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ABSTRACT—A sensitive quantitation system using reverse transcription-polymerase chain reaction (RT-
PCR) was developed to measure the low estrogen receptor (ER) mRNA levels in Japanese eel (Anguilla
japonica). Two types of cytoskeletal actins, 3- and y-actins, were distinguished in Japanese eel and used as
the internal control for exact quantitation. Actin and ER primers of this study annealed to different exons,
allowing for the skipping of DNase treatment. Accordingly, ER and actin RT-PCR products showed a single
band and were amplified with the same efficiency during PCR. The ER mRNA amount was calculated as a
relative value, normalized over actin (f and y) mRNA. The results thus obtained by RT-PCR agreed with the
results from Northern blot analysis of liver from pre-vitellogenic and hormone-treated early vitellogenic eel.
Using this system, the ER mRNA levels were further measured in coelomic epithelium, pituitary, brain and
ovary. In the liver, ER mRNA levels of the early vitellogenic eel increased about by 2.7 folds compared to
those of the immature eel. In contrast, changes in levels of ER transcripts were not observed in other tissues.
This system can be used to detect relative ER mRNA levels around 100-fold lower than those of actin mMRNA

in all tissues in which it has been difficult to measure ER mRNA by Northern blot analysis.

INTRODUCTION

In all vertebrate species, estrogen, mainly estradiol-17f3
(E,), plays a central role in cell growth and differentiation in
female reproductive organs. Moreover, in teleosts, as in other
oviparous species, E, mainly controls vitellogenin (VTG) syn-
thesis in the liver (Wallace, 1985) and acts through the estro-
gen receptor (ER). The ER is a ligand-dependent transcrip-
tion factor that directly binds to target DNA sequences and
that regulates the transcriptional activity of target genes
(Mangelsdorf et al., 1995).

Estrogen receptor cDNA has now been isolated from
human (Green et al., 1986), rat (Koike et al., 1987), mouse
(White et al., 1987), chicken (Krust et al., 1986; Maxwell et
al., 1987), and Xenopus (Weiler et al., 1987). In fish, rainbow
trout, Oncorhynchus mykiss, (Pakdel et al., 1990) and Japa-
nese eel, Anguilla japonica, (Todo et al., 1996) ER cDNAs
have been cloned. Subsequent molecular analyses were
aimed at investigating regulation of ER gene expression in
various tissues. Thus, the differential regulation of ER was
demonstrated in the rat uterus, liver and pituitary (Shupnik et
al., 1989), and in the chicken oviduct and liver (Ninomiya et
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al., 1992). In fish, Salbert et al. (1993) reported differential
regulation of ER in the rainbow trout liver, pituitary and hypo-
thalamus.

The Northern blot technique has generally been used for
quantitating ER mRNA. However, this techniques is not very
sensitive and requires large amounts of poly(A)* RNA when
the target mRNA amount is low. In Japanese eel, ER mRNA
levels were especially low compared with other species. Thus,
Northern hybridization required about 5 ug poly(A)* RNA for
each sample analyzed, even from liver tissue in which ER is
mainly expressed in teleosts (Todo et al., 1996). The accu-
rate quantification of such low levels of Japanese eel ER
mRNA is often difficult, requiring the use of more sensitive
techniques for measuring ER mRNA. Recently, a sensitive
assay system using RT-PCR was developed to determine the
ER mRNA level in chicken (Ninomiya et al., 1992). However,
there are no reports of such sensitive ER mRNA assays us-
ing RT-PCR in fish.

In the present study, we established a sensitive
quantitation system using RT-PCR, and analyzed ER expres-
sion in various tissues related to sexual maturation in the Japa-
nese eel.
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MATERIALS AND METHODS

Animals and treatments

Glass eels were feminized by administering estradiol-173 mixed
in the feed (20 mg/kg-pellet) for one month (Tachiki and Nakagawa,
1993) and then were cultivated for two and a half years. Adult female
eels (0.5-1 kg in body weight) were kept in recirculating seawater
tanks with a capacity of 1000 | at 20°C and not fed throughout the
experimental period. Cultivated Japanese eel has immature ovaries
in the pre-vitellogenic stage and vitellogenesis can be induced by
treatment with chum salmon pituitary homogenate (SPH) (Yamamoto
et al., 1974). Five eels each were used as initial and SPH-injected
groups. Fish received weekly injections of SPH over a two-week pe-
riod at a dose of 40 pug per g body weight, which resulted in advanc-
ing the ovaries to the early vitellogenic stage. Three days after the
last injection, fish were anesthetized in 0.1% ethyl aminobenzoate,
sacrificed, tissues (liver, coelomic epithelium, pituitary, brain and ovary)
removed, then quickly frozen in liquid nitrogen and kept at —80°C
until use.

cDNA synthesis

Total RNA was extracted from tissue by the single-step acid
guanidinium isothiocyanate-phenol-chloroform extraction method
(Chomczynski and Sacchi, 1987) using ISOGEN (Wako Pure Chemi-
cal Industries). Reverse transcription and PCR were carried out ac-
cording to the method described by Nagae et al. (1997). cDNAs were
synthesized from total RNA (1 pg) with random hexamer primers us-
ing M-MLYV reverse transcriptase (GIBCO BRL) in a 20 ul reaction.
Reverse transcriptions were performed for 60 min at 37°C, then
stopped by incubation for 5 min at 99°C.

Synthesis of ER and B-actin specific primers
To generate cDNA products from the mRNAs of ER and B-actin,

two primer sets were produced with an Applied Biosystems DNA Syn-
thesizer model 391. ER primers were synthesized on the basis of the
cDNA nucleotide sequences for Japanese eel ER (Todo et al., 1996).
Sequences of ER primers were:

sense, 5'-AACCTGTGCACAACGTCTAG-3' (nucleotides 1309-

1328, C domain);

antisense, 5-CTGCTGTGCATGGTGTTG-3' (nucleotides 1578-

1595, E domain).
B-actin primers were designed based on completely conserved cDNA
nucleotide sequences of B-actin of common carp (Liu et al., 1990).
Unlike a previous study (Nagae et al., 1997), in which a pair of B-actin
primers annealed to sequences located on the same exon, we se-
lected primers forecasted to anneal to separate exons. Sequences of
actin primers were:

sense, 5-GACATGGAGAAGATCTGGCA-3' (exon 3);

antisense, 5'-GTCAGGATCTTCATGAGGTAGTC-3' (exon 4).

Sequence determination of PCR products by p-actin primers
cDNA fragments were amplified by PCR using B-actin primers.
The cDNA was then subcloned into the pCR 2.1 vector using the TA
cloning kit (Invitrogen) and transformed into E. coli strain XL-1. The
DNA sequence was determined from both strands using the Dye Ter-
minator Cycle Sequencing Ready Reaction Kit (Perkin EImer).

RT-PCR

Five ul of reverse-transcribed total RNA were added to 45 ul of
reaction mixture. PCR was performed at the following reagent con-
centrations: 18.5 ul sterile distilled H,O, 5 pl 1st-stranded cDNA (250
ng), 5 ul 10 x buffer (100 mM Tris-HCI pH 8.3, 500 mM KClI), 5 ul 25
mM MgCl,, 5 ul 2.5 mM each of dNTP mixture, 2.5 ul (10 mM respec-
tively) of 5' and 3' synthetic oligonucleotide primers (described above),
1 pl [0-*3P]dCTP (3.3 mM, 370 MBg/ml; ICN Pharmaceuticals Inc.)
and 0.5 ul recombinant Taq DNA polymerase (5 U/ul; Takara). The
tubes were placed in a thermal cycler (Gene Amp PCR System 2400,
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Perkin Elmer) and incubated at 94°C for 2 min, then cycled 22 times.
One cycle of PCR was carried out at 94°C for 30 sec, 55°C for 30 sec,
and 72°C for 60 sec. Ten pul of PCR product was collected after 16,
18, 20 and 22 cycles and electrophoresed on a 5% polyacrylamide
gel. After autoradiography, the gel was dried and analyzed using a
BAS 2000 Bio-Image Analyzer. After confirming that the efficiency of
the amplification of ER and actin PCR products was the same, the
intensity of the ER signal was normalized over that of the internal
control (related ER value).

Accuracy test

Total RNA from liver of SPH-injected Japanese eel was extracted
and used for the accuracy test. Ten tubes of RT-products were used
for the within-assay coefficient of variation (CVw), while the between-
assay coefficient of variation (CVb) was calculated from 5 assays
(assays in triplicate). CVw and CVb for the ER RT-PCR assay were
6.3% and 5.1% respectively.

Southern blot analysis

The PCR product amplified by ER primers was electrophoresed
on a 2% agarose gel and then blotted onto a nylon membrane
(Hybond-N*, Amersham International) using alkaline transfer buffer
(0.1 M NaOH and 1.5 M NaCl). The membrane was pre-hybridized at
65°C for 3 hr in 6 x SSC. Hybridization was carried out under the
same conditions for 16 hr with **P-labeled probe. For this purpose,
the entire Japanese eel ER coding region (Todo et al., 1996) was
labeled with the Random Primer Labeling Kit (NEN) in the presence
of [a-*P]dCTP. Following hybridization, the membrane was washed
at 65°C for 3 x 10 min with 6 x SSC containing 0.1% SDS, for 2 x 10
min with 3 x SSC containing 0.1% SDS and for 10 min with 1 x SSC
containing 0.1% SDS, and then analyzed using a BAS 2000 Bio-Im-
age Analyzer (Fuijifilm).

Northern blot analysis

Poly(A)" RNA was isolated by oligo(dT)-latex beads (Oligotex-
dT30<super>, Takara). The poly(A)* RNA was subjected to 1% aga-
rose gel electrophoresis under denaturing conditions, then vacuum
blotted onto a nylon membrane (Hybond-N*, Amersham International).
Northern hybridization was done in a manner analogous to that de-
scribed for Southern blot (above). However, after probing for ER,
membranes were stripped and re-probed with **P-labeled actin
(B and ).

Statistical analysis

Data are presented as the mean + SE. The relative levels of ER
mRNA from initial and experimental groups were compared statisti-
cally for significant differences using an unpaired t-test (2-tailed).

RESULTS

Japanese eel actin cDNA sequence determinations

The nucleotide sequences amplified by the actin primers
were determined. It was revealed that the actin primers am-
plified two species of actins (Fig. 1). The homology of the nucle-
otide sequence of both actin fragments was 89.2%, while the
deduced amino acid sequence of these fragments displayed
100% matching. Furthermore, cDNAs of both actins were
cloned from the liver of the same individual (details will be
published by Kazeto et al.). Based on the amino-terminal end
of the primary structure deduced from these cloned cDNAs
(data not shown), actins were identified as B-actin (upper line
of Fig. 1) and y-actin (lower line). The nucleotide sequence of
the B-actin fragment showed high homology with that of -
actin in human (Ponte et al., 1984; 91%), rat (Nudel et al.,
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Fig. 1.

The nucleotide and deduced amino acid sequences of the PCR products amplified by B-actin primers in the Japanese eel. Mismatches

are indicated by asterisks. The B-actin primers used in RT-PCR assay are underlined. B-actin primers used previously by Nagae et al. (1997) are
represented by the shaded boxes, while the arrow head indicates the anticipated beginning of exon 4.

1983; 88.9%), chicken (Kost et al., 1983; 89.2%), sea bream
(Santos et al., 1997; 89.8%) and grass carp (Liu et al., 1989;
93.3%). The y-actin cDNA fragment was 100% matched with
the partial nucleotide sequence of Japanese eel -actin pre-
viously determined (Nagae et al., 1997) and also showed high
homology with that of cytoskeletal y-actin in human (Erba et
al., 1986; 87.4%), rat (Brown et al., 1990; 88.0%), and mouse
(Tokunaga et al., 1988; 88.0%).

PCR products from cDNA and genomic DNA

The method established in a previous study (Nagae et
al., 1997) required treatment of total RNA with DNase I, be-
cause previous primers annealed to sequences on the same
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exon and hence, the amplified fragments could either be from
genomic DNA or from total RNA. In this study, to omit the
DNase | treatment, the primers were selected to anneal to
different exons enabling identification of the source of the PCR
products. To investigate whether the primers annealed to the
same exon or not, total RNA and genomic DNA from liver
samples from SPH-injected females were analyzed by PCR
using ER or actin primers. ER and actin RT-PCR products
from hepatic total RNA samples showed single bands (Fig. 2)
289 bp and 341 bp in size, respectively, as expected. The
PCR products from ER and actins from liver genomic DNA
were different and longer in size than those from total RNA.
From genomic DNA, one band was detected in the ER PCR
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ER
MW R

Actin
G MW R G

Fig. 2. Amplification of ER and actin fragments in liver from chum
salmon pituitary homogenate-injected Japanese eel, using total RNA
(R) and genomic DNA (G). PCR products for ER and actins were
separated on a 5% polyacrylamide gel. The gel was stained by
ethidium bromide. ER: ER PCR product. Actin: actin PCR product.
MW: molecular weight marker.

product, whereas the actin PCR product exhibited multiple
bands.

Southern blot analysis

The ER coding region probe specifically hybridized to a
single band, approximately 289 bp in size, of the ER PCR
products (Fig. 3).

Validation of the ER RT-PCR assay

Using the reaction conditions described above, aliquots
were taken from the PCR tubes at the end of 16, 18, 20, 22
cycles and loaded on a 5% polyacrylamide gel. Radioactivity
of the PCR products from each cycle was evaluated and plot-
ted on a semi-logarithmic graph (Fig. 4). Between the 16th
and 18th cycle, the ER and actin PCR products displayed
parallel amplification curves in all tested tissues.

Transcription of ER mRNA in the liver

In order to quantify liver ER mRNA levels, RT-PCR was
performed for five SPH injected and five initial fish, while North-
ern blot was carried out on livers from two SPH injected and 2
initial females. The relative value of ER mRNA in the liver of
initial fish was about 0.15 by RT-PCR analysis (Fig. 5A). After
SPH injection, the contents of liver ER mRNA increased about
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Fig. 3. Southern blot analysis of the PCR product amplified by ER
primers. In vitro synthesized cDNA from liver of SPH-injected Japa-
nese eel was amplified by PCR using ER primers. The PCR product
was probed with a a-*P random-labeled cDNA fragment encoding
the ER. Following exposure, signals were analyzed by a BAS 2000
Bio-Image Analyzer.

2.6 fold (p < 0.01) in comparison with initials. Northern blot
analysis for livers from initial and SPH-injected fish, using the
coding region probe, is shown in Fig. 5B. In livers from initial
and SPH-injected eels, two mRNA bands, corresponding to
approximately 5.6 and 3.8 kb, were detected. The intensity of
these bands increased after SPH injection, whereas actin
levels (B +v) did not change. The relative values of ER signals
were 0.08 and 0.09 in initial, and 0.18 and 0.15 in SPH-in-
jected fish (duplicated measurements).

Japanese eel ER mRNA transcription in various tissues

The relative levels of ER mRNA in various tissues were
measured by RT-PCR in initial fish and SPH-treated fish (Fig.
6). ER mRNA levels were detectable in all tissues that we
measured by this assay. In control fish, the levels of ER mRNA
in the pituitary and coelomic epithelium were relatively high at
0.2 and 0.1 respectively (similar to liver levels), but did not
change in SPH-treated fish. Values of ER mRNA detected in
the brain and ovary were very low (around 0.01) and did not
appear to be affected by SPH injection.

DISCUSSION

In this study, we employed RT-PCR to quantify mRNA
for ER in various tissues. Using this assay we were able to
detect the ER mRNA in all tissues that we tested from initial
and SPH-injected fish. The efficiency of both RT and PCR
steps allows the amplification and detection of low mRNA tran-
script levels. The exponential amplification of target cDNA was
necessary to enhance sensitivity in RT-PCR, although it in-
creased the difficulty in precisely quantifying the initial levels
of MRNA. Thus, for accurate quantitation of target mRNA, itis
essential to amplify the transcripts of the internal control gene
together with those of the target gene and check the efficiency
of the amplification in each sample (Rappolee et al., 1988;
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Fig. 4. The radioactivity associated with ER and actin ( + y) PCR products in various tissues. PCR products were taken at the end of 16, 18,
20, 22 cycles and separated on 5% PAGE. The radioactivity of ER and actin bands is plotted on a semi-logarithmic graph. PSL is an arbitrary unit
representing radioactivity used by the BAS 2000 Bio-Image Analyzer.
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Fig. 5. RT-PCR and Northern blot analysis of ER mRNA levels in the liver from initial and SPH-injected fish. (A) Total RNA (250 ng) from the
liver was used for RT-PCR. Radioactivity of the two bands representing ER and actin (B + y) fragments was evaluated by a BAS 2000 Bio-Image
Analyzer. Relative expression was calculated as the ratio of radioactivity associated with ER over that of B + y actins. Vertical bars represent the
SEM. initial: initial fish (N = 5). SPH: SPH-injected fish (N = 5). * : Significantly different from initial values (p < 0.01). (B) Northern blot analysis

of poly(A)" RNA (5 ug) from the liver was performed using the ER coding and actins cDNA probes. Hybridization was first carried out with the ER
probe and, after 2 days BAS exposure, the same membrane was re-hybridized with the actin cDNA probe and again exposed overnight.
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Fig.6. ER mRNA levels in various tissues (pituitary, coelomic epithelium, brain and ovary) from initial and SPH-injected fish, using quantitative
RT-PCR. Vertical bars represent the SEM. initial: initial fish (N = 5). SPH: SPH-injected fish (N = 5).

Chelly et al., 1988). We selected actin as the internal control
to normalize the data and determined the sequence of partial
cDNAs generated by PCR.

The nucleotide sequence of the B-actin fragment mostly
corresponded to grass carp B-actin (93.3%; Liu et al., 1989)
and shared high homology (approximately 90%) with that of
other species, e.g., human (Ponte et al., 1984), rat (Nudel et
al., 1983), chicken (Kost et al., 1983) and sea bream (Santos
et al., 1997). The high homology was also displayed in the
nucleotide sequence of the y-actin fragment when compared
with cytoskeletal y-actin in other species, e.g., human (Erba
etal., 1986), rat (Brown et al., 1990) and mouse (Tokunaga et
al., 1988). The cytoskeletal B- and y-isoforms are very similar
and differ at only four amino acids in human (Tokunaga et al.,
1988). Tokunaga et al. (1988) reported these changes of amino
acids to be located in the amino-terminal regions. The amino-
terminal regions of Japanese eel B-actin (Kazeto et al., un-
published results) completely matched those of sea bream f3-
actin (Santos et al., 1997), while the same region of Japa-
nese eel y-actin differed by only one amino acid from y-actin
in documented mammalian species (Kazeto et al., unpublished
results). The cloning of cytoskeletal actins revealed that the
PCR assay amplified both B- and y-actin as internal controls.
Furthermore, the B-actin primers previously used by Nagae
et al. (1997) were also found to match actin sequences for
100% indicating that B- and y-actin were also amplified as
internal control in the previously reported assay.

The actin PCR products from genomic DNA were longer
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in size than those from total RNA and displayed several bands.
This result indicates that the pair of actin primers anneal on
different exons, while the actin primers used previously (Nagae
et al., 1997) anneal on the same exon. Changing the actin
primers enables us to distinguish the mRNA PCR products
from the genomic DNA PCR products (attributed to contami-
nation) by their length and thus, to skip the process of DNase
| treatment because it is not necessary to completely remove
genomic DNA from samples. In mammals, a large numbers
of actin-related sequences, mainly pseudogenes, were found
scattered throughout the genome (Soriano et al., 1982; Ponte
et al., 1983; Ng et al., 1985). Among these, many 3 and y
actin pseudogenes have been identified and sequenced (Moos
and Gallwitz, 1983; Tokunaga et al., 1985; Leube and Gallwitz,
1986; Begg et al., 1988; Peter et al., 1988). Multiple PCR prod-
ucts, amplified from genomic DNA, therefore probably derived
from actin pseudogenes. In contrast, the PCR product for ER
using total RNA yielded only one band, which was shorter in
size than that from genomic DNA. Thus the pair of ER prim-
ers behaved like the pair of actin primers and annealed on
different exons. Furthermore, Southern blot analysis using the
ER coding region probe, showed that the ER primer specifi-
cally amplified ER.

The actin and ER PCR products displayed parallel am-
plification curves between the 16th and 18th cycle in tissues
we tested. This implies that the two products were amplified
with the same efficiency between the 16th and the 18th cycle,
and therefore, the counts at the end of the 16th or 18th cycles
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were used for calculations after checking of the amplification
curves in each sample. Moreover, both within- and between-
assay coefficients of variation were low for the RT-PCR as-
say, indicating accurate estimation of ER values. Neverthe-
less, this quantitative assay using RT-PCR suffers from over-
estimation of target mRNA if PCR cycles are excessively re-
peated. Hence, quantitation of target mRNA must be per-
formed before PCR products reach a plateau.

Northern blot analysis, using the entire coding region
probe, showed that two ER mRNAs with length of approxi-
mately 5.6 and 3.8 kb were expressed in the liver. Todo et al.
(1996) reported that multiple ER mRNAs (5.6, 3.8 and 1.2 kb)
were expressed in the Japanese eel liver using a partial ER
fragment as probe. The 1.2 kb mRNA was not detected when
using the entire coding region probe in this study. The reason
for the difference in the expression of the 1.2 kb mRNA is
unclear, but it may have occurred on account of the different
probes. Moreover, it is necessary to determine if the 5.6 and
3.8 kb mRNAs originated by alternative splicing from a single
copy gene or by transcription from different genes. Further
analysis of multiple ER mRNA is needed to solve these prob-
lems. Todo et al. (1996) suggested that both the 5.6 and 3.8
kb mRNAs encode the functional ER because their sizes are
longer than the coding region of Japanese eel. Northern blot
analysis, using *P-labeled ER primer as probe showed that
both the 5.6 and 3.8 kb mRNAs are specifically amplified by
ER primers in this RT-PCR assay (data not shown). These
results demonstrate that our quantitation system can be used
to measure the two ER mRNAs expected to encode the func-
tional ER corresponding to approximately 5.6 and 3.8 kb
mRNA.

RT-PCR analysis established in this way demonstrated
that ER levels of the liver in early vitellogenic stages were
increased compared with those in pre-vitellogenic stages. The
increase of ER mRNA in the early vitellogenic stage corre-
lated to changes in the serum E, and vitellogenin levels
(Okumura et al., data unpublished). The result of RT-PCR
increased similarly to that of Northern blot analysis, again
implying that the target ER mRNA was accurately quantified
by this RT-PCR system. However, differences in ER expres-
sion between developmental changes were relatively smaller
when using Northern blot compared with RT-PCR. This may
be attributed to the use of different individuals between ex-
periments. In tissues other than the liver, no significant changes
were observed in levels of ER mRNA between pre-vitellogenic
and early vitellogenic fish. In other species, tissue-specific
regulation of ER mRNA in many different target tissues has
been reported (Maxwell et al., 1987; Shupnik et al., 1989;
Ninomiya et al., 1992; Salbert et al., 1993). Therefore, the
differential expression between the liver and other tissues in
the Japanese eel may indicate tissue-specific regulation of
ER during the maturational period. Furthermore, evaluation
of ER mRNA levels during ovarian development using quan-
titative RT-PCR for various tissues will be necessary to es-
tablish the tissue-specific regulatory effects of ER during sexual
maturation in the eel.
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Recently, an ER subtype termed ERp has been cloned in
human (Mosselman et al., 1996), rat (Kuiper et al., 1996), and
mouse (Tremblay et al., 1997). In the rat, the tissue distribu-
tion and relative expression of ERp was shown to be quite
different to that of ERa (Kuiper et al., 1997). In fish, no infor-
mation is available about the ERo and ER subtypes. In this
study, two types (5.6 and 3.8 kb) of ER mRNAs were detected
by Northern blot. If ERoc and ERP exist in the Japanese eel, it
will be necessary to clone them and separately determine the
quantity of ERo. and ERB mRNA. The RT-PCR quantitative
system will be particularly suitable to respectively measure
ERa and ERB mRNA, owing to selection of specific primer
combinations.

In conclusion, we have developed a sensitive quantitation
system using RT-PCR to measure Japanese eel ER mRNA
levels. ER mRNA was detectable in all tissues that we mea-
sured by this assay. Furthermore, the results of RT-PCR analy-
sis for various tissues suggest the tissue-specific regulation
of ER. The advantage of this quantitative system is that only
250 ng total RNA are required for quantitative analysis. Thus,
the use of this method for the quantitation of ER mRNA from
hepatic cells cultured in vitro will yield new and highly needed
information on ER regulation.
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