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An inhibin cDNA from rainbow trout consisted of 1305 INTRODUCTION

bp, which coded for 352 amino acid residues. The de-
duced amino acid sequence of mature inhibin was 50 to
60% identical to mammalian sequences. Distribution of
inhibin a and activin b A and b B in different ovarian and
testis compartments was studied in rainbow trout by in
situ hybridization with complementary RNA probes. In
testis tissue, inhibin a and activin b A and b B were
expressed only in the testicular interstitia between the
seminal lobules, where Sertoli cells and Leydig cells are
distributed. The localizations and intensities of the reac-
tions were constant throughout the maturation of the
testis. Within ovarian tissue, the theca cell layers of fol-
licles showed strong reactions of Dig-labeled antisense
mRNA probes hybridizing against inhibin a and activin b

A and b B in all samples over the same sampling period.
In regressing oocytes, a positive reaction was observed in
the granular cell layer of the follicles. © 2002 Elsevier Science (USA)
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Three activin subforms have been purified from
porcine ovarian follicular fluid resulting from combi-
nations of two b A chains (activin A) (Vale et al., 1986),
two b B chains (activin B) (Nakamura et al., 1992), two
b B chains (activin B [2]), or one b A and b B chain
(activin AB) (Ling et al., 1986). Two forms of inhibin
have been found in follicular fluid. Inhibins are com-
posed of an inhibin a subunit linked to either an
activin b A subunit (inhibin A) or an activin b B
subunit (inhibin B) (Vale et al., 1988). Activin was
originally discovered by its ability to stimulate the
secretion of follicle-stimulating hormone (FSH) from
cultured anterior pituitary cells (Ling et al., 1986; Vale
et al., 1986). By contrast, inhibin suppresses pituitary
FSH secretion (Ying, 1988).

Immunohistochemical studies have localized all
three subunits within the granulosa layer of develop-
ing follicles in normal human (Rabinovici et al., 1992,
Yamoto et al., 1992; Jaatinen et al., 1994) and have
localized the inhibin a subunit within the granulosa–
luteal cells of the corpus luteum (Smith et al., 1991). In
theca cells, however, no staining for any of the three
subunits was observed (Yamoto et al., 1992), although
expression of inhibin a and activin b A mRNA was
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detected (Jaatinen et al., 1994). Human granulosa cells
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have been shown to express inhibin a and activin b A
and b B mRNAs, and theca cells have been shown to
express inhibin a and activin b B mRNAs.

Inhibin and activin are also biochemically related
proteins thought to play an important role in para-
crine regulation of testicular function (Mather et al.,
1992). mRNAs of all three subunits, inhibin a and
activin b A and b B, have been demonstrated in the
testes of embryonic, prepubertal, and adult rats either
through measurements of mRNA levels in testicular
homogenates or through in situ hybridization (Bhasin
et al., 1989; De Jong, 1988; Feng et al., 1989; Kaipia et al.,
1991, 1992; Keinan et al., 1989; Krummen et al., 1989;
Roberts et al., 1991). The localization and distribution
of inhibin and activin in the ovary and testis of mam-
mals have been studied. Previously, we cloned and
characterized the cDNA for the b A and b B subunits
of rainbow trout activin (Tada et al., 1998). However,
little information is available regarding the localiza-
tion and distribution of inhibin and activin of fish.

In the current study, we describe the cellular local-
ization of inhibin and activin subunit expression in
rainbow trout ovary and testis, as determined by in
situ hybridization.

MATERIALS AND METHODS

Experimental Fish and Gonad Samples

Rainbow trout (Oncorhynchus mykiss), kept in the
Oizumi experimental station of the Tokyo University
of Fisheries, were used. In this study, 3 1-year-old
males (mean body wt 265 g) and 3 2-year-old females
(mean body wt 990 g) were sampled every month
during the maturation of testis and ovary from March
to December 1996. Their testes and ovaries were fixed
in phosphate-buffered formalin (pH 7.2) at 4° over-
night and embedded in paraffin. Thin sections (5 mm)
were prepared and then subjected to Hematoxylin and
Eosin (H–E) stain and in situ hybridization. For the in
situ hybridization, the sections were stored at 4° until
the commencement of in situ procedures.
Cloning of Inhibin cDNA

A rainbow trout ovary cDNA library was con-
structed using a cDNA synthesis kit (Amersham–P-
harmacia, United States) with an oligo dT primer. The
cDNA library was constructed in l ZAPII vectors
according to the instructions of the manufacturer
(Stratagene, United States).

Two PCR primers were used to amplify a cDNA cor-
responding to part of the inhibin gene. A primer set for
the conserved region of inhibin and the 39-cDNA specific
primer were 59-GGNTGGGAYMRNTTGATHGT-39 and
59-TGGAAGAATTCGCGGCCGCAG-39, respectively.

FIG. 1. Nucleotide and amino acid sequences of the rainbow trout
inhibin a chain.
© 2002 Elsevier Science (USA)
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Amplification of cDNA was carried out for 1 min at 95°,
1 min at 50°, and 1 min at 72°; this cycle was repeated 30
times. The PCR product was sequenced and used to

FIG. 2. Alignment of inhibin a amino acid sequences. The DDBJ/G
(A24248), mouse (I48243), and cow (A25732).
© 2002 Elsevier Science (USA)
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screen the cDNA library. Several cDNA clones were
obtained. One of these clones was sequenced. The cDNA
clone was sequenced using ThermoSequenase (Amer-

k/EMBL accession numbers are as follows: chicken (I51215), human
enBan
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sham–Pharmacia) and an automated DNA sequencer
LC4200 (Li-Cor, United States).

RNA Probes

Digoxigenin-labeled sense and antisense RNA probes
specific for inhibin a and activin b A and b B (DDBJ/
GenBank/EMBL accession Nos. D88462, D88463, and
D88464) were generated with a T7 and SP6 Dig RNA
labeling kit (Boehringer Mannheim, Germany) with
digoxigenin–UTP (Boehringer Mannheim). The inhibin
a RNA probe complementary to the 411 nucleotides
corresponded to the 39 noncoding region and coding
region (Fig. 1). The activin b A and b B mRNA probes
were 310 and 150 nucleotides in length, respectively
(Tada et al., 1998). These three regions had no significant
identity to each other and to other known genes in
GenBank.

FIG. 3. Histological analysis of rainbow trout testes and ovary
(Oncorhynchus mykiss) sampled in June. On the lobules, Sertoli cells
in the interlobular spaces (3350, H–E stain). (b) Seminal lobules in
lobular lumens, whereas the lobular walls have many unencyste
spermatocytes (3240, H–E stain). (c) An ovary sampled in March.
few oocytes with perinucleoli (350, H–E stain). (d) An ovary sample
in their cytoplasm. (350, H–E stain).
In Situ Hybridization

In situ hybridization was carried out using a com-
mercial kit (Nippon Gene, Japan). In brief, a section
was de-paraffinized and pretreated with proteinase K
(5 mg/ml) for 15 min at 37° for protein removal. The
reaction was stopped by washing in glycine–PBS
buffer (2 mg/ml) for 10 min. For acetylation, the
treated sections were dipped in 100 mM triethylamine
for 15 min and then immersed in anhydrous acetic
acid for 20 min. The acetylated section was prehybrid-
ized in 50% formamide with 4 3 SSC at 42° for 30 min.
For hybridization, the section was covered with 100 ml
of antisense mRNA probe solution (1 mg/ml) and then
reacted in a moist chamber at 42° for 16 h. For the
negative control, the antisense mRNA probe was re-
placed by the sense RNA probe. After the hybridiza-
tion, the section was kept in RNase–NTE buffer (20

different stages. (a) Seminal lobules in a testis of rainbow trout
the aggregated spermatocytes, whereas Leydig cells are distributed
is sampled in October. Large numbers of spermatids occur in the
matocytes. The Sertoli cells are no longer detectable among the
occupied by many oocytes having cytoplasmic yolk vesicles and a
ly. The thick follicles enwrap oocytes that have many yolk globules
from
encyst
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seen in some of the seminal lobular walls from May

146 Tada et al.
mg/ml) at 37° for 30 min. Detection using the mRNA
probe was carried out with a Dig nucleic acid detec-
tion kit (Boehringer Mannheim) as described in the
technical manual. After rinsing with distilled water,
the section was stained with hematoxylin and ob-
served with a light microscope.

RESULTS AND DISCUSSION

The inhibin cDNA consisted of 1305 bp, which en-
coded 352 amino acid residues (Fig. 1). The DDBJ/
EMBL/GenBank accession number of rainbow trout
inhibin cDNA is AB044566. The deduced amino acid
sequence is aligned with the sequences of other inhib-
ins in Fig. 2. The amino acid sequence identities of the
whole region of inhibin among rainbow trout,
chicken, and mammals ranged from 35 to 43%. The
identities of the mature regions of these proteins were
higher than the identities of their whole sequences and
were 50 to 60%. The positions of cysteine residues and
the N-glycosylation site of the mature protein region
were well conserved in rainbow trout inhibin when
compared to previously reported inhibin sequences
(Fig. 2). These results indicate that the cloned cDNA
from the rainbow trout ovary cDNA library encodes
inhibin.

In testes sampled from March to April, the seminal
lobules appeared to contain only spermatogonia. The
lobular walls were divided into many cysts, with each
cyst containing some spermatogonia. Sertoli cells were
distributed around the cysts. Spermatocytes could be

FIG. 4. Nucleotide sequences of inhibin a and activin b A and b B
cDNA that were used as probes for in situ hybridization.
© 2002 Elsevier Science (USA)
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onward. From July to September, the seminal lobules
showed progressive enlargement with increased num-
bers of spermatocytes on their lobular walls (Fig. 3a).
The spermatocytes were present as aggregations,
which were encysted by Sertoli cells. Testes sampled
in October included large numbers of spermatids in
the lobular lumens and spermatocytes on the lobular
walls (Fig. 3b). Most of the spermatocytes were re-
duced in size and showed a scattered distribution on
the lobular walls, whereas the Sertoli cells were not
present among the scattering of spermatocytes. In No-
vember and December, the lumens of all the seminal
lobules were filled with a great number of spermatids
and/or sperm. The lobular walls at this time had
completely lost the spermatocytes. Leydig cells were
located in the interlobular interstitial tissues through-
out the sampling period.

In ovaries sampled from March to May, most of the
oocytes were at the yolk vesicle stage (Fig. 3c), distrib-
uted on the ovarian lamellae with small numbers of
perinucleoli stage oocytes. Oocytes with cytoplasmic
yolk globules progressively increased in size and
number from June to August. These were surrounded
by thick follicles, consisting of an outer theca cell layer
and an inner granulosa cell layer (Fig. 3d). An ovary
sampled in June possessed regressive oocytes, whose
cytoplasms were invaded by many macrophages and
which were enveloped by very thick follicles. In Sep-
tember and October, very large maturation-phase oo-
cytes (migratory nucleus stage to maturation stage)
occupied the largest proportion in the ovarian compo-
nents. Their cytoplasm contained many large yolk
globules and oil droplets. Well-developed follicles en-
wrapped the oocytes. Ovaries sampled in November
had a spawning appearance, consisting of the com-
plete loss of maturation-phase oocytes and thickened
interstitial connective tissues. In December, small im-
mature-phase oocytes with perinucleoli or cytoplas-
mic yolk vesicles were again present in the ovaries.

Recently, several types of activin/inhibin families of
mammals and Xenopus laevis have been cloned and
characterized (Oda et al., 1995; Hötten et al., 1995; Lau
et al., 1996; Fang et al., 1997). The coding regions of
these genes have a significant homology in amino acid
and nucleotide sequences. However, there is no sig-
nificant homology in the 39 noncoding region of ac-
tivin/inhibin family genes. The 39 noncoding region of
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rainbow trout activin b A and b B and inhibin also
have no significant identity to each other (Fig. 4).
Based on this result, we used the 39 noncoding region

FIG. 5. Distribution of rainbow trout inhibin and activins in testis a
Positive reactions are visible in the Sertoli cells around the spermatoc
(b) In situ hybridization of the b B-subunit in a testis sampled in Oc
(c) In situ hybridization of the b A-subunit in an ovary sample
counterstained by hematoxylin). (d) In situ hybridization of the b B
theca cell layers. The connective tissue between the oocytes shows
hybridization of the a-unit in a regressing oocyte of an ovary samp
macrophages can be seen invading the cytoplasm (3350, countersta
and activin b B in a testis sampled in April, using the sense probes fo
(3220).
as probes for in situ hybridization. Based on the cell
localization of positive reactions of the antisense
mRNA probes, there were no differences among the

ry. (a) In situ hybridization of the a-unit in a testis sampled in June.
gregations and in the Leydig cells in the interlobular tissues (3220).

Leydig cells of interlobular tissues show a positive reaction (3120).
eptember. The theca cell layer shows a positive reaction (3400,
it in an ovary sampled in June. A positive reaction is visible in the
specific reaction (3250, counterstained by hematoxylin). (e) In situ
une. A positive reaction is visible in the granulosa cell layer. Many
y hematoxylin). (f) Negative controls of the inhibin a, activin b A,
mRNAs. The interlobular vessels show a faint nonspecific reaction
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a-unit, b A-subunit, and b B-subunit. In the testes, ACKNOWLEDGMENT

148 Tada et al.
when the spermatogonia or spermatocytes were form-
ing aggregations on the lobular walls, positive reac-
tions were seen in the Sertoli cells of lobular walls and
Leydig cells of the interlobular tissues (Fig. 5a). After
the spermatocytes were scattered, only the Leydig
cells showed positive reactions (Fig. 5b). The localiza-
tions of rainbow trout mRNAs are the same as those
reported for rat and newt testes (Kaipia et al., 1992;
Yamamoto et al., 1996). In this study, the amount of
mRNA expressed at different stages of testis develop-
ment was not analyzed. In rat, the expressions of
inhibin a and activin b A and b B mRNAs have been
reported to be stage dependent (Bhasin et al., 1989;
Kaipia et al., 1991, 1992), suggesting that production of
inhibin and activin in the adult testis may be regulated
by germ cell development in a paracrine manner. Fur-
ther studies are needed to determine the stage-depen-
dent expression of these three genes in rainbow trout.

Theca cell layers of ovarian follicles showed positive
reactions in all of the ovaries sampled every month
(Figs. 5c and 5d), excluding regressing oocytes. In the
regressing oocytes found in the July sample, a positive
reaction was observed in the granulosa cell layer of a
follicle (Fig. 5e). There was no reaction in the negative
controls of testes or ovaries (Fig. 5f), although the
interlobular vessels showed a faint nonspecific reac-
tion. The localization of rainbow trout inhibin a and
activin b A and b B mRNAs is distinct from that of
human. The human inhibin a and activin b A and b B
mRNAs are expressed in the normal ovary granulosa
cell layer, and inhibin a and activin b A mRNAs are
expressed in the human normal theca cell layer (Jaati-
nen et al., 1994). We previously reported that, between
the two rainbow trout activins, the b B gene had a high
level of expression and the b A had a relatively low
level of expression (Tada et al., 1998). This result was
contrary to a report that, in mammals, the expression
of b A is higher than the expression of b B (Meunier et
al., 1988). The differences in localization of expression
of inhibin a and activin b A and b B mRNAs between
rainbow trout and human, and the high expression of
b B in rainbow trout, may be due to differences in the
functions and the mechanisms of action of these pro-
teins. To better understand these differences, further
investigations of inhibin a and activin b A and b B in
rainbow trout and other fish are needed.
© 2002 Elsevier Science (USA)
All rights reserved.
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