneppele et al. [3] have reported
this aggressive behavior after hormonal induction to start the reproduction of S. parahybae.
In that experiment, a broodstock couple was kept in the same tank (females were more
aggressive than males; males did not show aggressive behavior at any time during the
reproductive process). Honji et al. [4] reported that when two females were kept in the
same tank, the results were the same (very aggressive females). Therefore, keeping two
animals (a couple or females) during hormonal induction of this species is not recom-
mended. Moreover, among social animals, dominance can have long-term physiological
consequences. There are strong interactions between behavior and the endocrine and ner-
vous systems that affect the interactions between an animal and its environment, including
social interactions [30,56]. Although social regulation is a well-established phenomenon on
several physiological processes, little is known about the mechanisms linking an aggressive
behavior to reproductive physiological changes associated with dominance. Furthermore,
the relationship between aggressive behavior and reproductive dysfunction in rheophilic
species, when kept in captivity, is not known. Therefore, the present study is a starting
point in this context with S. parahybae.

4.3. AVT System Influences the Brain-Pituitary-Gonads Axis of Steindachneridion parahybae

Similar to the conserved pattern observed here for positive AVT immunoreaction,
vasotocinergic fibers also show a high degree of neuroanatomical conservation. Vasotocin
projections appear throughout teleost brains, especially the forebrain and hindbrain re-
gions [22]. As with the few species examined thus far, there is considerable anatomical
overlap between GnRH and AVT neurons. In chanchita C. dimerus, the greatest density of
AVT-ir axons is observed within the POA, where fibers form a dense preoptic-hypophyseal
tract entering the pituitary through the anterior and posterior infundibular stalks. This
preoptic-hypophyseal area is one of the primary regions where GnRH neurons are located
in this species [30]. In the electric fish species Gymnotus omarorum and Brachyhypopomus
gauderio, AVT-ir fibers run ventro-caudally to the pituitary and the lateral and ventral hy-
pothalamus [22], likely indicating the location of GnRH neurons. There is a colocalization
of AVT receptor with GnRH in hypothalamic neurons of rock hind (Epinephelus adscensionis)
and corvina blanca (Micropogonias albus) [57]. In S. parahybae, an anatomical overlap between
GnRH [10] and AVT (present study) was also identified.

Neurophysiological studies in the rainbow trout (Oncorhynchus mykiss) show that
both sGnRH (salmon GnRH) and cGnRH-II facilitate the electrical activity of POA AVT
neurons [58]. This indicates that both hypothalamic and midbrain GnRH may modulate
AVT neurons regulating reproductive behaviors. Increases in the number or size of GhnRH
neurons are known to reflect differences in the potential to deliver GnRH to the pituitary
and stimulate steroidogenesis. Consequently, data on body size influences on GnRH (and
AVT) cell size and number are noted where available [34]. In teleosts, numerous investiga-
tions have highlighted the significance of AVT neurons in shaping agonistic phenotypic
asymmetries. Changes in both the quantity and size of AVT neurons have been detected
through techniques such as immunohistochemistry and in situ hybridization. Despite the
differences in experimental approaches among these studies, it is clear that the consolida-
tion of dominance is associated with enduring morphological changes in AVT neurons,
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and that these changes do not affect the all the subpopulations of AVT cells in a homo-
geneous way [22]. For S. parahybae, due to the few differences in the cellular and nuclear
area of the distinct AVT subpopulations that were observed between the experimental
groups, we preferred to use the OD-ir in comparisons. A positive correlation between
mPOA, gPOA, and pPOA with GnRH (cfGnRH and cGnRH-II) and 3-LH were observed in
practically all groups. These results aligned with the existing literature, demonstrating that
the combination of GnRH and AVT during artificial induction, especially with the second
dose injection, does not significantly impact the efficiency of spawning, egg production,
fertilization rate, hatching rate, or survival rate postspawning [57]. Although the present
study did not inject AVT, a positive correlation between GnRH, 3-LH, and progestins with
AVT can suggest that AVT is a powerful indicator in the induction of S. parahybae as well.
Therefore, exploring the differences in the actions of AVT and GnRH in the POA is crucial
for understanding the neuroendocrine basis of reproductive plasticity among teleosts [34].
Further studies are needed to determine the short- and long-term effects of GnRH release
on AVT neurons (and vice versa) and the physiological processes and behaviors regulated
by these neuropeptides in S. parahybae and other Neotropical species.

In S. parahybae there is a greater association between positive AVT of POA area im-
munoreactive to the pituitary gland, suggesting a possible role of AVT as a moderating
factor for the release of pituitary hormones, mainly in D and control animals and in
the pPOA and gPOA AVT subpopulations with 3-LH observed as a positive correlation.
Moderate negative correlation in ND animals between pPOA and 3-LH was identified. Ra-
mallo et al. [30] describe that the AVT affects the release of both gonadotropins in chanchita
(C. dimerus). In rock hind (E. adscensionis), Maruska et al. [58] described the presence of
AVT receptors in the proximal pars distalis (PPD) in the adenohypophysis but not in the
neurohypophysis, also suggesting that AVT is a neurotransmitter or neuromodulator of
gonadotropins. Additionally, the effects of AVT have been noted on gonadotropin release
in Sailfin molly (Poecilia latipinna) as described by Maruska et al. [58]. It is noteworthy that
the above-mentioned studies, which report AVT fibers broadly across the brain of different
fish species, have used frozen immunohistochemistry protocols, different from the paraffin-
based protocol used here. It is possible that the failure of detecting fibers outside the POA
area and hypothalamic region results from methodological issues. This type of discussion
was also a topic with chanchita (C. dimerus) [30], and the present study corroborated this
methodological information. Additionally, it is possible that the pPOA nucleus, which
projects into the pituitary gland [20,28,59], may be involved in the modulation of behaviors
related to submission and/or activation of the stress axis [28,60]. This was not possible to
report in the present study. Evidence from other teleost species shows that AVT synthesized
by pPOA cells is involved in regulating the release of Cort through the action of AVT on the
HPI axis (hypothalamus-pituitary-interrenal) [20,28]. Fox et al. [60], Ramallo et al. [30], and
Martos-Sitcha et al. [28] reported that the level of the stress hormone Cort depends critically
on social and reproductive status of an individual and on the stability of its social situation.
The findings here showed that Cort varied between females and may be responsible for
the low reproductive performance of ND S. parahybae in captivity. This is in agreement
with the notion that subordination is associated with high stress levels, marked by high
plasma glucocorticoids. Increased cortisol secretion is a primary indicator of stress in
teleost fish [61,62], as observed in chanchita (C. dimerus) [56,63,64] and African cichlid fish
(A. burtoni) [60,65,66], and in many other vertebrates” species [67]. This scenario cannot be
confirmed for S. parahybae but suggests a behavior and possibly an AVT affecting the HPI
axis of this species (due to the increase in Cort in ND females).

Larson et al. [54] only observed AVT immunostaining in the pPOA of zebrafish (D. re-
ri0) subordinates. It was absent in dominant males. Likewise, in chanchita (C. dimerus) AVT
showed a positive and concentration-dependent effect over testicular androgens synthesis
and secretion in vitro [30]. The authors also reported AVT gene expression in testicular
somatic tissue located in the interstitial compartment. Thus, the AVT system in chanchita
(C. dimerus) males seems to be of high complexity, with multiple sites of action. Despite
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differences in methodological and behavioral paradigms, these studies, corroborating this
study’s data on S. parahybae, point to a putative role of the AVT neuronal system in acti-
vating/modulating submissive neural circuits or inhibiting aggressive/dominance neural
networks, as well as high Cort levels, through the action of AVT on the HPI axis. At a
central level, it could act jointly by inducing typical aggressive behaviors. Even though the
effect of AVT on the stress axis is well characterized for some species, information on this
context is lacking for Neotropical teleost species (AVT neuronal system and influence of
BPG and/or HPI axis).

High E; plasma levels precede secondary growth (or vitellogenic oocytes). This is
related to the synthesis of vitellogenin because one of the main actions of estrogen is to
stimulate the synthesis of vitellogenin in the liver, then incorporating it into the oocyte. E;
plasma concentrations are high during primary growth in several species, occurring before
the presence of vitellogenic oocytes and ovulation [15, for review], including were observed
in S. parahybae [11]. The results obtained in the present study using histological analysis
revealed that females are sexually mature females (with vitellogenic oocytes). However,
there were no differences in the plasma E; concentrations between experimental groups.

Although T is considered in the synthesis of E; and 11-KT [68,69], several studies
have detected the presence of high androgen concentration during the reproduction cycle
of females [70,71]. However, in the present study, there were no differences in plasma T
profile between experimental groups. In the present study, the 11-KT concentration was
higher in all groups, and females showed vitellogenic oocytes. This scenario suggests an
important physiological role during the gonadal maturation of S. parahybae. However, the
11-KT plasma concentration between ND and D females was not statistically different.
The literature reports that the variation of this steroid is related to the social hierarchy
presented by cichlids [63,64,72,73], suggesting that the participation of androgens may be
species-specific.

Unfortunately, the maintenance of S. parahybae broodstock in captivity was not com-
pletely successful [3,4,9-11]. This was due to endocrine disruption in the synthesis and/or
release of LH [9] and GnRH [10], as well as the sexual steroid pathway [11]. 17x-203-DHP is
the most effective progestogen for inducting the breakdown of the germinal vesicle (GVBD)
in most teleost species examined to date [74]. The concentration of plasma 17-203-DHP
is low in teleost fish blocked from migrating (reophilic species) or when kept in captivity
in fish rearing operation (aquaculture of reophilic species for example). This situation
negatively affects final oocyte maturation in teleost species. Observations of the hormones
produced by the BPG axis are important for understanding the possible physiological
causes of reproduction failures [14-18,74]. In the present study, control and D females
presented a plasma profile of this sexual steroid superior to ND females, which culminated
in a better reproductive performance.

Finally, there are well-known trade-offs between glucocorticoids and sexual steroid
hormones in fish physiology, mainly in the context of social (stress) and aggressive behavior,
as reported by Silva and Pandolfi [22], Balment et al. [26], and Ramallo et al. [30], including
the participation of AVT and AVT-crosstalk with other reproductive neurohormones, such
as GnRH, with pituitary hormones, as 3-LH, and gonadal steroid hormones, such as E;, T,
and 11-KT [16,18,20,22,24,26,30,69,75], a profile that was also corroborated in the present
study with S. parahybae. In the literature, the vast majority of studies on the influence
of AVT with gonadal steroids were carried out with male fish, in which AVT has direct
effects on the release/production of testicular androgens, as carried out in C. dimerus [30].
In S. parahybae female, although AVT presents a positive correlation with androgens (T and
11-KT), it was only identified in the pPOA and gPOA subpopulations in control and ND
group. The mPOA subpopulation showed a negative correlation in all experimental groups
and may suggest a specific action depending on the AVT subpopulation. Interestingly,
mPOA presented a negative correlation with 17«-203-DHP in the control and in D females
(contrary to the ND females, as it was a positive correlation), suggesting an inverse inter-
action between mPOA and 17x-203-DHP, suggesting that this steroid can be one of the
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strong candidates for FOM in teleost fish species [74]. Therefore, the present study also fills
this gap in the reproductive physiology of endangered Neotropical fish, mainly in species
where females are more aggressive and present reproductive dysfunctions when reared
in captivity.

5. Conclusions

The results obtained here suggest a possible direct effect of aggressive behavior on
the AVT or the GnRH neuronal system and an indirect effect (through pituitary hormone)
on steroidogenesis in S. parahybae. Thus, AVT may not only be associated with aggressive
behaviors at a central level, acting as neuromodulator, but it may also act as a neurohormone
and putative pituitary hormone-releasing factor, modulating the sex steroid pathway in the
gonads. Control and D females showed a higher level of 17x-203-DHP and a lower level
of Cort than ND females. Therefore, in S. parahybae, the AVT neuronal system is highly
complex, possibly presenting multiple sites of action along the BPG axis. AVT neuronal
systems are directly and/or indirectly associated with behavioral and physiological changes
that are typical to S. parahybae females when induced artificially to spawning in captivity.
Finally, the results contribute to an improved reproductive performance in captivity since
the endangered status of the species deserves special attention and urgent actions, especially
improving the understanding of their reproductive physiology, which is the basic premise
for fish restocking program in the Paraiba do Sul River basin.
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