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Abstract Growth hormone (GH) is a single-chain
polypeptide hormone mainly secreted by somatotropes
of the anterior pituitary gland and is an important
regulator of somatic growth in vertebrates including
teleosts. In this study, a polyclonal antiserum against
ricefield eel Gh was generated and the expression of Gh
at the mRNA and protein levels was analyzed. Both RT-
PCR and western blot analysis showed that Gh was
predominantly expressed in the pituitary glands of
ricefield eels. The immunoreactive Gh signals were
localized to the multicellular layers of the adenohy-
pophysis adjacent to the neurohypophysis in ricefield
eels. Ontogenetic analysis showed that immunoreactive
Gh signals could be detected in the pituitary glands of
ricefield eel embryos as early as 3 days post-fertilization.
During the sex change from female to male, the levels of
the immunoreactive Gh signals in the pituitary glands of
the ricefield eels peaked at the intersexual stage. These
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results suggest that Gh in the pituitary glands may be
associated with embryonic development before hatch-
ing, as well as with the sex change in the adult ricefield
eels, possibly via the classical endocrine manner.
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Introduction

Growth hormone (GH) is a single-chain pleiotropic
polypeptide mainly expressed in the anterior pituitary
gland of vertebrates. In addition to being produced in
the pituitary gland, mammalian Gh has been shown to
be produced in some extrapituitary tissues, including
the placenta, mammary tissue, brain, and pineal gland
(Butler and Le Roith 2001). In teleosts, gh transcripts
were also detected in the testis of pejerrey (Odontes-
thes bonariensis) (Sciara et al. 2006), and in the brain,
liver, kidney, spleen, heart, muscle, and ovary of the
Prenant’s schizothoracin (Schizothorax prenanti) (Li
et al. 2011). The extrapituitary Gh may act in a
paracrine/autocrine manner (Vong et al. 2003; Eppler
et al. 2007). To date, Gh in fish has been studied
extensively for its potential application of growth
enhancement in aquaculture.

In addition to its regulation of somatic growth and
development (Yowe and Epping 1995; Reinecke et al.
2005), Gh is also associated with many other physio-
logical functions, such as metabolism (Rousseau and

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10695-015-0104-3&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10695-015-0104-3&amp;domain=pdf

1516

Fish Physiol Biochem (2015) 41:1515-1525

Dufour 2007), reproduction (Le Gac et al. 1993; Hull
and Harvey 2002), appetite (Zizzari et al. 2011),
osmoregulation (Sangiao-Alvarellos et al. 2005; Varsa-
mos et al. 2005; Sakamoto and McCormick 2006),
social behavior (Canosa et al. 2007), and immunity
(Yada et al. 2001) in both terrestrial and aquatic
vertebrates. In mammals, GH participates in steroido-
genesis, gametogenesis, and ovulation (Hull and Harvey
2000) as well as in gonadotropin responsiveness (Le
Gac et al. 1993). In grass carp, a teleost fish, Gh was
suggested to inhibit Lh secretion but at the same time to
maintain Lh synthesis by activating Ihf gene expression
(Zhou et al. 2004). Gh has also been shown to stimulate
steroid production in the testis of several teleost fish
in vivo and in vitro (Schulz et al. 2010). Moreover, Gh
treatment promoted spermatogonial proliferation in
catfish (Gopal et al. 2014) and in the in vitro cultured
testes of Japanese eel (Miura et al. 2011).

The ricefield eel (Monopterus albus), a synbranchi-
form species with a great aquacultural value in China, is a
protogynous hermaphroditic fish that changes sex nat-
urally from female through intersex to male during its
life cycle (Liu 1944; Liem 1963). The process of sex
change inricefield eels involves the rapid proliferation of
male germ cells and the concomitant extensive devel-
opment of interstitial cells in the gonadal lamellae (Chan
and Phillips 1967; Chan et al. 1972). As Gh was
implicated in the regulation of spermatogonial prolifer-
ation in teleosts (Gopal et al. 2014; Miura et al. 2011), an
examination of the expression pattern of Gh in ricefield
eels, particularly during the sex change, is of interest.
Previously, the putative Gh cells were shown by
histochemical methods to be localized to the thin cellular
layers bordering the neurohypophysis interdigitations in
the pituitary gland of ricefield eels (Wai-Sum and Chan
1974). However, the identity of these putative Gh cells
needs to be further confirmed. The cDNA sequence
encoding ricefield eel Gh has been reported (Zhang et al.
2005). In the present study, a specific antiserum against
ricefield eel Gh was generated, and the expression and
ontogeny of Gh were analyzed in ricefield eels.

Materials and methods
Experimental fish and sampling procedure

The adult ricefield eels (body length 20—45 cm and
body weight 2045 g) were purchased from a local
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dealer in Guangzhou, Guangdong, China. Fish were
killed by decapitation, after which the pituitary gland
and other tissues were removed by dissection and stored
in a deep freezer (—80 °C) for tissue extraction or in
Sample Protector (Takara Bio Inc., Shiga, Japan) for the
isolation of RNA. The tissues for histology and
immunohistochemistry were fixed in Bouin’s solution
for 24 h and embedded in paraffin. Serial sections were
cut at 4 um (the pituitary) or 6 pum (the gonad) on a
Leica microtome. The sexual stages were verified by
histological examination of the gonadal sections, which
were stained with hematoxylin and eosin (H&E).

The ricefield eel embryos and larvae were obtained
from Dazhong Breeding Co. Ltd., Jianyang, Sichuan,
China, and raised in our laboratory under natural
photoperiod and temperature. The embryogenesis of
ricefield eels takes approximately 7 days. After hatch-
ing, animals were fed Chironomus larvae. Samples
were collected at different time points, including 2 and
3 days post-fertilization (dpf), and 0, 1, 3, 5, and 7 days
post-hatching (dph). The whole body of each fish was
fixed in Bouin’s solution, and the heads of the ricefield
eel larvae were dissected from the trunk before
histological processing as above. All procedures and
investigations were reviewed and approved by the
Center for Laboratory Animals of Sun Yat-Sen Univer-
sity and were performed in accordance with the guiding
principles for the care and use of laboratory animals.

RT-PCR analysis of gh mRNA expression
in tissues

Total RNA isolated from tissues was first treated with
DNase I (1 U/ul) to remove any genomic DNA
contamination. Then, 1 pg of total RNA was reverse
transcribed with oligo(dT);g primers using the Rev-
ertAid™ H Minus First Strand cDNA Synthesis Kit
(Fermentas, Vilnius, Lithuania) according to the
manufacturer’s instructions. The integrity of all
RNA samples was verified by the successful amplifi-
cation of bactin (AY647143.1). The absence of
genomic DNA contamination in the DNase I-treated
RNA sample was verified by the amplification of
target genes from the reverse transcription reaction
mixture without the addition of the reverse transcrip-
tase (designated as the RT control).

The first-strand cDNA synthesized above (0.25 pl)
was amplified for each target gene using the Biometra
Tgradient thermal cycler. PCR was performed ina 25 pl
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final volume containing 2.5 pl 10x Taq buffer, 2.0 mM
MgCl,, 0.2 mM dNTP, 0.4 uM of each primer, and
1.25 U Taq DNA polymerase (Fermentas). Water was
used as a negative control in the RT-PCR. The reaction
mixture was heated at 94 °C for 3 min followed by 32 or
36 cycles for gh (AY265351.1) and 28 cycles for bactin.
The cycling conditions were 94 °C for 0.5 min, 56 °C
for 0.5 min, and 72 °C for 1 min, with a final extension
at 72 °C for 5 min. The primers were eGh-F1 and eGh-
R1 for gh and bactin-F and bactin-R for bactin, which
generated PCR products of 557 and 484 bp, respec-
tively. These primers are listed in Table 1. The PCR
products were separated on a 1.5 % agarose gel and
stained with ethidium bromide (0.5 pg/ml). The gel
image was captured on the Bio-Rad GelDoc 2000 (Bio-
Rad Laboratories, Inc., CA, USA).

Production of recombinant proteins
and the polyclonal antiserum against ricefield eel
Gh

The cDNA sequence encoding the mature polypeptide of
the ricefield eel Gh (AY265351.1) was amplified using
gene-specific primers eGh-F2 and eGh-R2 (Table 1),
subcloned into the prokaryotic expression vector pET-
15b, and expressed in E. coli BL21 (DE3) cells upon
induction with isopropyl PB-p-1-thiogalactopyranoside
(IPTG). The recombinant Gh polypeptide was gel
purified from inclusion bodies and used to immunize
New Zealand white rabbits as previously reported (Wu
et al. 2012).

To examine the cross-reactivities of the anti-Gh
antiserum generated in the present study, the recom-
binant ricefield eel follicle-stimulating hormone beta
subunit (Fshb), luteinizing hormone beta subunit
(Lhb), the common alpha-glycoprotein subunit
(Cga), prolactin (Prl), and thyroid-stimulating

hormone beta subunit (Tshb) were produced as
previously reported (Wu et al. 2012). The cDNA
sequence encoding the mature polypeptide of ricefield
eel somatolactin (S1) was amplified with primers eSI-F
and eSI-R and processed in the same way as the
production of recombinant Gh described above. The
sequences of primers are listed in Table 1.

Western blot analysis

The recombinant proteins or tissue extracts were
separated on 12 % SDS-PAGE gels and transferred
onto methanol-activated polyvinylidenefluoride mem-
branes (Roche, Mannheim, Germany) by electroblot-
ting. The membrane was then blocked with 5 % nonfat
milk powder in 0.01 M PBS (137 mM NaCl, 2.7 mM
KCI, 10 mM Na,HPO,, 2 mM KH,PO,, and pH 7.4) at
4 °C overnight. The primary antiserum was pre-
adsorbed overnight at 4 °C with extracts of BL21
(DEB3) bacteria transformed with the empty expression
vector (pET-15b) after IPTG induction. The blocked
membrane was incubated with the pre-adsorbed pri-
mary antiserum at a dilution of 1:1000 in blocking
solution (5 % nonfat milk in 0.01 M PBS) at room
temperature for 1 h, washed three times with PBS for
5 min, and incubated with the horseradish peroxidase
(HRP)-conjugated goat anti-rabbit IgG (H+L) (1:1000;
catalog number: A0208, Beyotime, Jiangsu, China) for
1 h atroom temperature. After three 5-min final washes
with PBS, the membrane was exposed to a chemilumi-
nescence substrate (BeyoECL Plus Kit, Beyotime)
according to the manufacturer’s instructions.

Immunohistochemistry

The deparaffinized and hydrated sections of the
pituitary gland (together with the brain) were

Table 1 Primers used for
RT-PCR analysis and

Primer name

Sequence (5'-3")

expression of recombinant
proteins

eGh-F1
eGh-R1
eGh-F2
eGh-R2
eSI-F
eSI-R
bactin-F

F sense primer, R antisense bactin-R

primer

AAGTCATCCTCCTGCTATCAGTCCT
GTACGTCTCCACCTTGTGCATGTCC
GAGAGACCATGGGCCAGCCAATCACAGACAGCCA
GAGAGACTCGAGTTACAGAGTGCAGTTAGCTTC
GAGACCATGGGCATCCCATTAGTCTGTAAGGAGGAGC
GAGAGGATCCCTATGCACAGTTATATATGTCAGTTTGT
CGTACCACCGGAATTGTCA
GTACCACCAGACAGCACAG
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incubated for 30 min in 3 % hydrogen peroxide at
room temperature to quench the endogenous peroxi-
dase activity. Then, the sections were boiled for
15 min in 10 mM sodium citrate buffer (pH 6.0) for
antigen retrieval and blocked in 0.01 M PBS contain-
ing 10 % normal goat serum for 20 min at room
temperature. The blocked sections were washed in
PBS and incubated at room temperature for 3 h with
1:1000 dilution of the primary rabbit anti-Gh anti-
serum. After being rinsed with PBS, the sections were
exposed to the secondary antibody, HRP-conjugated
goat anti-rabbit IgG (H4L) (1:1000; catalog number:
A0208, Beyotime). After rinsing with PBS, the
sections were developed with 3,3’-diaminobenzidine
(DAB), counterstained with hematoxylin, mounted,
and digitally photographed with a microscope (E800;
Nikon, Japan). To confirm the specificity of the
immunostaining, control sections were incubated with
the primary antiserum pre-adsorbed with an excess of
recombinant ricefield eel Gh antigen. Additional
negative controls included the replacement of the
primary antiserum with PBS or the pre-immune serum
and the omission of secondary antibody.

Quantification of Gh immunoreactivities
in the pituitary glands of ricefield eels at different
sexual stages

Serial consecutive sagittal sections of the pituitary
glands from female, intersexual, and male ricefield
eels were cut into 4-pm-thick slices, and Gh immunos-
taining was visualized with DAB as described as
above. The quantitative analysis of Gh immunoreac-
tivity in the pituitary section was performed with the
Image-Pro Plus 6.0 software (Media Cybernetics, Inc.,
PA, USA) by a method similar to a previous report
(Nyuji et al. 2012). All images for analysis were taken
under the same conditions with a Nikon ES800
microscope. The hematoxylin-counterstained image
was used to delineate the boundary between the
adenohypophysis (AH) and neurohypophysis (NH)
because the latter is mostly devoid of stain. The areas
of the whole pituitary, the NH, and the immunoreac-
tive Gh signals were digitally measured by the Image-
Pro Plus 6.0 software (Media Cybernetics, Inc.). The
area of the NH was subtracted from the area of the
whole pituitary to yield the area of the AH. The
immunoreactive (ir) level of Gh was calculated by
dividing the area of its corresponding
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immunoreactivity with the area of the AH and
presented as a percentage of the AH area. Three
sections (one presumably cut from the central position
containing the pituitary stalk, and the other two cut
from either side at a distance about half away from the
central position) were examined for each fish, with 3—4
fish being analyzed for each sexual stage and a mean
value being calculated and presented.

Statistical analysis

All values were expressed as mean = SEM, and the
data were analyzed by one-way analysis of variance
(ANOVA) followed by the Tukey multiple compar-
ison test using the SPSS 17.0 software (SPSS, Inc., IL,
USA). Significance was set at p < 0.05.

Results
The expression of ricefield eel gh mRNA in tissues

The tissue patterns of the gh mRNA expression were
analyzed in both female (Fig. 1a) and male (Fig. 1b)
ricefield eels using RT-PCR. When the PCR was
performed for 32 cycles, the expression of the gh
mRNA was detected only in the pituitary gland of both
female and male ricefield eels. When the number of
PCR cycles was increased to 36, faint expression of the
gh mRNA started to be detected in some extrapituitary
tissues, including the optic tectum-thalamus, ovary,
liver, eyes in the female (Fig. 1a), and the testes in the
male (Fig. 1b).

The expression of immunoreactive ricefield eel Gh
in tissues

A polyclonal antiserum against the ricefield eel Gh
was generated, which was shown to react with the
recombinant Gh antigen protein, but not the other
recombinant pituitary hormonal polypeptides, includ-
ing Fshb, Lhb, Cga, Prl, Tshb, and Sl (Fig. 2a),
indicating that the anti-Gh antiserum was of high
specificity. Therefore, western blot analysis was
further employed to examine the expression of Gh in
tissues of the ricefield eels. A specific band of
approximately the expected size (23 kDa) was
detected only in the pituitary gland, but not in extracts
of other tissues, including the brain, testis, ovary, and
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Fig. 1 RT-PCR analysis of gh mRNA in tissues of female
(a) and male (b) ricefield eels. The PCR was performed for 32 or
36 cycles for gh and 28 cycles for bactin. Ob olfactory bulb, Te
telencephalon, Hy hypothalamus, Ot optic tectum—thalamus, Ce
cerebellum, Mo medulla oblongata, Pi pituitary, Go gonad, Mu
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Fig. 2 Western blot analysis of the specificity of the anti-Gh
antiserum against recombinant pituitary gland hormonal
polypeptides (a) and tissue homogenates (b) of ricefield eel.
The recombinant polypeptides (20 ng) or tissue homogenates
(10 pg) were separated on 12 % SDS-PAGE gels, transferred to
a polyvinylidenefluoride membrane, and then allowed to
immunoreact with the rabbit anti-Gh antiserum (1:1000). The
lower panels the same preparations as in the upper panels
allowed to immunoreact with the anti-Gh antiserum pre-

liver (Fig. 2b). When the anti-Gh antiserum was pre-
absorbed with an excess of recombinant ricefield eel
Gh antigen, the above-detected specific band disap-
peared (Fig. 2, the lower panels), further confirming
the specificity of the anti-Gh antiserum.

The expression of Gh in the pituitary gland, brain,
and gonads was further examined with immunohisto-
chemical analysis, which detected immunoreactive Gh
signals in the pituitary gland (Fig. 3a) but not the brain
or ovary (Fig.3c, d). Gh immunostaining in the
pituitary gland sections of the female ricefield eels was
predominantly localized to the multicellular layers of
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muscle, Sp spleen, Pa pancreas, He heart, Li liver, Ki kidney, In
intestines, B/ blood, Ey eyes, Ub urinary bladder, RT- RT
without reverse transcriptase from the pituitary gland RNA
sample, NC negative control
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absorbed by the recombinant Gh antigen. The secondary
antibody was 1:1000 diluted horseradish peroxidase (HRP)-
conjugated goat anti-rabbit IgG (H+L) (1:1000; catalog
number: A0208, Beyotime). The blots were visualized using
BeyoECL plus kit (Beyotime). Gh growth hormone, Fshb
follicle-stimulating hormone beta subunit, Lhb luteinizing
hormone beta subunit, Cga the common alpha-glycoprotein
subunit, Prl prolactin, Tshb thyroid-stimulating hormone beta
subunit, S/ somatolactin

the adenohypophysis bordering along the highly
convoluted neurohypophysis (Fig. 3a). Pre-adsorption
of the primary antiserum with excessive recombinant
Gh antigen abolished the immunoreactive Gh signals
in the pituitary gland (Fig. 3b).

Ontogeny of immunoreactive Gh cells
in the pituitary glands of ricefield eels

The immunoreactive Gh cells and pituitary placode

were detected at 3 days post-fertilization (dpf)
(Fig. 4a) but not at 2 dpf (data not shown). Gh cells
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Fig. 3 Gh immunostaining (brown) in the sections of the
pituitary gland attached to the brain through the pituitary stalk
(black arrowheads) (a), midbrain (c), and ovary (d) of female
ricefield eels as visualized by the DAB chromogen and
counterstained with hematoxylin. The control pituitary gland
section adjacent to that shown in panel a was immunostained
with the pre-adsorbed anti-Gh antiserum (b). Sagittal sections of

were large in size and round in shape. Situated
between the diencephalon and a thick layer of loose
connective tissue above the roof of the primitive oral
cavity, the pituitary anlage is separated from the
diencephalon by a thin layer of connective tissue and
bordered at its ventral portion with loose connective
tissue (Fig. 4a). At O dph, the pituitary anlage became
more distinguished and separated from the loose
connective tissue, with the early development of the
neurohypophysis in the posterior region of the gland.
The nerve bundles started to penetrate the adenohy-
pophysis tissue. An increase in the number of Gh cells
was observed in the medial and ventral regions of the
pituitary gland (Fig. 4b). At 3 dph, the pituitary gland
became more elongated in shape and the pituitary stalk
was formed. The nerves of the neurohypophysis were
penetrating the adenohypophysis. The immunoreac-
tive Gh signals were mainly detected in the regions of
the adenohypophysis bordering the neurohypophysis
(Fig. 4c). At 7 dph, the pituitary gland had a marked
growth of all its components, with a large population
of immunoreactive Gh cells localized in the regions of
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ricefield eel pituitary glands were shown here with the rostral
(anterior) part of the gland to the left. The black triangles and
stars indicate the adenohypophysis and neurohypophysis
tissues, respectively. HT hypothalamus, OT optic tectum—
thalamus, VOC vitellogenic oocyte. Scale bar 100 pm. (Color
figure online)

adenohypophysis bordering the neurohypophysis
(Fig. 4d).

Immunoreactive Gh levels in the pituitary glands
of ricefield eels during sex change

The distribution of immunoreactive Gh signals in the
pituitary sections of ricefield eels at the intersexual and
male stages exhibited a similar pattern as that at the
female stage, with Gh signals predominantly localized
to the areas of the adenohypophysis adjacent to the
neurohypophysis (Fig. 5a, c, e). The quantitative
analysis showed that the immunoreactive Gh levels
in the pituitary glands of the ricefield eels were
significantly higher at the intersexual stage than at
either the female or male stage (Fig. 5g).

Discussion

In addition to being expressed in the pituitary gland,
Gh gene has been shown to be expressed in many
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Fig. 4 The analysis of immunoreactive Gh signals (brown)
during the early development of the pituitary glands in ricefield
eel embryos and larvae. Sagittal sections of the pituitary glands
were developed with DAB and counterstained with hema-
toxylin. a The embryo at 3 dpf. The pituitary placode is
delineated with a dashed line. The immunoreactive Gh cells
were detected first. b The larvae at O dph. The pituitary anlage,
separated from the diencephalon by a thin layer of connective
tissue (red arrowhead), became more distinguished, with the
early appearance of the putative neurohypophysis (green
arrowhead) in the posterior region of the gland. ¢ The larvae

extrapituitary tissues at both the mRNA and protein
levels in mammals and birds (Harvey 2010). In
teleosts, gh transcripts have also been detected in the
extrapituitary tissues (Yang et al. 1999; Biga et al.
2004; Filby and Tyler 2007; Dong et al. 2010; Li et al.
2011), but the information on the immunoreactivities
to Gh in the extrapituitary tissues seemed lacking. In
the present study, a specific antiserum against ricefield
eel Gh was generated, and immunoreactivities to Gh
were detected in the pituitary gland but not in other
tissues including the brain and gonads by western blot
and/or immunohistochemical analysis. In agreement,
high levels of gh expression in the pituitary gland
could be detected by RT-PCR with the amplification in
32 cycles, but only faint expression was detected in the
brain, ovary, and testis when PCR cycles were
increased to 36. These results suggested that the
expression of gh in ricefield eels is predominantly

at 3 dph. The pituitary gland was detached from the
diencephalon, with the formation of the pituitary stalk (black
arrowheads). The black triangles and stars indicate the
adenohypophysis and neurohypophysis tissues, respectively.
d The larvae at 7 dph. The pituitary gland had a marked growth
of all its components, containing Gh cells in the regions of
adenohypophysis bordering along with the neurohypophysis. A
anterior, P posterior, D diencephalon, V ventricle, CT connec-
tive tissue, BV blood vessel, PM primitive mouth, HT
hypothalamus. Scale bar 25 pm. (Color figure online)

localized to the pituitary glands, with very low levels
in the extrapituitary tissues. Whether the extrapituitary
gh mRNA in ricefield eels and other teleosts is actually
translated into functional Gh protein remains to be
elucidated.

In the pituitary glands of some teleosts, Gh cells
were shown to reside predominantly in the proximalis
pars distalis (PPD) (Weltzien et al. 2003; Huang and
Specker 1994; Laiz-Carrion et al. 2003; De Jesus et al.
2014). In ricefield eels, however, the present study
showed that immunoreactive Gh signals seemed not to
form a distinct zone within the pituitary gland, but
rather to be localized to the multicellular layers of the
adenohypophysis bordering the neurohypophysis
interdigitations. In agreement, a previous study
employing histochemical methods also showed that
the putative Gh cells in the pituitary glands of ricefield
eels formed a continuous layer of columnar cells, one
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Fig. 5 The quantification of immunoreactive Gh signals in the
pituitary of ricefield eels at the female, intersexual, and male
stages. The representative immunohistochemical images (Gh
signals in brown) of pituitary sections (a, ¢, e) and the
corresponding HE-stained images of gonadal sections (b, d,
f) were shown above the histogram. Sagittal sections of ricefield
eel pituitary glands are shown here with the rostral (anterior)
part of the gland to the left. The inset in d is the magnified image
of the boxed area. Scale bar 50 pm except where it is
specifically designated otherwise. Gh-ir immunoreactive Gh,
MOC mature oocyte, DGO degenerating oocyte, SG spermato-
gonia, SC spermatocyte, ST spermatid. Bars represent mean +
SEM of 3-4 fishes. Bars with different superscripts are
significantly different (p < 0.05). (Color figure online)

or two cells thick, bordering much area of neurohy-
pophysis interdigitations (Wai-Sum and Chan 1974).
Interestingly, Gh cells were also found to be arranged
in cords or multicellular layers adjacent to the
neurohypophysis in the striped bass (Morone saxatilis)
(Huang and Specker 1994) and Atlantic halibut
(Hippoglossus hippoglossus L.) (Weltzien et al.
2003). Although Gh cells were restricted to the PPD
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within the pituitary gland of the American shad (Alosa
sapidissima), those Gh cells located more dorsally
contact branches of neurohypophyseal tissues (Laiz-
Carridn et al. 2003). The close spatial contact between
Gh cells and neurohypophyseal tissues observed in the
pituitary of different teleosts above is suggestive of
their functional relationship, which awaits further
study.

The pituitary gland of vertebrates mainly consists
of the adenohypophysis and neurohypophysis. Classi-
cally, the adenohypophysis was considered to have
originated as an ectodermal upgrowth from the
anterior roof of the embryonic oral cavity (Wingstrand
1966). Recent studies have demonstrated a neuroec-
todermal origin of the adenohypophysis in vertebrates
from fish to mammals (Chapman et al. 2005; Kawa-
mura et al. 2002). In the present study, the adenohy-
pophysis, as indicated by the immunoreactive Gh
signals, was observed in ricefield eel embryos at 3 dpf,
but the earliest development of the neurohypophysis
was identified later in the posterior region of the
pituitary gland of ricefield eel larvae at O dph.
Similarly, the earlier appearance of the adenohypoph-
ysis than the neurohypophysis was also observed in
other teleosts such as the American shad (Alosa
sapidissima) (Laiz-Carrién et al. 2003), zebrafish
(Danio rerio) (Chapman et al. 2005), and a South
American characiform species (Salminus brasiliensis)
(De Jesus et al. 2014). The adenohypophyses of the
ricefield eel embryos and larvae were closely adhered
to the diencephalon at 3 dpf and O dph but separated
from the roof of the embryonic cavity by a thick layer
of connective tissues. Moreover, serial consecutive
sections of ricefield eel embryos at 2 dpf did not reveal
any trace of the pituitary placode or Gh immunoreac-
tivity (data not shown). This early developmental
pattern of the adenohypophysis in ricefield eels seems
to be in line with the neuroectodermal view on its
origin. Admittedly, more evidence such as cell fate
mapping is needed to clarify the origin of the ricefield
eel adenohypophysis. It is of great interest to note that
immunoreactive Gh cells started to reorganize around
the neurohypophyseal tissues when nerves grew into
the adenohypophysis at 3 dph and assumed the pattern
at 7 dph as observed in the adults. These results imply
that interactions may exist between the Gh cells and
the neurohypophyseal tissues during the early devel-
opment of the pituitary gland in ricefield eels, which
warrants further study.
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GH is not classically considered as a reproductive
hormone. Nevertheless, an increasing body of evi-
dence is relating GH to reproductive function in
teleosts (Bjornsson et al. 1994; Gomez et al. 1999;
Weber and Grau 1999; Einarsdottir et al. 2002).
Plasma GH levels were reported to elevate in associ-
ation with the gonadal maturation in several teleost
species, including the carp (Cyprinus carpio) (Lin
et al. 1995), tilapia hybrid (Oreochromis niloticus x O.
aureus) (Melamed et al. 1995), rainbow trout (On-
corhynchus mykiss) (Sumpter et al. 1991), and chum
salmon (Oncorhynchus keta) (Kakizawa et al. 1995).
GH stimulated gonadal steroidogenesis in mummi-
chog (Fundulus heteroclitus) (Singh et al. 1988).
Moreover, Gh receptors were shown to be expressed in
the ovary of tilapia (Oreochromis mossambicus)
(Kajimura et al. 2004) and the testis of seabream
(Acanthopagrus schlegeli) (Tse et al. 2003), and Gh
treatment promoted spermatogonial proliferation in
catfish (Gopal et al. 2014) and in the in vitro cultured
testes of Japanese eel (Miura et al. 2011). The ricefield
eel changes sex from female through intersex to male
in its life cycle and exhibits the rapid proliferation of
male germ cells and the concomitant extensive
development of interstitial cells in the gonadal lamel-
lae at the intersexual stage (Chan and Phillips 1967,
Chan et al. 1972). During the sex change, immunore-
active Gh levels in the pituitary of ricefield eels peaked
at the intersexual stage, significantly higher than those
at the female or male stage. These results imply that
the pituitary Gh is possibly associated with the
gonadal transformation in ricefield eels via the clas-
sical endocrine manner, which awaits further
elucidation.

In summary, the ricefield eel gh gene is predom-
inantly expressed in the pituitary. The immunoreactive
Gh cells in the adenohypophysis emerged before
hatching and the appearance of the neurohypophysis
tissues and later reorganized in close contact with the
neurohypophyseal interdigitations. The immunoreac-
tive Gh levels in the pituitary of ricefield eels peaked at
the intersexual stage. These results suggest that the
pituitary Gh may play important roles in the embry-
onic development and gonadal transformation during
sex change in ricefield eels.
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