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Abstract

The purposes of this study were: (1) to clone the cDNA encoding pituitary thyroid-stimulating hormone
beta subunit (TSH �) of the Japanese eel, Anguilla japonica, together with its genomic DNA sequence, for
phylogenetic analysis, and to study the regulation of the TSH � gene expression in cultured pituitaries;
and (2) to investigate the transcript levels of pituitary TSH � mRNA and the serum thyroxine profiles at
different stages of ovarian development before and during silvering in the wild female eels. The maturity
of female eels was divided into four stages, juvenile, sub-adult, pre-silver, and silver, based on skin color
and oocyte diameter. The genomic DNA of the TSH � subunit contains two introns and three exons, and
the TSH � protein possesses a putative signal peptide of 20 amino acids and a mature peptide of 127
amino acids. The amino acid sequence identities of TSH � mature peptide of Japanese eel compared
with those of teleosts and other vertebrates are: European eel (98·4%), salmonids (60·6 – 61·3%), carps
(52·0 – 56·7%), sturgeon (48·4%), and tetrapods (42·9 – 45·2%). In in vitro studies of the regulation of
TSH � mRNA it was found that thyrotropin-releasing hormone increased while thyroxine decreased its
expression. RT-PCR and real-time quantitative PCR analysis showed that the transcript levels of TSH �
subunit increased during eel silvering. The serum thyroxine levels also increased in parallel with TSH �
mRNA expression during silvering, supporting the hypothesis that the hypothalamus–pituitary–thyroid
axis is correlated to silvering in the wild female Japanese eels.
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Introduction

The pituitary glycoprotein hormones in vertebrates
include thyroid-stimulating hormone (thyrotropin,
TSH), luteinizing hormone, and follicle-stimulating
hormone, each consisting of two different subunits,
� and � (Pierce & Parsons 1981). The � subunits
are identical in a given species and are common
to all pituitary glycoprotein hormones, while the �
subunits are specific for each hormone and
determine the hormonal activity and species
specificity. The � and � subunits are initially
formed as separate proteins by different genes, and

following glycosylation they are associated by
non-covalent bonding to form biologically active
hormonal molecules.

The synthesis and release of TSH is regulated by
hypothalamic thyrotropin releasing hormone
(TRH) and negative feedback is controlled by the
thyroid hormones, triiodothyronine (T3) and
thyroxine (T4); this comprises the hypothalamus–
pituitary–thyroid (HPT) axis in vertebrates
(McNabb 1992, Chatterjee et al. 2001). Thyroid
hormones are essential for development, growth,
metabolism, behavior, and reproduction in verte-
brates (Gorbman et al. 1983). Thyroid hormones
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have long been implicated in the migration of
anadromous salmonids. They are required for the
preparatory transformation of parr to a seawater-
tolerant smolt, and are thought to stimulate
migratory behavior (Boeuf 1994). In juvenile
salmonids, there is an indication that thyroid
hormones are involved in the body silvering process
by depositing guanine in the skin (Ikuta et al. 1985,
Ura et al. 1994). In conger eel, Conger myriaster,
thyroid hormones are important in the regulation
of metamorphosis from the leptocephalus to the
elver (Yamano et al. 1991). The HPT axis is also
closely correlated to reproduction. A significant
temporal relationship exists for most species of
teleosts between thyroid status and gonadal status
over at least certain phases of the reproductive
cycle (Cyr & Eales 1996). Based on the studies of
several teleost species, it was thought that the
thyroidal activity usually increases during early
gonadal development, is maintained or enhanced
during the period of reproduction, and commonly
decreases during or after spawning (Cyr & Eales
1996).

The Japanese eel, Anguilla japonica Temminck and
Schlegel, is a catadromous fish with a complex life
cycle that includes both marine and freshwater
habitats (Tesch 1977). After living in rivers for
years, eels undergo pronounced morphological and
physiological changes from yellow to silver eels (also
known as ‘silvering’) (Tesch 1977, Lokman &
Young 1998a,b). The modifications include skin
color changing from white/yellow to silver
on the belly and from green to black on the
back, downstream migration behavior, and rapid

development of the gonad. Accordingly, the HPT
axis may be involved in eel silvering. However, no
information is yet available with respect to the
corresponding changes in thyroid status during
silvering of Japanese eels. We therefore investigated
the changes in the pituitary–thyroid axis during
silvering of wild Japanese eels. As a direct assay of
eel TSH is unavailable as yet, the TSH � transcript
levels were estimated to represent thyrotropin
expression activity from the pituitary. The circulat-
ing thyroxine levels were estimated to reflect the
thyroid status. Since the genome and peptide
sequence of TSH � for Japanese eel are not known
yet, we also cloned the TSH � gene for
phylogenetic analysis. We report here the cloning
of the genomic and cDNA sequences for Japanese
eel TSH � and its deduced peptide sequence, the
regulation of TSH � mRNA expression, and the
changes in TSH � mRNA expression levels
together with circulating thyroxine levels at various
stages of ovarian development during silvering of
wild female Japanese eels.

Materials and methods

cDNA cloning of the Japanese eel TSH �
subunit

Design of oligonucleotide primers

Oligonucleotides, used as PCR primers for
amplification of the TSH cDNA and genomic
DNA of the Japanese eel, are listed below and
shown in Fig. 1. The sense primer (SP: 5��3�) and
antisense primer (ASP: 3��5�) were designed from

Figure 1 Procedures of RT-PCR sequencing of TSH � subunit genomic DNA
(upper) and cDNA (lower) from pituitary glands of the Japanese eel. Numbers
of primers (P) indicate the corresponding oligonucleotides listed in Materials
and methods.
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the conserved coding region of the TSH � cDNA
of the European eel and other teleosts. The � actin
sequence of the Japanese eel was cloned in our
laboratory.

Primer 1, SP for TSH � subunit: 5�-ATGAGAG
TGGTCCTGTTGGCC-3�; primer 2, ASP for
TSH � subunit: 5�-GGATGTGGTTGCTCTGT
CCCGG-3�. Primer 3, SP for 3�-rapid amplifi-
cation of cDNA ends (RACE): 5�-GATCCGGCG
CGGGACGAGTG-3�; primer 4, ASP for 5�-
RACE: 5�-CCATGCAGATGGTGGTGTTGA-
3�. Primer 5, SP for TSH � subunit: 5�-GACA
CTCGGAGAAAATTCTAC-3�; primer 6, SP for
TSH � subunit: 5�- CTTCTGCGTGGCCAT
CAACACCA-3�; primer 7, ASP for TSH �
subunit: 5�-CACTCGTCCCGCGCCGGATC-
3�. Adapter primer (AP) for 3�-RACE: 5�-
GGCCACGCGTCGACTAGTACTTTTTTTTT
TTTTTTTT-3�. Abridged universal amplification
primer (AUAP) for 3�-RACE: 5�-GGCCACGC
GTCGACTAGTAC-3�. Abridged anchor primer
(AAP) for 5�-RACE: 5�-GGCCACGCGTCGACT
AGTACGGG I IGGGI IGGG I IG-3�, where I is
the base inosine. Primer of SP for �-actin subunit:
5�-GCTGTCCCTGTATGCCTCTGG-3�; primer
of ASP for �-actin subunit: 5�-GTCAGGATCTT
CATGAGGTAGTC-3�.

RT-PCR for TSH � cDNA sequence and RACE

Fresh pituitary glands were collected from the
cultured Japanese eels reared in the laboratory.
Total RNA was then extracted using the total RNA
miniprep system kit (Viogene, Sunnyval, CA,
USA). The concentration and quality of the
extracted RNA were measured at A260 nm/
A280 nm (Kontron Spectrophotometer, UVIKON
810). Complementary DNA was synthesized using
oligo-d(T)18 primer (100 ng) and moloney murine
leukemia virus-reverse transcriptase (MMLV-RT)
(Stratagene, La Jolla, CA, USA) following instruc-
tions recommended by the manufacturer. Reverse
transcription was performed for 35 min at 42 �C
and later at 70 �C for 10 min to heat-inactivate the
MMLV-RT.

The PCR was performed in 50 µl final volume
with 2·5 U Taq DNA polymerase (Gibco BRL,
Gaithersburg, MD, USA) using primers 1 and 2
(100 ng for each). After an initial 3 min denaturing
step at 94 �C, 35 cycles of amplification were
performed using a cycle profile of 94 �C for 1 min,

62 �C for 40 s, and 72 �C for 1 min. Elongation was
extended to 10 min at 72 �C after the last cycle.
The PCR products were sequenced commercially
with an ABI 377 automated sequencer (Perkin-
Elmer Applied Biosystems).

The remaining 5� and 3� untranslated region
(UTR) sequences were obtained by RACE using
the RACE kit (Gibco BRL). Briefly, 1 µg of the
pituitary total RNA was reverse-transcribed using
primer AP by 200 U Superscript II reverse
transcriptase, followed by PCR between primer 3
and the AUAP. For 5�-RACE, 1 µg of the pituitary
total RNA was first reverse-transcribed by 200 U
Superscript II reverse transcriptase with primer 2.
The acquired single strand cDNA was column
purified and then oligo-dC tailed using terminal
deoxynucleotidyl transferase. PCR was then
performed using primer 4 and the AAP.

Total DNA extraction and PCR for TSH � genomic DNA

The total genomic DNA of the Japanese eel was
extracted from the liver using the total DNA
miniprep system kit (Viogene). The TSH �
genomic DNA sequence was obtained by PCR
with primers 5 and 7, located in the head of the
5�-UTR and the end position of the coding region
of TSH � cDNA respectively. Intron sequences
were obtained by re-amplifying the PCR product
with primers 4 and 5 for intron I and primers 6 and
7 for intron II.

Regulation of TSH � mRNA expression

Cultured Japanese eels (n=27) at the yellow stage,
reared in the laboratory for 2 years, were used for
studying the regulation of TSH � mRNA. Pituitary
tissue culture was carried out based on the
procedures described by Gregory and Porter (1997)
with some modifications. Pituitaries were collected
from the Japanese eels, immediately washed twice
in 1�Hanks buffer and placed in 35 mm culture
dishes. Each pituitary was sliced into 4 pieces,
incubated in 1·5 ml M-199 (Sigma) containing
25 mM HEPES, 4 mM NaHCO3, 0·1% BSA and
antibiotics (penicillin and streptomycin), and
treated with saline (control group), TRH (pGlu-
His-Pro-NH2, 10–8M), or T4 (10–8M). All the
dishes were kept in a CO2 incubator maintained
under 3·5% CO2 concentration at 30 �C for 6 h.
After centrifugation, the total RNAs were isolated
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from the tissues. The RNA was reverse transcribed
as described and the cDNA was PCR amplified
using TSH � primers 1 and 7. As an internal
control in the RT-PCR reactions, � actin was also
amplified simultaneously for normalization. An
optimal PCR amplification cycle (25 cycles) was
chosen to observe the different cDNA levels based
on parallelism of different PCR cycles (15, 20, 25,
and 30 cycles). PCR products were analyzed by
2·5% agarose gel electrophoresis. To validate the
mRNA levels estimated by RT-PCR analysis, two
samples of each treatment were tested for real-time
quantitative PCR using the fluorescence dye SYBR
Green 1 (Morrison et al. 1998).

Transcript levels of TSH � mRNA at different
stages of ovarian development of wild female
Japanese eels

Collection of wild eels and classification of maturing
status

Wild female Japanese eels (n=46) were collected by
eel traps in the estuary of the Kaoping River in
southwest Taiwan (120� 50� E and 22� 40� N)
(Table 1). Males were difficult to collect because the
sex ratio was skewed to females (Tzeng et al. 2002);
thus, only females were considered in this study.
These eel samples have previously been used for
investigation of gonadotropin mRNA transcript
levels (Han et al. 2003a). The eels were stunned
by ice before morphometric measurement. Total
length (TL, �0·1 cm) and body weight (BW,
�0·1 g) of the eels were measured before

decapitation for blood collection. The sex of each
eel was determined by histology of the gonad. The
gonad weight (GW, �0·01 g) and digestive tract
weight (DW, �0·01 g) were measured and the
gonadosomatic index (GSI) and digestosomatic
index (DSI) were estimated according to the
formulae, GSI=100�[GW (g)/BW (g)] and
DSI=100�[DW (g)/BW (g)] respectively. Oocyte
diameters (OD, �1 µm) were calculated according
to Yamamoto et al. (1974).

In our previous investigation, the maturity of the
wild female Japanese eels before and during
silvering were divided into three stages (yellow,
pre-silver and silver) based on skin color and
histological observations of ovarian development
(Han et al. 2003b). In the present study, the yellow
eels were further divided into juvenile and
sub-adult stages based on OD for better compari-
son (Table 1). The GSI and OD of the female
Japanese eel were significantly different among
different ovarian developmental stages (P,0·05,
Table 1). Ovaries of juvenile eels contained mainly
stage II (chromatin nucleolus stage) oocytes
(,50 µm). The ovaries of sub-adult eels also
contained stage II (chromatin nucleolus stage)
oocytes predominantly, but with larger OD
(50–90 µm) (Table 1). In the pre-silver eels, the
oocytes (90–130 µm) grew rapidly and were mainly
in stage III (peri-nucleolus stage). The initial oil
drops became apparent at the periphery of the
oocytes. In the silver eels, the oocytes (.130 µm)
continued to grow, and the oil drops accumulated
and filled the whole cytoplasm. They were mainly
in stage IV (oil-drop stage) (Han et al. 2003b).

Table 1 Morphometric characteristics of the wild Japanese eels in different stages of ovarian development

Yellow

Pre-silver Silver Tukey’s HSDJuvenile Sub-adult

Sample size 11 17 9 9
Time of collection Dec. 2000

Feb. 2003
Aug., Oct. 2000
Feb. 2001

Oct. 2000
Jun. 2001

Oct., Dec. 2000
Feb. 2001

Total length (cm) 43·4±1·0 53·7±1·3 60·7±1·6 65·1±2·0 Ju<Sa<Ps=Sv
Body weight (g) 68·4±3·0 197·2±13·5 374·3±40·0 474·0±34·9 Ju<Sa<Ps=Sv
Gonadosomatic index 0·15±0·02 0·36±0·02 0·59±0·06 1·58±0·18 Ju<Sa<Ps<Sv
Oocyte diameter (�m) 40·0±0·95 73·8±2·5 109·4±3·4 181·1±12·2 Ju<Sa<Ps<Sv
Digestosomatic index 1·81±0·09 1·71±0·10 1·35±0·08 0·47±0·08 Ju=Sa>Ps>Sv

Ju, juvenile; Sa, sub-adult; Ps, pre-silver; Sv, silver. P<0·05 for all significance differences.
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Measurement of pituitary TSH � mRNA levels

Total RNA (1 µg) from individual pituitaries of wild
female Japanese eels of juvenile (n=11), sub-adult
(n=17), pre-silver (n=9), and silver (n=9) stages was
reverse-transcribed using oligo-d(T)18 primer
(100 ng) and MMLV-RT (Stratagene) following
instructions recommended by the manufacturer.
PCR reactions for TSH � were performed using
primers 1 and 7 with 25 cycles. As an internal
control in the RT-PCR reactions, � actin was also
amplified simultaneously for normalization. To
validate the reliability of RT-PCR analysis, two
pituitaries of eels selected from each ovarian stage
were analyzed by real-time quantitative PCR as
described.

Radioimmunoassay (RIA) of serum thyroxine
levels of wild female Japanese eels at different
stages of ovarian development

Measurement of serum thyroxine (T4) was per-
formed by commercial kits (Diagnostic System
Laboratories, Texas, USA). The cross-reactivity of
the T4 antibody was measured for thyroxine
(100%), triiodothyroacetic acid (1·13%), triiodothy-
ronine (0·91%), diiodothyronine (0·03%), and other
related hormones which were not detectable. The

minimum detection limit was 4 ng/ml serum. Since
the collected blood of juvenile eels was insufficient
for RIA analysis, only the other three stages of
female Japanese eels were used for serum T4
measurement in the present study.

Statistical analysis

Differences among the eel stages of the morpho-
metric indexes or the transcript levels of TSH �
mRNA were analyzed by one-way analysis of
variance (ANOVA) followed by Tukey’s HSD
(Honestly Significantly Different) test. Significance
level was considered to be at P<0·05.

Results

Sequence analysis of the Japanese eel TSH �
cDNA and genomic DNA

The acquired TSH � cDNA of Japanese eel was
703 bp in total length, including 81 bp of the
5�-UTR, 444 bp of the coding region, and 178 bp
of partial 3�-UTR (Fig. 2). The agarose gel analysis
of the PCR products of TSH � 3�-RACE showed
multiple bands, thus the full 3�-UTR sequence was
difficult to obtain. The coding region encodes a
putative protein of 147 amino acids, which contains

Figure 2 cDNA nucleotide and deduced amino acid sequences of the Japanese eel TSH
� subunit. In the right-hand column, upper numbers refer to the nucleotide sequence and
lower numbers refer to the amino acid sequence. The start (ATG) and stop (TAG,
indicated by an asterisk) codons are shown by boxes. The two arrows show, respectively,
the introns 1 and 2 insertion sites.
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a signal peptide of 20 amino acids and a mature
peptide of 127 amino acids (Fig. 2).

The genomic DNA sequence of the TSH � sub-
unit was PCR amplified by primers 4, 5, 6 and 7.
The acquired sequences were compared with that of
the TSH � subunit cDNA for identification of the
introns (Fig. 3). Two introns were observed; intron 1
was located in the 5�-UTR (Fig. 2), which included
484 bp (Fig. 3) while intron 2 (including 860 bp, Fig.
3) was within the coding region (Fig. 2). Both introns
started with a gt base pair and ended with an ag base
pair. We only found one form of intron I and II in
the TSH � genomic DNA as indicated by only one
band of PCR product of TSH � genomic DNA
amplified from primers 5 and 7.

Regulation of the TSH-� gene expression

The experiment on the regulation of mRNA of the
TSH � showed that TRH at 10–8 M significantly
increased its expression (P,0·001), while T4 at

10–8 M significantly decreased its expression
(P,0·001) (Fig. 4). Representative real-time quan-
titative PCR for TSH � mRNA expressions at
different treatments is shown in Fig. 5(A). The
calculated expression levels of TSH � mRNA
estimated by real-time quantitative PCR were
comparable to the corresponding mRNA levels
estimated by the RT-PCR analysis.

Changes in TSH � mRNA expression levels at
different ovarian stages of wild Japanese eel

The expression of TSH � mRNA levels at different
stages of ovarian development is shown in Fig. 6.
The results were normalized with data from
densitometric scanning of a constitutively expressed
protein � actin. As indicated, TSH � mRNA
levels gradually increased with ovarian develop-
ment (F=3·12.F(0·05, 26)=3·03, P=0·048), and the
differences were significant between silver and
juvenile/sub-adult stages (P,0·05). Representative

Figure 3 Genomic DNA sequences of the Japanese eel TSH �. The start codon
(ATG), stop codon (TAG), and the ends of introns (gt-ag) are shown by boxes.
Intron sequences are shown by the lower-case characters.

Y-S HAN and others · TSH � cDNA cloning and expression during eel silvering184

www.endocrinology.orgJournal of Molecular Endocrinology (2004) 32, 179–194

http://www.endocrinology.org


real-time quantitative PCR for TSH � mRNA
expressions at different stages of ovarian devel-
opment is shown in Fig. 5(B). The calculated
mRNA levels of TSH � mRNA expression at

different ovarian stages estimated by real-time
quantitative PCR were comparable to the corre-
sponding mRNA levels estimated by the RT-PCR
analysis.

Figure 4 Regulation of TSH � mRNA expression of the cultured Japanese eel
pituitaries by TRH and T4. (A) Total RNA extracted from each treatment was reverse
transcribed and subjected to PCR. Amplified products were analyzed on 2·5%
agarose gel. � actin was used as a control in each column. C, control. (B) The band
intensities of TSH � subunits in different treatments were analyzed by Kodak Digital
Science ID image analysis software (ver 3·0). The value of the control group was
considered as 1 and the values of the other groups were calculated with respect to
the control group. N indicates the eel numbers. ***P<0·001, significant difference
compared with control (C).
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Figure 5 Representative real-time quantitative PCR of TSH � mRNA expressions for
Japanese eels following (A) � actin, control, TRH, or T4 treatments and (B) at different
stages of ovarian development in wild female Japanese eels.

Y-S HAN and others · TSH � cDNA cloning and expression during eel silvering186

www.endocrinology.orgJournal of Molecular Endocrinology (2004) 32, 179–194

http://www.endocrinology.org


Serum thyroxine levels at different ovarian
stages of wild Japanese eel
Mean serum T4 levels gradually increased during
eel silvering, with 9·17�0·92 ng/ml in sub-adult,

12·01�1·53 ng/ml in pre-silver, and 14·96�
1·57 ng/ml in silver females respectively.
Significant differences were found among eel stages
(F=5·61.F(0·05, 34)=3·29, P,0·01), and the

Figure 6 Expression of the TSH � subunit mRNA in the wild female Japanese eel
pituitaries at different stages of ovarian development. (A) Total RNA preparation and
agarose gel analysis were the same as in Fig. 4. � actin was used as a control in each
column. (B) The band intensities of � subunits from juvenile, sub-adult, pre-silver, and
silver stages. The value of the juvenile group was considered as 1 and values of other
stages were calculated with respect to the juvenile group. Different letters above the
bars indicate that the differences are statistically significant (P<0·05). Numbers inside
the bars represent sample size.
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differences were significant between silver females
and sub-adult female eels (P,0·05) (Fig. 7).

Discussion
Comparisons of protein sequences of Japanese eel
TSH � with teleosts and other vertebrates are
shown in Fig. 8. As indicated, positions of all 12
cysteine residues, forming six-disulfide bonds within
the � subunits, and one asparagine-linked glyco-
sylation site between cysteine 3 and 4, are
conserved in all vertebrates. Differences of two
amino acids in the mature peptide of TSH � are
observed between Japanese eel and European eel
(98·4% of identity) while a one amino acid
difference exists in the signal peptide between the
two eels (95% of identity) (Table 2 and Fig. 8). The
amino acid identities of TSH � mature peptide of
Japanese eel compared with teleostean species from
other orders range from 48·4% to 61·3%, and
compared with tetrapods they range from 42·9 to
45·2% (Table 2). Such findings demonstrate that a
high degree of diversity exists in the TSH � peptide
sequence among different teleostean orders, and
between teleosts and tetrapods, indicating the low
degree of conservation of the TSH � amino acid
sequence in vertebrates during evolution. The

results also indicate that the intra-order homology
of TSH � (ex. Japanese eel vs European eel) is
greater than the homology of inter-order (ex.
anguillids vs salmonids), which in turn is greater
than the homology of inter-animal class (ex. teleosts
vs mammals). The phylogenetic tree of amino acid
sequences of TSH � mature peptides of the
vertebrates, constructed by the Neighbor-Joining
method, indicates that TSH � subunits from
different species of the same animal class are
grouped together in accordance with the known
phylogenetic orders (Fig. 9). As indicated, the
Chondrostean sturgeon is closer to the tetrapods
than the teleosts; such findings are similar to the
results reported by Quérat et al. (2000).

The sequence identity of TSH � signal peptide
for Japanese eel is high in comparison with
European eel (95%), but below 40% when
compared with other species (Table 2). It is
interesting to note that the percentage identities of
TSH � signal peptide between Japanese eel and
other vertebrates are always lower than the
corresponding identities of TSH � mature peptide
(Table 2), indicating that the signal peptide is less
conserved than the mature peptide of TSH �
during evolution. On the other hand, the genetic
structure of TSH � of the Japanese eel contains

Figure 7 Serum thyroxine levels at different ovarian stages of the wild female
Japanese eels. Different letters above the bars indicate that the differences are
statistically significant (P<0·05). Numbers inside the bars represent sample size.
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Figure 8 A comparison of the amino acid sequence of TSH � of the Japanese eel with other species. The species
and their accession numbers of the GenBank or published papers are: Japanese eel (Anguilla japonica, AY158008),
European eel (Anguilla anguilla, Paradet-Balade et al. 1998), Atlantic salmon (Salmo salar, 073824), rainbow trout
(Oncorhynchus mykiss, Ito et al. 1993), common carp (Cyprinus carpio, BAA20082), bighead carp (Aristichthys
nobilis, Chatterjee et al. 2001), goldfish (Carassius auratus, Sohn et al. 1999), Siberian sturgeon (Acipenser baerii,
Quérat et al. 2000), rat (Rattus norvegicus, Carr et al. 1987), human (Homo sapiens, Hayashizaki et al. 1985),
chicken (Gallus gallus, Gregory & Porter 1997), duck (Cairina moschata, Hsieh et al. 2000), toad (Xenopus laevis,
Buckbinder & Brown 1993). The signal peptide sequence is underlined. The dots represent amino acids that are
identical to Japanese eel, and the dashes are included to improve the alignment. The twelve conserved cysteine
residues are denoted by asterisks, and the one asparagine-linked glycosylation site is denoted by a cross.
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three exons and two introns, the same as the rat
(Carr et al. 1987), goldfish (Sohn et al. 1999), and
European eel (Paradet-Balade et al. 1998). The
positions of intron I are all located in the 5�-UTR,
and the insertion sites of intron II are all located
within the coding region of the comparable
positions. The length and nucleotide sequence
of the corresponding introns are highly variable
among vertebrates. For example, the lengths of
intron II in the Japanese eel, European eel, goldfish
and rat are 860, 533/681, 299 and 377 bp
respectively, indicating their low conservation
among vertebrates.

Previous study in European eel shows that there
is only one copy of the TSH � gene in each
individual but with multiple forms of alleles, and
the polymorphism of TSH � occurring in the
regions of intron II and 3�-UTR is due to the
different numbers of minisatellites (Paradet-Balade
et al. 1998). Therefore, heterogeneities of TSH �
mRNA in length among individual eels were
detected by Northern blot analysis (Paradet-Balade
et al. 1997, 1998). In the present study, the multiple
bands of the 3�-RACE PCR product of TSH �
cDNA in the Japanese eels may be due to the
heterogeneity of 3�-UTR, as in the case of the
European eel. We also observed that the single
cDNA band amplified from the coding region of
TSH �, obtained by RT-PCR analysis from the
present study, should facilitate the quantification of

TSH � mRNA as compared with the single or
double bands of TSH � mRNA with various
lengths obtained by Northern blot analysis.

TRH is a major hypothalamic simulating
hormone for the secretion of pituitary TSH in
mammals (Prasad 1985). In the teleosts, the
presence of immunoreactive TRH has been found
in common carp (Hamano et al. 1990), sea bass
(Batten et al. 1990), and chinook salmon (Matz &
Takahashi 1994). Recently, the stimulatory effect of
TRH on the TSH � mRNA expression has been
reported in bighead carp (Chatterjee et al. 2001). In
the present study, TRH was also found to increase
the level of TSH � mRNA (Fig. 4). In contrast,
thyroid hormones have been shown to directly
depress TSH � mRNA levels from pituitaries under
in vitro cultured conditions of various tetrapods
(Croyl & Maurer 1984, McNabb 1992, Hsieh et al.
2000) and teleosts (Pradet-Balade et al. 1997,
Chatterjee et al. 2001). In the present study, we also
demonstrated that T4 depressed TSH � mRNA
expression in the pituitary culture of Japanese eel
(Fig. 4). As indicated, a rather modest response of
the TSH � mRNA expression was obtained in the
present study; incubation of the Japanese eel
pituitary fragments with TRH and T4 at 10�8 M
for 6 h at 30 �C resulted in a 52% increase and a
25% decrease in TSH � mRNA expression
respectively, compared with the control (Fig. 4). In
the pituitary cell culture of the European eel, it was
demonstrated that treatment with T3 or T4 at
10�8 M for 14 days at 18 �C resulted in a 70%
decrease in TSH � mRNA expression compared
with the control (Pradet-Balade et al. 1997). We
have also shown that after treatment of the bighead
carp pituitary fragments with TRH and T4 at
10�8 M for 36 h at 20 �C, the TSH � mRNA
expressions were 75% higher and 40% lower,
respectively, than the control (Chatatterjee et al.
2001). The findings of these studies demonstrated
that the in vitro response of TSH � mRNA
expression to TRH or thyroid hormones varied
with different incubation conditions of the pituitary,
such as tissue or cell culture, incubation tempera-
ture and time length, and other factors. In
mammalian studies, it has been demonstrated that
TRH stimulates TRH production by effects at the
transcriptional and secretory levels. The TRH-
response regions have been identified in the TSH �
subunit gene promotor (Sarapura et al. 1995). It has
also been established in mammals that TSH � and

Table 2 Comparison of percentage identity of signal
and mature TSH � peptides between Japanese eel and
other vertebrates

Signal peptide
(%)

Mature peptide
(%)

Species*
Japanese eel 100·0 100·0
European eel 95·0 98·4
Atlantic salmon 35·0 61·3
Rainbow trout 35·0 60·6
Common carp 21·1 56·7
Bighead carp 31·6 52·8
Goldfish 21·1 52·0
Siberian sturgeon 35·0 48·4
Toad 33·3 45·2
Chicken 30·0 44·3
Duck 30·0 44·3
Rat 40·0 43·7
Human 35·0 42·9

*The accession numbers of the GenBank and references are
indicated in the legend of Fig. 8.
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TSH � subunit genes contain thyroid response
elements that mediate their transcriptions by the
thyroid hormone–receptor complex (Chin et al.
1993). A thyroid-response element was also
identified in the � subunit gene of Chinook salmon
(Suzuki et al. 1995). Thus, the specific mechanism
whereby TRH and thyroid hormones regulate
TSH mRNA expression in teleosts is likely to
resemble that found in mammals.

As indicated in the present study, the steady-state
TSH � mRNA levels in the pituitaries were
increased with advancement of the silvering
process. Such patterns were in parallel with the
increasing levels of serum thyroxine. Since the
quantification of TSH in teleosts is not available
yet, the TSH levels in the pituitary and in the

circulation remain unknown. The steady-state TSH
� mRNA levels estimated in the pituitaries may
reflect TSH formation activity. Thus, the increased
TSH formation in the pituitary during the eel
silvering process leads to increased formation and
release of thyroxine from thyroid tissues. In
mammals, regulation of TSH gene expression,
formation and secretion is well established
(Sarapura et al. 1995). The formation and secretion
of pituitary TSH is up-regulated by hypothalamic
TRH and down-regulated by thyroid hormones via
feedback mechanisms (Sarapura et al. 1995).
However, TSH is also regulated by other hormones
secreted from the hypothalamus and other tissues,
e.g. somatostatin, dopamine, glucocorticoids
(Sarapura et al. 1995, Schwartz 2000). Thus

Figure 9 A phylogenetic tree of the putative mature peptide sequences of the
TSH � subunits from teleosts and selected species of tetrapods. The tree was
constructed with the Neighbor-Joining method by the MEGA 2 program. The
numbers indicate the bootstrap robustness from 1000 replicates. The top
sequence of the A. japonica was from this study, and those of other sequences
were from published papers and the accession numbers of the GenBank as
indicated in the legend to Fig. 8.
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the regulation of TSH appears to be highly
complex.

In Anguilla australis, injection of androgen
(11-ketotestosterone) into females is found to induce
some silvering-related morphological changes
(Rohr et al. 2001). In the Japanese eel, the
morphological changes, such as silver skin and dark
pectoral fins, enlarged eyes, and degenerative
digestive tract, are found to be synchronous with
gonadal development during the silvering process
(Han et al. 2003b), and the mRNA expression of
both gonadotropin I� and gonadotropin II� is
significantly higher in the silver stage compared
with the yellow stage (Han et al. 2003a). When the
freshwater-reared yellow Japanese eels were
induced to become silver eels by repeated injection
of human chorionic gonadotropin (hCG), similar
morphological and physiological changes were
observed (YS Han, WN Tzeng and IC Lia,
unpublished data). All this evidence indicated that
the gonadotropin and sex steroids play an
important role during eel silvering. In female
rainbow trout, the increase in the gonadosomatic
index was greater when the fish were treated with
T3 and gonadotropin in combination than when
treated with gonadotropin alone (Cyr & Eales
1988). In the thecal cell culture of brook trout
ovary, treatment with gonadotropin plus T3 caused
a more significant increase in testosterone than
treatment with gonadotropin alone (Cyr & Eales
1996). Thus, thyroid hormones are undoubtedly
involved in synergizing with gonadotropin during
oocyte maturation. The existence of a thyroid
hormone receptor in the gonad has also been
proved in several teleosts such as perch
(Chakraborti et al. 1986) and medaka (Soyano et al.
1993). This permits the enhancement of thyroid
hormone on gonadotropin action. In the present
study, the silvering eels were in the early gonadal
development stage (Table 1). The higher activity of
the pituitary–thyroid axis may synergize with the
pituitary–gonad axis, as in other teleosts, to
promote ovarian development during eel silvering.

In the wild arctic char, the blood thyroxine
concentration is twice as high in upstream and
downstream migrants as in non-migrants (Høgåsen
& Prunet 1997), and the underyearling sockeye
salmon shows a natural surge in T4 before
downstream migration occurs (Boeuf 1994).
Thyroid hormone treatment could change the
swimming direction of chum salmon fry to

downstream (Boeuf 1994, Iwata 1995). Our
previous study also found that, during silvering, the
Japanese eel migrated from freshwater to seawater
(Han et al. 2003c). As indicated in the present study,
the expression of TSH � mRNA was increased
significantly (Fig. 6), in parallel to that of serum T4
levels during silvering of female eels (Fig. 7).
Accordingly, the more active HPT axis in silver
female eels might also be related to the downstream
migration behavior of the silver eels.

When the freshwater-reared yellow Japanese eels
were induced to become silver eels by injection of
hCG, the appearance of the silver color seems to be
later in hCG-induced eels than in the wild eels (YS
Han, WN Tzeng and IC Lia, unpublished data).
This implies that some other factors may also be
involved in the body silvering of the eels in addition
to hormones of the hypothalamus–pituitary–gonad
(HPG) axis. In the masu salmon, thyroid hormone
treatment could promote guanine deposition in the
skin during bodily silvering in smoltification (Ikuta
et al. 1985, Ura et al. 1994). In the European eel, the
dispersal of purines in the skin was thought to cause
a silver color on the belly of silver stage eels
(Pankhurst & Lythgoe 1982). These findings suggest
that thyroid hormones may synergize with the
HPG axis in causing silver skin coloration during
the silvering process of the Japanese eel.

In conclusion, we have cloned both cDNA and
genomic DNA of the TSH � subunit of Japanese
eel. The transcript levels of TSH � mRNA were
increased during eel silvering, and were parallel
with the increased serum thyroxine levels. These
results suggest that the HPT axis may play a role in
the silvering process of the Japanese eel.
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