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ARTICLE INFO ABSTRACT

Investigations on the role of the reproductive hormones on VT receptor gene expression are lacking in teleosts.
Previously we reported that gonadotropin and steroid hormones modulate the secretion and gene expression of
brain and ovarian vasotocin (VT) in the catfish Heteropneustes fossilis. In continuation, in the present study we
investigated the role of estradiol-17B (E,), the maturation-inducing steroid (MIS) 17a, 20B-dihydroxy-4-
pregnen-3-one (17, 203-DP), and human chorionic gonadotropin (hCG) on the expression of VT receptor genes
(vlal, vla2 and v2a) in the brain and ovary of the catfish in early (previtellogenic, preparatory) and late (post
vitellogenic, prespawning) phases of the ovarian cycle. The steroid treatments (in vivo and in vitro) modulated
only the vlal and v1a2 expression in both tissues, but not the v2a expression. The E,-induced modulation of the
vlal and v1a2 gene expression varied with the reproductive phase. In the preparatory phase, E, up regulated the
expression of brain and ovarian vlal and v1a2 gene expression, the response varied with the dose and duration.
In the prespawning phase, E, inhibited the expression in a dose- and duration-dependent manner. On the other
hand, 17, 20B-DP up regulated the expression of brain and ovarian vlal and vla2 in both phases, and the
response was higher in the prespawning phase and varied with dose and duration. In contrast to the steroid
effects, the hCG treatment modulated the expression of all the VT receptor genes only in the prespawning phase
and the response varied with dose and duration. The results indicate differential modulatory roles of steroid
hormones and hCG on the VT receptor gene expression, to mediate VI’s reproductive or osmoregulatory
functions. While the hCG effect on vla type receptor expression may be steroid- dependent, that of v2a ex-
pression seems to be steroid-independent.
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1. Introduction

The vasopressin homolog vasotocin (VT) is thought to be the evo-
lutionary forerunner of all vertebrate neurohypophysial (NH) non-
apeptides (Acher, 1996) and is equally potent in the control of os-
moregulation and reproduction. Many of the better characterized
peripheral physiological functions of VT are brought about by its ability
to contract smooth muscles (Amer and Brown, 1995; Wells et al., 2002).
In the brain, centrally released VT assumes the role of a neuromodu-
lator or neurotransmitter that influences social and reproductive be-
haviors (Salek et al., 2002; Goodson and Bass, 2000; Semsar and
Godwin, 2003). In addition to the well established functions of os-
moregulation and reproduction, VT is involved in other functions such
as metabolism, maintenance of circadian and seasonal calendar to stress
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response (Balment and Warne, 2006). These diverse functions are
mediated by at least three receptor subtypes which show a wide tissue
distribution (Lema, 2010; Lema et al., 2012). Two of them belong to the
mammalian V1a subfamily and are named vlal and vla2 subtypes, and
the third is the v2a type (Ocampo Daza et al., 2012; Yamaguchi et al.,
2012; Lagman et al., 2013). The mammalian Vla and V2 classes of
receptors employ, respectively, the protein kinase C and protein kinase
A signaling pathways to mediate various physiological processes (Gimpl
and Fahrenholz, 2001). In the catfish Heteropneustes fossilis, three VT
receptor subtype genes, viz., vlal, via2 and v2a were cloned and
characterized, and the gene transcripts showed wide tissue distribution
(Rawat et al., 2015). The v1al and v1a2 transcripts have extensive and
overlapping distribution in different brain regions and the pituitary
while v2a transcripts have limited localization (Rawat et al.
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unpublished data). Similarly, the VT receptor gene paralogs have a
differential distribution in the ovary. Both vlal and vla2 are localized
in the follicular layer composed of the endocrine theca - granulosa
while the v2a mRNA is localized in the cytoplasm and zona radiata
(granulosa — oocyte membrane complex).

In the previous study, Singh and Joy (2008) reported the distribu-
tion of VT in the hypothalamo-hypophysial-ovarian axis of the catfish
H. fossilis using VT-specific antibodies. VT- immunoreactivity was ob-
tained in the neurons of the nucleus preopticus (NPO), in the neuro-
hypophysis of the pituitary and follicular layer of the ovarian follicles.
VT showed significant seasonal changes in the brain, plasma and ovary
with high levels in the brain in preparatory phase but high titers in the
plasma and ovary in spawning phase. In subsequent studies, a direct
role of VT in ovarian steroidogenesis, oocyte maturation and hydration,
ovulation and prostaglandin synthesis has been reported in the catfish
H. fossilis (Singh and Joy, 2009a, 2010, 2011; Joy and Singh, 2013; Joy
and Chaube, 2015). VT differentially modulated estradiol-17f3 (E,) in a
biphasic manner (low doses stimulated and high doses inhibited) in the
preparatory (previtellogenic) phase while VT inhibited E, in the post-
vitellogenic ovary (prespawning and spawning phases). On the other
hand, VT stimulated consistently progestin steroids: P4, 17P4 and 17a,
20B- dihydroxy4-pregnen-3-one (17, 20BDP- maturation-inducing
steroid) in all the three phases; the effect was maximal in the spawning
phase. Similarly VT stimulated germinal vesicle breakdown (meiotic
maturation), oocyte hydration, aquaporin-lab expression (Acharjee
et al, 2011), prostaglandin (PGF,, and PGE,) and ovulation. In all
these, the effects of VT were greater than the neutral peptide, Isotocin
and similar to human chorionic gonadotropin (hCG). VT is considered a
co-gonadotropin in the catfish. Estrogens and progestins modulate VT
levels: estradiol-17f3 (E,) elicits a reproductive-stage- specific stimula-
tory or inhibitory effect while progestins exert a stimulatory effect
(Singh and Joy, 2009b). Human CG with LH activity and Ovaprim
(salmon GnRH analogue and domperidone, a dopamine-2 receptor
blocker) have been used to induce ovulation in fishes and VT showed
periovulatory changes with the peak increase at 16 h post injection
when eggs are stripped and fertilized (Singh and Joy, 2009b; Singh and
Joy, 2011). Thus, the catfish ovary has a full complement of the VT
system, as in the brain-pituitary.

Since the aforesaid actions of VT are inhibited by either mammalian
V1 type or V2 type receptor blockers (references as above), we were
interested to know whether the reproductive hormones modulate VT
receptor expression. The effects of E5, 17, 203-DP and hCG on the ex-
pression of the VT receptor genes were investigated in vivo in the brain
and both in vivo and in vitro in the ovary in the previtellogenic (pre-
paratory phase) and post vitellogenic (prespawning phase) female fish.

2. Material and methods
2.1. Animal collection and acclimatization

Heteropneustes fossilis were collected from local fish markets in the
preparatory (March) and prespawning (June) phases of the re-
productive cycle. Female fish were sorted out and a few fish were
sampled to determine the ovarian stage. The gonado-somatic index
(GSI) was 0.48 + 0.03% in the preparatory phase (previtellogenic
stage) and 9.05 * 0.1% in the prespawning phase (post vitelloegenic
stage). The fish were maintained in the laboratory for a week under
natural photoperiod and temperature (11.5L: 13.5D; 22 = 2°C and
13L: 11D; 26 = 2°C, respectively) to overcome stress due to trans-
portation and were fed with boiled goat liver ad libitum.

The experiments were performed in accordance with the guidelines
of Animal Ethics Committee of Banaras Hindu University for experi-
mentation in animals and care was taken to prevent cruelty of any kind.

13

General and Comparative Endocrinology 279 (2019) 12-26

2.2. Chemicals

Estradiol-17f (E,) and 17a, 20B-dihydroxy-4-pregnen-3-one (17,
20B-DP) were purchased from Sigma chemical company, St. Louis, USA.
Human chorionic gonadotropin (Corion; IBSA; Switzerland) was pur-
chased from a local medical store. RNeasy lipid tissue mini kit (Qiagen),
Revert-Aid H Minus first strand cDNA synthesis kit (Fermentas), DNase
I RNase-free (Ambion) and veriquest SYBR green qPCR master mix
(Affymetrix) were procured through local suppliers. Agarose, tris base,
glacial acetic acid, EDTA-Na2 and other chemicals were of molecular
grade, and purchased locally. Primers were synthesized by Integrated
DNA Technologies, Faridabad, India.

2.3. In vivo experiments

In each phase, 24 groups of 5 acclimated fish each were used for the
steroid experiments. E, and 17, 203-DP were weighed and dissolved in
50 pL ethanol in a dark bottle and diluted with fish saline (0.6% NaCl)
and kept at 4 °C. E, (0.05, 0.1 and 0.5 pg/g BW) and 17, 203- DP (0.1,
0.5 and 1.0 ug/g BW) were administered intraperitoneally at the base of
pectoral fin. Six groups of 5 fish each were given the vehicle (0.6% NaCl
containing 50 pL ethanol), as controls. The fish were sampled at 8, 16
and 24 h. Brain and ovary were dissected out and stored in RNA later at
—80 °C until processed for the gene expression assay. For the hCG ex-
periment, 13 groups of 5 acclimatized fish each were used in each
phase. Human CG was dissolved in fish saline and was injected in-
traperitoneally at doses of 20, 50 or 100 IU each. The fish were sampled
at 8, 16 and 24 h. As controls, six groups of 5 fish each were given fish
saline. Brain and ovary were dissected out and stored in RNA later at
—80 °C until processed for the gene expression study.

In the hCG experiment, five fish in each group were checked for
ovulation by manual stripping at 0, 8, 6 and 24 h and scored for de-
termining ovulation.

2.4. In vitro experiments

2.4.1. Preparation of incubation medium and test compounds

Incubation medium was prepared as follows: NaCl-3.74, KCl-0.32,
CaCl,»-0.16, NaH,PO, H,0-0.10, MgSO,4-7H,0-0.16 and glucose —0.40
(weights in g) were dissolved in 1 L of triple distilled water. The in-
cubation medium was autoclaved and pH was adjusted to 7.5 with 1 M
sodium bicarbonate. Penicillin (2,00,000 IU) and streptomycin sulphate
(200 mg) were added and filtered. The medium was stored at 4 °C and
prepared fresh every week. The hormone stock solutions were prepared
as described above. Just before the incubation, the stock solutions were
diluted with the incubation medium to make working concentrations.

2.4.2. Incubation of ovarian tissue

In the preparatory and prespawning phases, ovaries were collected
from adult acclimatized female fish, weighed and transferred into a
sterile Petri dish containing freshly prepared cool incubation medium.
Ovary pieces (about 100 mg each) were rinsed and transferred to cul-
ture plate wells containing 5mL medium each with different con-
centrations of E, (1, 10 and 100 nM), 17, 203-DP (1, 10 and 100 nM),
and hCG (20, 50 and 1001IU) and incubated at 22 = 2°C for 8, 16 or
24 h. For controls, the ovarian pieces were incubated with the medium
containing the same amounts of vehicle or fish saline. All incubations
were done in triplicate. Five replicates were used for each concentration
of the test compounds. The medium was changed after every 4h to
maintain a constant pH. After completion of the incubation, the tissues
were stored in RNA later at -80 °C, until processed for gene expression
studies.

2.4.3. Determination of GVBD in vitro
In the prespawning phase, sexually mature female H. fossilis were
sacrificed by decapitation and ovaries were transferred to a Petri dish
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containing fresh cooled incubation medium. Round, dark green post-
vitellogenic ovarian follicles (1 mm diameter) with centrally-located
germinal vesicle (GV) were selected and separated with fine brush and
watchmaker’s forceps. Batches of about 50-60 follicles were incubated
in triplicate in embryo cups containing 3 mL incubation medium con-
taining the vehicle or medium containing test hormones: 17, 203-DP (1,
10 and 100 nM) or hCG (20, 50 and 1001IU) at 22 + 2°C for 0, 8, 16
and 24 h. The incubations replicated with follicles from 5 fish ovaries.
The medium was changed every 4 h and replenished with fresh medium
containing required amount of the test compound.

At the end of the incubations, the follicles were cleared in a clearing
solution (ethanol: acetic acid: formalin, 6:1:3) and observed under a
stereobinocular microscope. Translucent follicles without GV were
scored. Percentage of GV breakdown (GVBD) was calculated as,

Follicles that underwent GVBD
Total number of follicles incubated

X 100

2.5. qPCR assay

Total RNA was extracted from the tissues (100 mg) stored in RNA
later by the single step method of RNA isolation. RNA purity was
checked by calculating A260/A280 ratio. Samples having a ratio above
2.0 were only used. Absence of genomic DNA contamination in the RNA
was confirmed by using non-reverse transcribed samples as templates.
In addition, the absence of DNA in total RNA was ensured by treating
with DNAse I before proceeding for the first strand cDNA synthesis. Five
ug of total RNA was reverse transcribed using random hexamer primers
and Revert Aid M-MuLV reverse transcriptase in a 20 pL reaction vo-
lume (first strand cDNA synthesis kit, Fermantas), using the manu-
facturer’s protocol. Gene-specific primers were designed for vlal, via2
and v2a from the respective sequences (Table 1). Primers for (3-actin
were used as the internal control. The specificity of each primer pair
was confirmed by dissociation curve analysis. The qPCR assays were
performed in triplicate for different samples using the specific primers
and VeriQuest ™SYBR Green qPCR master mix with ROX (Affymetrix,
Inc. Cleveland, Ohio USA) in a ABI Prism 7500 thermal cycler (Applied
Biosystems, Foster, CA, USA) at 95°C (15s) and 60 °C (1 min) for 40
cycles. Each sample was run in a final volume of 20 pL containing 1 uL
of cDNA, 10 pM of each primer, and 10 pL of SYBR Green PCR master
mix. Specificity of amplicons was verified by melting curve analysis
(60-95°C) after 40 cycles. As controls, the assays were performed
without templates. No amplification was observed in the control stu-
dies. Cycle threshold (Ct) values were obtained from the exponential
phase of PCR amplification and target gene (vlal, vla2 and v2a) ex-
pression was normalized against the B-actin gene expression to generate
a Ct value. Comparative Ct (AACT) method (Livak and Schmittgen,
2001) was used to quantify the target gene abundance. The f(-actin
standard gave consistent amplification in our assay system.

2.6. Statistical analysis
Data were expressed as mean *+ SEM (n =5) and checked for

Table 1
Primers used for quatitative PCR assay.

Adaptation Sequence (5’-3)
qPCR primer  vlal Forward  CCAAACTCCGCACCGTCAA
Reverse ATGCGGATAGGGTCACTGCT (150 bp)
vla2 Forward TAGTGTGCTGGGCACCGTT
Reverse GATCCAGGGGTTGCAGCAG (140 bp)
v2a Forward ~ CAGCGTGAGCACCATCTCC
Reverse ATGCGGATAGGGTCACTGCT (173 bp)
DNA Control ~ B-actin ~ Forward ~TGGCCGTGACCTGACTGAC
Reverse CCTGCTCAAAGTCAAGAGCGAC (157 bp)
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homogeneity and normality distribution. In Levene’s test, the error
variances of the dependent variables were equal across groups
(p > 0.05) and the data followed a normal distribution in Kolmogorov-
Smirnov test. The data were analyzed by two-way ANOVA
(p < 0.001), followed by Tukey’s test (p < 0.05) using the statistical
Package for the Social Science software Program (version 10.0; SPSS).

3. Results
3.1. In vivo effects of E,

The E, treatment influenced only vlal and vla2 expression in the
brain and ovary, but not that of v2a (data not shown).

Brain — In the preparatory phase, the E, treatment produced an
overall significant effect on the vlal expression (Fig. 1A; two way
ANOVA, p < 0.001, Fyose = 110, Fauration = 134, Finteraction = 97.8).
The expression varied with the dose and duration. The lower dose of
0.05 ug E, elicited a significant increase in the transcript levels at 16
and 24h (p < 0.05, Tukey’s test). But in the median dose of 0.1 pg Eo,
the vlal expression was up regulated at all time points; the maximal
response was reached as early as 8 h and then decreased significantly at
16 and 24 h compared to the 8 h stimulation. The highest dose of 0.5 nug
E, did not alter the gene expression. In the prespawning phase, the E,
treatment produced an overall significant effect on the expression of
vlal (Fig. 1B; two way ANOVA, p < 0.001, Fgose = 29.64,
Fauration = 62.28, Finteraction = 10.9). The v1al expression was inhibited
by the E, treatment in comparison to the control levels and the in-
hibition varied with dose and duration (p < 0.05, Tukey’s test).

The E, treatment elicited an overall significant effect on the ex-
pression of vla2 transcript levels in the preparatory phase (Fig. 1C; two
way ANOVA, p < 0.001, Fgose = 106.89, Fguration = 134.27,
Finteraction = 79.64), and in the prespawning phase (Fig. 1D; two way
ANOVA, p < 0.001, Faose = 46.24, Fauration = 84.54,
Finteraction = 18.92). In the preparatory phase, the E, treatment up
regulated the expression at 16 and 24 h in the 0.05 pg group and at 8
and 16h in the 0.1 and 0.5 pug groups. In the prespawning phase, the
steroid treatment inhibited the vIa2 expression and the effect was
greater at 16 and 24 h in the highest dose (0.5 pg) group.

Ovary - The E, administration produced an overall significant effect
on the expression of vlal in the preparatory (Fig. 2A; two way ANOVA,
p < 0.001, Fyose = 167, Fauration = 280, Finteraction = 171) and pre-
spawning (Fig. 2B; two way ANOVA, p < 0.001, Fgse = 39.56,
Fauration = 87-12, Finteraction = 13.43) phases. In the preparatory phase,
E, up regulated the transcript levels at all duration in the 0.05 pg group
with the highest fold increase at 16 h. In the 0.1 ug group, a significant
up regulation was observed at 8h and 16 h with the highest fold in-
crease at 8h. At 24 h, the treatment failed to produce any significant
effect. In the 0.5 pg group, the response was significant but low at 8 and
16h, and insignificant at 24h. In the prespawning phase, the E,
treatment inhibited the transcript levels compared to the control
groups.

The expression of v1a2 showed an overall significant effect after the
E, treatment in the preparatory (Fig. 2C; two way ANOVA, p < 0.001,
Faose = 114, Fauration = 146, Finteraction = 45), and in the prespawning
(Fig. 2D; two way ANOVA, p < 0.001, Fyose = 39.56, Fauration = 87.12,
Finteraction = 13.43) phases. In the preparatory phase, the steroid treat-
ment up regulated the expression at 16 and 24 h in the 0.1 pg group and
at 8h in the 0.1 ug group. The highest dose of 0.5 ug E, did not elicit
any significant effect on the expression. In the prespawning phase, the
transcript levels were inhibited at all duration in the 0.05 and 0.1 pug
groups, and at 16 and 24 h in the 0.5 ug group.

3.2. In vitro effects of E, on ovarian VT receptor gene expression

The incubation of the ovarian tissues with E; produced an overall
significant effect on vlal expression in the preparatory (Fig. 3A; two
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Fig. 1. In vivo effects of estradiol-17 (E,) on brain vial (A, B) and vIa2 (C, D) expression (mean

+

SEM; n = 5) in the preparatory and prespawning phases,

respectively. Groups bearing the same letters are not significantly different (two way ANOVA, p < 0.001, Tukey’s test, p < 0.05).

way ANOVA, p < 0.001, Fgose =143.56, Fauration = 223.56,
Finteraction = 131) and prespawning (Fig. 3B; two way ANOVA,
p < 0.001, Fgose =48.51, Fauration = 79-42,  Finteraction = 15.12)
phases. In the preparatory phase, E, elicited a dose- related decrease in
the expression with the highest fold increase at the lowest concentra-
tion of 1 nM group. The response varied with duration; the highest fold
increase was at 16h in 1 nM and 100nM E, and at 8 h in the 10 nM
group. At 24h, a significant increase was noticed only in the 1 nM

15

group. In the 100 nM group, the E, response was low and the increase
was significant at 8 and 16 h. In the prespawning phase, E, inhibited the
vlal expression and the inhibition was low in the 100 nM group.

The expression of vla2 showed an overall significant effect after
incubation with E, in the preparatory (Fig. 3C; two way ANOVA,
p < 00015 Fdose = 110’ quraticn = 145; Finteraction = 79) and pre-
spawning (Fig. 3D; two way ANOVA, p < 0.001, Fgose = 32.16,
Fauration = 83-32, Finteraction = 10.21) phases. In the preparatory phase,
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Fig. 2. In vivo effects of estradiol-17(3 (E,) on ovarian vlal (A, B) and vla2 (C, D) expression (mean

+

SEM; n = 5) in the preparatory and prespawning phases,

respectively. Groups bearing the same letters are not significantly different (two way ANOVA, p < 0.001, Tukey’s test, p < 0.05).

the response was similar to that of the vlal expression but with a low
fold increase in the low dose groups. In the prespawning phase, E, in-
hibited the v1a2 expression and the effect was stronger in the 100 nM
group.

The incubation with E, did not alter the expression of v2a in the
ovary in both preparatory and prespawning phases (data not shown).

16

3.3. In vivo effects of 17, 203-DP

The 17, 203-DP treatment influenced only vial and vla2 expression
in the brain and ovary, but not that of v2a (data not shown).

Brain — The 17, 203-DP treatment produced an overall significant
effect on vlal expression in the preparatory (Fig. 4A; two way ANOVA,
P < 0.001, Fgose = 41.70, Fauration = 95.28, Finteraction = 15.57) and
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preparatory and prespawning phases, respectively. Groups bearing the same letters are not significantly different (two way ANOVA, p < 0.001, Tukey’s test,

p < 0.05).

prespawning (Fig. 4B; two way ANOVA, p < 0.001, Fyose = 95.24,
Fauration = 108.65, Finteraction = 39.48) phases. In both phases, the
lowest dose of 0.1 ug did not influence the transcript levels. In the
preparatory phase, the fold increase was low and was significant at 16
and 24h in both 0.5 and 1 pg groups. In the prespawning phase, the
expression was up regulated at all time points in both 0.5 and 1 pg
groups and the fold-increase was higher than that of the preparatory
phase.

The steroid treatment produced an overall significant effect on via2
expression in the preparatory (Fig. 4C; two way ANOVA, p < 0.001,

17

Faose = 42.61, Fayration = 93.46, Finteraction = 18.55) and prespawning
(Fig. 4D; two way ANOVA, p < 0.001, Fgose = 292.63,
Fauration = 183.24, Finteraction = 98.17) phases. In the preparatory
phase, the vla2 expression was stimulated modestly; the stimulation
was significantly high at 24 h in the 0.1 pg group and at 16 h and 24 h in
the 0.5 and 1 pg groups. In the prespawning phase, the v1a2 expression
was significantly up regulated at 16 and 24 h in the 0.5 png group and at
all time points in the 1 ug group. The stimulation was the highest in this
phase in comparison to that of the preparatory phase.

Ovary — The 17, 20B-DP treatment produced an overall significant
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prespawning phases, respectively. Groups that bear the same letters are not significantly different (two way ANOVA, p < 0.001, Tukey’s test, p < 0.05).

effect on vlal expression in the preparatory (Fig. 5A; two way ANOVA,
P < 0.001, Fgose = 17.65, Fauration = 40.43, Finteraction = 12.77) and
prespawning (Fig. 5B; two way ANOVA, p < 0.001, Fgose = 90.93,
Fauration = 132.53, Finteraction = 27.86) phases. In the preparatory
phase, the v1al expression was stimulated only in the 0.5 pug group at
16 h. In the prespawning phase, the expression was up regulated both in
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the 0.5 and 1 pg groups at all time points with the highest fold increase
at 16 h.

The 17, 20B-DP treatment produced an overall significant effect on
vla2 expression in the preparatory (Fig. 5C; two way ANOVA,
p < 0.001, Faose = 18.3, Fauration = 48.2, Finteraction = 14.18) and pre-
spawning (Fig. 5D; two way ANOVA, p < 0.001, F4ose = 93.24,
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Fig. 5. In vivo effects of the maturation-inducing steroid 17, 203-DP on ovarian vlal (A, B) and vl1a2 (C, D) expression (mean + SEM; n = 5) in the preparatory and
prespawning phases, respectively. Groups that bear the same letters are not significantly different (two way ANOVA, p < 0.001, Tukey’s test, p < 0.05).

Fauration = 165.6, Finteraction = 25.67) phases. In the preparatory phase,
the vIa2 expression was stimulated only at 16 h in the 0.5 and 1 ug
groups. In the prespawning phase, the expression increased at 16 h in
the 0.1 pug group and at all time points in the 0.5 and 1 pg groups. The
expression was up regulated dose-dependently and was higher com-
pared to the preparatory phase. The fold-increase was the highest at the
16 h time points in all dose groups.
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3.4. In vitro effects of 17, 203-DP

3.4.1. Ovarian VT receptor gene expression

In vitro incubation of ovarian tissues with 17, 203-DP produced an
overall significant effect on vIal expression in the preparatory (Fig. 6A;
two way ANOVA, p < 0.001, Fgose = 38.34, Fauration = 78.6,
Finteraction = 24.72) and prespawning (Fig. 6B; two way ANOVA,
p < 0001; Fdose = 19324; quration = 1256) Finteraction = 4228)
phases. In the preparatory phase, the vlal transcript level was not af-
fected in the 1 nM and 100nM groups. In the 10 nM group, the ex-
pression was strongly up regulated at 16 h and then declined at 24 h. In
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Fig. 6. In vitro effects of the maturation-inducing steroid 17, 203-DP on the expression (mean + SEM; n = 5) of vial (A, B) and vla2 (C, D) in ovary pieces/ovarian
follicles in the preparatory and prespawning phases, respectively. Groups that bear the same letters are not significantly different (two way ANOVA, p < 0.001,

Tukey’s test, p < 0.05).

the prespawning phase, the vlal expression was up regulated dose-
dependently in the 10nM and 100nM groups with the highest fold
increase at 16 h. There was no effect in the 1 nM group.

The 17, 20B3-DP incubation has produced an overall significant ef-
fect on v1a2 expression in the preparatory (Fig. 6C; two way ANOVA,
p < 0001, Faose = 3314, Fauration = 656, Finteraction = 20.87) and
prespawning (Fig. 6D; two way ANOVA, p < 0.001, Fypse = 218.15,
Fauration = 140.26, Finteraction = 66.86) phases. In the preparatory
phase, the vla2 expression was stimulated only at 16 h in the 10 nM
group. In the prespawning phase, the transcript levels were not altered
in the 1nM group and increased significantly in a dose-dependent
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manner in the 10nM and 100nM groups. The stimulation was the
highest at 16 h in the 10 nM group, and at 8h and 16 h in the 100 nM
group.

The 17, 203-DP treatment did not alter the expression of v2a tran-
scripts in both preparatory and prespawning phases (data not shown).

3.4.2. GVBD

The incubation with 17, 20B-DP elicited an overall significant effect
on GVBD (Table 2; p < 0.001, Fapse = 10.23 Fyration = 15.78
Finteraction = 18.56, two way ANOVA). The MIS-induced stimulation
was concentration- and duration-dependent with a 50% score in the
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Table 2

In vitro effects of 17, 20B-dihydroxy-4-pregnen-3-one (MIS) and human chor-
ionic gonadotropin (hCG) on germinal breakdown (GVBD;
means * SEM; n = 150 follicles in each group) in the catfish Heteropneustes
fossilis.

vesicle

Incubations GVBD in percentage

MIS 0Oh 8h 16h 24h

1nM 0 6 = 0.005% 8 + 0.002° 15 + 0.04°
10nM 0 10 + 0.04° 24 + 0.032¢ 32 + 0.005°
100 nM 0 23 * 0.015¢ 42 + 0.057° 50 * 0.035%
hCG

201U 0 14 + 0.037° 25 + 0.048" 36 + 0.028°
501U 0 28 + 0.03¢ 39 + 0.047° 66 + 0.021°
1001U 0 58 + 0.055° 87 + 0.0258 100 + 0.022"

The data were analyzed by two way ANOVA (P < 0.01) and Tukey’s test
(P < 0.05). Groups bearing the same alphabets aa, and dd in the MIS experi-
ment and cc in the hCG experiment are not significant and those bearing dif-
ferent alphabets a—g in each experiment are significant with each other.

100 nM group at 24 h.
3.5. In vivo effects of hCG

The hCG administration did not alter the expression of VT receptor
genes in the preparatory phase (data not shown).

Brain - In the prespawning phase, the hCG treatment produced an
overall significant effect on vIal (Fig. 7A; two way ANOVA,
P < 0.001, Fgose = 293.88, Fauration = 215.16, Finteraction = 105.27),
vla2 (Fig. 7B; two way ANOVA, p < 0.001, Fgose = 254.14,
Fauration = 208.56, Finteraction = 95.39) and v2a (Fig. 7C; two way
ANOVA, p < 0.001, Faose = 93.24, Fauration = 65.62,
Finteraction = 35.47) expressions. The 20 IU of hCG did not produce any
significant effect on the VT receptor gene transcript levels. The 50 IU
hCG treatment increased the vlal and v1a2 expressions at 16 and 24 h.
In the 100 IU hCG groups, both vlal and via2 expression was stimu-
lated duration-dependently with the highest fold increase at 24 h. The
v2a expression was unaltered in the 501U hCG group and was up
regulated dose-dependently at 16 and 24 h in the 100 IU group.

Ovary — In the prespawning phase, the hCG treatment caused overall
significant effects on vlal (Fig. 8A; two way ANOVA, p < 0.001,
Faose = 193.78, Fauration = 287.29, Finteraction = 93.46), via2 (Fig. 8B;
two way ANOVA, p < 0.001, Fgose = 184.21, Fguration = 284.73,
Finteraction = 82.69) and v2a (Fig. 8C; two way ANOVA, p < 0.001,
Faose = 175.34, Fauration = 205.6, Finteraction = 66.94) expressions. The
201U of hCG treatment did not alter the VT receptor gene transcript
levels. The 50 IU also did not alter the transcript levels of v2a. The 50 IU
hCG stimulated the vial expression duration-dependently. The 100 IU
hCG treatment up regulated the expression at all duration but with a
high fold increase at 16 h. The v1a2 expression was stimulated by both
50 and 100 IU hCG with a high fold increase at 16 h. The v2a expression
was significantly high at 16 h in the 100 IU group and the level dropped
sharply at 24 h.

3.6. In vitro effects of hCG

3.6.1. Ovarian VT receptor gene expression

In the preparatory phase, the incubation of ovary pieces with hCG
did not alter the expression of VT receptor genes in any group (data not
shown). In the prespawning phase, the incubation of the ovarian tissues
with hCG produced an overall significant effect on vlal (Fig. 9A; two
way ANOVA, p < 0.001, Fgose =184.36, Fquration = 295.47,
Finteraction = 69.24), vla2 (Fig. 9B; two way ANOVA, p < 0.001,
Faose = 155.24, Fauration = 248.36, Finteraction = 59.19) and v2a (Fig. 9C;
two way ANOVA, p < 0.001, Faee = 175.34, Fayration = 205.6,
Finteraction = 66.94) expressions. The 201U of hCG treatment did not
alter the VT receptor transcript levels. The vIal expression was
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stimulated at all duration in the 50 and 100IU hCG groups. The ex-
pression levels remained high at 16 and 24 h in the 50 IU group and
decreased at 24h in the 100IU group. The via2 expression was up
regulated in both 50 and 100 IU hCG groups except at 8 h in the 50 IU
group. The v2a expression was up regulated only at 24 h in the 50 IU
group and both at 16 and 24 h in the 100 IU hCG group; the expression
being the highest at 16 h.

3.6.2. Ovulation and GVBD

The hCG treatment in vivo resulted in ovulation of the fish according
to the dose and duration. There was no ovulation in the 20 IU groups. In
the 50 IU groups, one fish ovulated at 16 h and 2 fish at 24 h. In the
100 IU groups, the ovulation score was 3 fish at 8 h and all the fish at
16 h and 24 h. The incubation of ovarian follicles with hCG produced an
overall significant effect on GVBD (Table 2; P < 0.001, Fyose = 14.87,
Fauration = 19.61, Finteraction = 26.08, two way ANOVA). The effect was
both concentration- and duration-dependent with 100% GVBD in the
1001U group at 24 h.

4. Discussion

This study compliments the earlier study on the modulatory effects
of the reproductive hormones on VT secretion in the brain and ovary of
the catfish (Singh and Joy, 2009b) and draw parallelism with the pat-
tern of changes obtained with steroid hormones and gonadotropin on
the VT receptor gene expression and VT levels. The results show that
while E,, 17, 20B3-DP and gonadotropin (hCG) modulate the expression
of the vla type receptor gene paralogs (vlal and vla2), only the go-
nadotropin modulates the v2a transcript levels in both brain and ovary.

4.1. Steroid hormone regulation of VT receptor gene expression

In teleosts including the catfish, the principal ovarian steroids are E,
that regulates ovarian growth (vitellogenesis) and the progesterone
derivative 17, 20B3-DP or 17, 20, 21f3-trihydroxyprogesterone that acts
as the MIS to reinitiate meiotic maturation and induce ovulation
(Nagahama, 1987; Mishra and Joy, 2006). In the catfish, there is a
gradual rise in the E, level in the ovary and plasma during the trans-
formation of the previtellogenic follicles to vitellogenic follicles, and
then a decline in the level occurs after the completion of vitellogenesis
(post vitellogenic phase) with a concomitant increase in the level of
progestin steroids (progesterone, 17-hydroxyprogesterone and 17, 20f3-
DP) (Mishra and Joy, 2006). Keeping the steroidogenic pattern in view,
we compared the effects of the major steroids on brain and ovarian VT
receptor gene paralogs in previtellogenic and post-vitellogenic stages.
The present data show that E, modulated brain and ovarian vlal and
vla2 expression differently in the two stages: an overall stimulatory
effect in the previtellogenic stage and an inhibitory effect in the post-
vitellogenic stage. On the other hand, 17, 203-DP is stimulatory in both
phases but more strongly in the prespawning phase. Both steroids failed
to evoke any response on v2a expression either in vivo or in vitro.

In the previtellogenic phase, vlal and vla2 expression was up
regulated by E, in the brain (in vivo) and ovary (in vivo and in vitro). The
effect varied with the dose of E, and duration of the treatment. While in
the in vivo study, the lower doses of E, (0.05 and 0.1 ug) were almost
equally effective to stimulate both vlal and v1a2 transcript levels in the
brain and ovary, the high dose (0.5 nug) was ineffective or produced a
low stimulation of the transcripts. Under in vitro conditions, an inverse
trend in E, concentration versus expression profile was noticed: the
lowest concentration of E, (1 nM) produced the highest fold-increase in
ovarian vlal and vla2 expression and the expression levels decreased
with the increase in the dose. There was also a time shift in the ap-
pearance of the fold-increase: 16 h in 1 nM and 100 nM concentrations
and 8 h in the 10 nM concentration. In the post vitellogenic ovary, E, in
vivo or in vitro produced an inhibitory effect on the expression of both
vlal and vla2 in the brain and ovary. The stage-specific differential
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Fig. 7. In vivo effects of human chorionic gonadotropin (hCG) on brain vial (A), vla2 (B) and v2a (C) expression (mean * SEM; n = 5) in the prespawning phase.
Groups that bear the same letters are not significantly different (two way ANOVA, p < 0.001, Tukey’s test, p < 0.05).

effects can be attributed to tissue sensitivity to the steroid or its titer. In
ovariectomized and E, replaced catfish, E, elicited a dose-related re-
sponse on vla transcript levels; only the lower dose restored the ovar-
iectomy-induced inhibition (Rawat et al., 2016). Similar changes in the
levels of the receptor agonist VT were also noted after ovariectomy and
E, replacement. In 3-week ovariectomized catfish, a low dose (0.1 pg)
of E; compensated the ovariectomy-induced decrease in the VT levels
while a high dose (0.5 pg) inhibited the levels (Singh and Joy, 2009b).
In the same study, it was reported that E, elicited biphasic effects on VT

22

levels depending on the season and maturity of the follicles, in vitro. In
the preparatory phase, E, produced a graded response on ovarian VT
levels: at 16 h incubation, the low dose of 1 ng/mL stimulated the VT
level maximally, while high doses of 10 ng/mL and 100 ng/mL) de-
creased the magnitude of the stimulation. On the other hand, in the
prespawning phase, E, invariably inhibited the VT levels. There is a
similarity in the overall E, modulation of the vla receptor gene ex-
pression in the brain and ovary, in spite of the differences in dose and
duration effects. This can be attributed to a direct autocine/paracrine
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Fig. 8. Invivo effects of human chorionic gonadotropin (hCG) on ovarian vlal (A), vla2 (B) and v2a (C) expression phases (mean = SEM; n = 5) in the prespawning
phase. Groups that bear the same letters are not significantly different (two way ANOVA, p < 0.001, Tukey’s test, p < 0.05).

action of the steroid on the ovarian transcript levels (both E, and VT
systems are localized in the follicular layer) and an indirect feedback
control on the brain transcript levels. Taken together, it is summarized
that VT and vla receptor systems are sensitive to E, in the pre-
vitellogenic stage (estrogenic phase) and insensitive to the steroid in the
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post-vitellogenic stage when the steroid biosynthesis and actions are at
nadir and 17, 203-DP is the major steroid (progesterone phase).
Unlike E;, 17, 20B-DP stimulated both vial and vla2 transcript
levels in the brain and ovary under in vivo or in vitro conditions.
However, the response showed significant seasonal and tissue
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variations. The 0.1 ug dose was generally ineffective in both seasons
except for low stimulation in some groups. The high doses (0.5 ug and
1 pg) up regulated brain vlal and vla2 expression at 16 h and 24 h,
more strongly in the prespawning phase. In the ovary, the response was
low and less pronounced in the preparatory phase but highly significant
in the prespawning phase. More or less, a similar pattern was observed
in the ovary in vitro. The relatively poor response in the previtellogenic
ovary may be due to the fact that the follicular tissue may not be re-
sponsive to 17, 203-DP. In this phase, the MIS is not synthesized or
present in very small amounts in the catfish (Mishra and Joy, 2006). It
was reported that both progesterone (P4) and 17, 20p3-DP increased VT
levels in the post vitellogenic ovary or in isolated follicular layers with a
higher effect by 17, 20B3-DP (Singh and Joy, 2009b). Since the MIS
induced GVBD, the vla type receptor expression is associated with
meiotic maturation and VT action in this process.

From the data, it is apparent that there is a differential regulation of
VT and its receptors by steroids. E, is the major ovarian steroid in the
preparatory phase and has a principal control on the VT system and 17,
203-DP is the major steroid in the prespawning phase and takes over
the role of E,. Since both steroids stimulate VT secretion, it is likely that
the ligand (VT) may directly up regulate its cognate receptors for
functional readiness in which case the steroids may modulate the re-
ceptor expression indirectly through VT. The relatively high response in
the brain vla receptor gene expression in the prespawning phase may
be due to the MIS feedback on the brain or indirectly via the MIS action
on VT secretion. It is to be noted that the steroids has modulated only
the vla receptor gene expression since this receptor mediates the re-
productive effects of VT (Joy and Chaube, 2015). On the contrary,
unlike the vla receptor gene modulation, the steroids have no role in
the modulation of v2a receptor expression either in the preparatory
phase or in the prespawning phase. It appears that this receptor subtype
has a different control mechanism since it is not primarily concerned
with reproductive functions (see below).

4.2. Gonadotropin control of VT receptor gene expression

Human CG has been used extensively to induce breeding in fishes
including the catfish (Joy and Tharakan, 1999). In the present study
also, hCG induced ovulation in vivo and GVBD in vitro. All the fish
ovulated in the 100 IU groups at 16 h or 24 h. GVBD was scored 100%
in the 100 IU groups at 24 h. In the catfish, hCG induced periovulatory
changes in ovarian VT secretion with the peak increase at 16 h when the
fish can be manually stripped to release eggs (Singh and Joy, 2009b). In
contrast to the steroid hormone action, hCG up regulated the expression
of all the three VT receptor genes in the prespawning phase. The lack of
any response in the preparatory phase may be due to relatively low dose
used (single treatment up to 100 IU) or the short duration study (up to
24 h). The low dose and short duration could not have sensitized the
tissues to augment steroid production and the consequent action in the
brain or ovary. The hCG effect in the prespawning phase can be related
to the activation of the VT system directly or indirectly through the
production of the MIS (Singh and Joy, 2009b). The highest fold-in-
crease of both vial and vla2 at 24h in the brain (50 and 100IU
groups) and at 16 h in the ovary (100 IU group) coincides with ovula-
tory events 16 h or 24 h. The high fold-increase in the expression of v2a
was at 24 h in the brain and at 16 h in the ovary also coincides with
ovulation. While the stimulatory effect of hCG on the vlal and via2
expression can be related to the MIS production and action (Mishra and
Joy 2006), the hCG-induced stimulation of v2a may be due to a dif-
ferent mechanism (see below).

4.3. Functional significance: Role of VT system in final oocyte maturation
and ovulation

In mammals, the control of reproductive and osmoregulatory
functions vasopressin (VP) and oxytocin (OT) is mediated through
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specific receptors linked to distinct cell signalling pathways (V2 re-
ceptor to cAMP-PKA pathway and OTR through PLC-PKC pathway)
(Banerjee et al., 2017). VT performs both the functions of VP and OT
through the mediation of distinct receptors: V1a type and V2 type re-
ceptors. The Vla type receptor is linked to the PLC-PKC pathway like
OTR while the V2 receptor is linked to the cAMP-PKA pathway. The
results show that steroid hormones modulate only the oxytocic (re-
productive) functions of VT through the vla type receptors and not the
antiduretic/diuretic actions of VT through the v2a receptor. The es-
trogen modulation of vla type receptors in the catfish represents a
phylogenetically well conserved mechanism in vertebrates (Larcher
et al., 1995; Fleming et al., 2006; Srivastava et al. 2008). Similarly,
progesterone stimulation of oxytocic functions in mammals and via
receptor gene expression in the catfish may represent a similar con-
served mechanism of regulation. Physiological studies in the catfish
showed that the VT- mediated ovarian steroidogenesis, MIS production,
germinal vesicle break down and prostaglandin secretion are inhibited
by a specific mammalian V1 type receptor antagonist (Singh and Joy,
2011; Joy and Singh, 2013), suggesting the involvement of the v1 type
receptors. Since catfish has at least two v1 receptor gene paralogs, the
VT actions can be mediated by either of the two or both. The strong E,
control of VT and the v1 type receptor functions in the preparatory
phase may be related to vitellogenesis and associated metabolic ac-
tivity. VT’s direct role on this function needs to be explored further. The
steroid hormone regulation of v1 type receptor is thus directly related
to reproductive functions of VT.

Since neither E, nor 17, 203-DP elicits any role in the v2a expres-
sion, the hCG up regulation of the v2a receptor gene expression may not
involve the steroids. Previously, we have reported a prominent role of
VT in follicular hydration associated with meiotic maturation in the
catfish (Singh and Joy, 2010). Aquaporins are involved in the hydration
process and in the catfish a distinct ovarian aquaporin gene (aqua-
porinlab) is characterized, which is also expressed in the brain (Chaube
et al. 2011). The aquaporinlab transcript levels showed seasonal var-
iations with high expression in the prespawning-spawning phase. Both
hCG and VT stimulated the expression of aquaporinlab, VT at 6 h and
hCG at 16h (Acharjee et al. 2011). The MIS has a mild role in the
expression of the aquaporin mRNA. The VT-induced aquaporinlab ex-
pression was blocked by a specific mammalian V2 receptor blocker, and
not by the V1 type receptor blocker. Since hCG stimulates periovulatory
changes in VT secretion in the brain and ovary, the high levels of VT
may be responsible for the stimulation of v2a receptor and induction of
aquaporinlab protein, purportedly to regulate water intake and
movement in the brain and follicular hydration in the ovary. Therefore,
the hCG-induced stimulation of v2a expression may be indirect through
the ligand (VT) action. The activation of the VT system is functionally
linked to the MIS- induced GVBD or the hCG-induced GVBD and ovu-
lation in the catfish.

5. Conclusion

This study presents new insights into the hormonal regulation of VT
receptor gene expression. The ovarian steroid hormones modulate the

Table 3

Summary of changes during in vivo or in vitro treatments with the hormones on
the expression of vasotocin receptor mRNAs in the brain and ovary of the
catfish Heteropneustes fossilis.

Expression vlal vlal vla2 vla2 v2a v2a
Treatment Season PR PSP PR PSP PR PSP
Ep Av v Av v (=) =)
17, 203-DP A AA A AA () (-
hCG =) A =) A =)

A - up regulation; v — down regulation; A v - biphasic effect; (—) - no effect;
PR - Preparatory phase; PSP — Prespawning phase.
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vla type receptor gene expression while gonadotropin (hCG) stimulates
both vIa and v2a receptor gene expression (Table 3). While the steroid
hormone modulation is found in both preparatory and prespawning
phases, the hCG modulation seems to be restricted to the prespawning
phase. E, stimulates vla receptor expression in the previtellogenic
ovary and inhibits it in the post vitellogenic stage. 17, 203-DP stimu-
lates vla expression in both preparatory and prespawning phases but
the magnitude of the up regulation is higher in the latter phase. Thus
VT mediates diverse functions through differential and reproductive
stage-specific modulation of its cognate receptors and the coupled cell
signaling mechanisms.
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