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Pan, Tien-Chien, Bo-Kai Liao, Chang-Jen Huang, Li-Yih Lin,
and Pung-Pung Hwang. Epithelial Ca®>* channel expression and
Ca?" uptake in developing zebrafish. Am J Physiol Regul Integr
Comp Physiol 289: R1202-R1211, 2005. First published June 9,
2005; doi:10.1152/ajpregu.00816.2004.—The purpose of the present
work was to study the possible role of the epithelial Ca*>* channel
(ECaC) in the Ca®* uptake mechanism in developing zebrafish
(Danio rerio). With rapid amplification of cDNA ends, full-length
c¢DNA encoding the ECaC of zebrafish (zECaC) was cloned and
sequenced. The cloned zECaC was 2,578 bp in length and encoded a
protein of 709 amino acids that showed up to 73% identity with
previously described vertebrate ECaCs. The zECaC was found to be
expressed in all tissues examined and began to be expressed in the
skin covering the yolk sac of embryos at 24 h postfertilization (hpf).
zECaC-expressing cells expanded to cover the skin of the entire yolk
sac after embryonic development and began to occur in the gill
filaments at 96 hpf, and thereafter zECaC-expressing cells rapidly
increased in both gills and yolk sac skin. Corresponding to ECaC
expression profile, the Ca®>" influx and content began to increase at
3672 hpf. Incubating zebrafish embryos in low-Ca>* (0.02 mM)
freshwater caused upregulation of the whole body Ca®* influx and
zECaC expression in both gills and skin. Colocalization of zECaC
mRNA and the Na*-K*-ATPase a-subunit (a marker for mitochon-
dria-rich cells) indicated that only a portion of the mitochondria-rich
cells expressed zZECaC mRNA. These results suggest that the zECaC
plays a key role in Ca®>* absorption in developing zebrafish.

calcium influx; low calcium, mitochondria-rich cells; zebrafish em-
bryo

THE ZEBRAFISH has a significant presence in developmental
biology, where its scientific utility is well recognized. Increas-
ingly, it is regarded as a useful model for the study of human
diseases and vertebrate organogenesis as well as the function-
ing of whole organs or the entire organism (1, 3). The gills,
skin, kidneys, and intestines are the major organs responsible
for homeostasis of body fluid composition in fish. During the
embryonic stages of fish, skin has long been suggested to be
the major extrarenal region for regulating body fluid compo-
sition before the development of functional gills (2, 7, 13, 18,
19, 24-26, 42). The skin of zebrafish embryos and larvae is an
excellent model to study the differentiation and function of
vertebrate transport epithelia and their ionocytes, because it is
comparatively easy to conduct morphological observations and
functional assays on embryonic skin in vivo.

Ca®" is a vital element for almost all animals, especially
vertebrates, and levels in body fluids are maintained in a
narrow range of ~2-3 mM. For terrestrial vertebrates, food is
the main source of Ca>*, and the intestines serve as a primary
site for Ca®" uptake. The situation for aquatic animals is

fundamentally different. Fish are continuously exposed to
waters with variable Ca®>* concentrations (seawater [Ca>*], 10
mM; freshwater [Ca’>"], ~0.01-3 mM), and therefore it is
critical for fish to control Ca?* flow into or out of their bodies.
In freshwater fish, the gills are the main site (>97% of the
whole body) of Ca®* uptake (9). Mitochondria-rich (MR) cells
have long been known to be responsible for transcellular Ca*
uptake in fish gills (9, 23, 31, 33, 37).

Fish embryos and larvae, whose gills or other osmoregula-
tory organs are poorly developed or underdeveloped, are able
to absorb Ca®>* from freshwater environments probably via
skin MR cells (21). In the case of tilapia, a euryhaline fish,
Ca®"* content of the body and influx remain constant during
embryonic development and show a rapid increase after hatch-
ing (21). Acclimation to low-Ca" freshwater causes the larvae
of tilapia, goldfish, ayu, and zebrafish to raise the affinity and
transport velocity of Ca®" to fit their growth (5, 6).

Regarding the Ca®" uptake mechanism of fish MR cells,
Flik et al. (12) proposed a model, similar to that for Ca®*
reabsorption in the mammalian kidney (16), in which the
basolateral plasma membrane Ca’?"-ATPase (PMCA) and
Na*/Ca®>* exchanger (NCX), as well as the cytosol Ca**
binding protein and the apical Ca?* channels (ECaCs), may be
involved. Activities of PMCA and NCX, which extrude Ca?™
from the cytosol into the blood, were both found in basolateral
membranes of fish gill cells (10—12), but the relative impor-
tance of the two transporters to the overall Ca?" absorption
process is unknown. Van der Heijden et al. (45) found that
there was no significant difference in the activities and kinetics
of either PMCA or NCX between sham control and stanniec-
tomized eels. Considering the kinetic properties of PMCA and
NCX, the extrusion mechanisms seemed to operate far below
their maximum capacity in fish gills (10). According to the
Ca>* reabsorption model in the mammalian kidney (16), from
an energetic standpoint, controlling Ca®>* influx in various
environments with the ATP-consuming step (i.e., PMCA and
NCX) may be too energy costly, and the entry of Ca*>* from
water via the ECaC serves as the rate-limiting step. There has
been no molecular evidence so far to support the involvement
of the ECaC in Ca®" uptake in fish MR cells, although
stanniocalcin (a hypocalcemic hormone) and lanthanum (a
voltage-independent Ca®* channel blocker) have been shown
to inhibit Ca®* transport through apical membrane of fish gills
(35), and Ca>" uptake function was demonstrated recently in
Madin-Darby canine kidney cells expressing the fugu ECaC
(40).

The purpose of the present work was to study the involve-
ment of the ECaC in the Ca?>* uptake mechanism in developing
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zebrafish. In the present study, the zebrafish ECaC (zECaC)
was cloned, and the gene developmental expression and tissue
distribution also were examined. Cellular localization of the
zECaC was investigated using in situ hybridization to test
whether the zECaC is expressed in MR cells. Changes in the
Ca®" content and Ca”" influx during zebrafish embryogenesis
were studied, and effects of environmental Ca>™ levels on the
Ca®" balance and ECaC expression also were examined.

MATERIALS AND METHODS

Animals. Zebrafish stocks were kept in local tap water at 28.5°C
under a 14:10-h light-dark photoperiod at the Institute of Cellular and
Organismic Biology, Taipei, Taiwan. Fish selected to breed were
transferred into a breeding tank for collecting fertilized eggs. Embryos
were collected within 30 min after fertilization and incubated in a
beaker until the desired developmental stage [12, 24, 36, 48, 60, 72,
96, 120, 144, and 168 h postfertilization (hpf)] at 28.5°C. The
experimental protocols were approved by the Academia Sinica Insti-
tutional Animal Care and Utilization Committee (approval no.
RFiZOOHP2002086).

Preparation of total RNA. Zebrafish embryos and adults were
anesthetized with buffered MS-222 (3-aminobenzoic acid ethyl ester,
100-200 mg/l; Sigma, St. Louis, MO), and then appropriate amounts
of embryos and adult tissues were collected and homogenized in 4 ml
of solution D (4 M guanidine thiocyanate, 1.25 M sodium citrate, 35%
N-lauroylsarcosine sodium salt, and 0.1 M 2-mercaptoethanol). Tissue
homogenates then were mixed with 0.4 ml of 2 M sodium acetate, 0.8
ml of choloroform-isopropanol (49:1), and 4 ml of phenol and
thoroughly shaken. After centrifugation at 4°C and 12,000 g for 30
min, supernatants were obtained and mixed with an equal volume of
isopropanol. Pellets were precipitated by another centrifugation at 4°C
and 12,000 g for 30 min, washed with 70% alcohol, and stored at
—20°C before use. The amount and quality of the total RNA were
determined by measuring the absorbance at 260 and 280 nm with a
spectrophotometer (U-2000; Hitachi, Tokyo, Japan) and an RNA
denatured gel.

RT-PCR analysis. Total RNAs extracted from zebrafish tissues and
embryos were treated with DNase I (Promega, Madison, WI) to
remove DNA contamination. After DNase I digestion, phenol-chlo-
roform extraction and purification were performed to stop the reac-
tion. For cDNA synthesis, ~5-10 g of total RNA were reverse-
transcribed in a final volume of 20 pl containing 0.5 mM dNTPs, 2.5
M oligo(dT),0, 250 ng of random primers, 5 mM dithiothreitol, 40
units of RNase inhibitor, and 200 units of SuperScript III RT (Invitro-
gen, Carlsbad, CA) for 1 h at 50°C, followed by a 70°C incubation for
15 min. For PCR amplification, 4 g of cDNA were used as template
in a 50-pl final reaction volume containing 0.25 mM dNTPs, 2.5 units
of ExTaq polymerase (Takara, Shiga, Japan), and 0.2 uM of each
primer. Thirty cycles were performed for each reaction. The primer
sets in the PCR for the tissue scan and gene expression during
developmental stages were, for the Ca®>* channel (a 295-bp fragment),
forward 5'-GCTGCGAGTCACTGGAATA-3" and reverse 5'-AC-
CGACGCTCACCTCAAACT-3’, and for B-actin (a 560-bp frag-
ment), forward 5'-ACGCTTCTGGTCGTACTACTGGTATTGTGA-3’
and reverse 5'-GATCTTGATCTTCATGGTGGAAGGAGCAAG-3'.
The amplicons all were sequenced to ensure that the PCR products
were the desired gene fragments.

RNA probe synthesis. Three fragments of zebrafish ECaC (nucle-
otides 349-696, 982-1979, and 1840-2156) were obtained by PCR
and inserted into the pGEM-T Easy vector (Promega). Purified plas-
mids were then linearized by restriction enzyme digestion, and in vitro
transcription was performed with T7 and SP6 RNA polymerase
(Roche, Penzberg, Germany), respectively, in the presence of digoxi-
genin (dig)-UTP (47). Dig-labeled RNA probes were examined with
RNA gels and dot-blot assay (to confirm the quality and concentra-
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tion). For dot-blot assay (Dig RNA labeling kit; Roche Diagnostics,
Mannheim, Germany), the synthesized probes and the standard RNA
probes were spotted on nitrocellulose membrane according to the
manufacturer’s instructions. After cross-linking and blocking, the
membrane was incubated with an alkaline phosphatase-conjugated
anti-dig antibody and stained with nitro blue tetrazolium (NBT) and
5-bromo-4-chloro-3-indolyl phosphate (BCIP).

Whole mount in situ hybridization. Zebrafish embryos, ~5-10
individuals for each stage, were anesthetized with buffered MS-222,
fixed with 4% paraformaldehyde overnight at room temperature, and
then washed several times with phosphate-buffered saline (PBS).
Fixed samples were rinsed with PBST (0.2% Tween 20, 1.4 mM
NaCl, 0.2 mM KCI, 0.1 mM Na,HPO,, and 0.002 mM KH,PO4; pH
7.4), treated with 50 pg/ml proteinase K for 5-20 min, washed with
PBST several times, and then postfixed in 4% paraformaldehyde in
PBS for 10 min. After a brief washing with PBST, slides were
incubated with hybridization buffer (HyB) containing 60% form-
amide, 5X SSC, and 0.1% Tween 20 for 5 min at 65°C. Prehybrid-
ization was performed in HyB™, which is the hybridization buffer
supplemented with 500 pg/ml yeast tRNA and 50 pg/ml heparin
(Sigma) for 2 h at 65°C. After prehybridization, samples were incu-
bated in 100 ng of the RNA probe in 200 wl of HyB* at 65°C
overnight for hybridization. Slides were then washed at 65°C for 10
min in 75% HyB and 25% 2X SSC, 10 min in 50% HyB and 50% 2 X
SSC, 10 min in 25% HyB and 75% 2X SSC, 10 min in 2X SSC, and
two times for 30 min in 0.2X SSC at 70°C. Further washes were
performed at room temperature for 5 min in 75% 0.2X SSC and 25%
PBST, 5 min in 50% 0.2X SSC and 50% PBST, 5 min in 25% 0.2X
SSC and 75% PBST, and 5 min in PBST. After serial washings, slides
were incubated in blocking solution containing 5% sheep serum and
2 mg/ml BSA in PBST for 2 h and then incubated in 1:2,000 alkaline
phosphatase-conjugated anti-dig antibody in blocking solution for
another 2 h at room temperature. After the reaction, samples were
washed with PBST plus blocking reagent and transferred to the
staining buffer. The staining reaction was held with NBT and BCIP in
staining buffer until the signal was sufficiently strong. Samples were
observed with a stereomicroscope (SZX-ILLD100; Olympus, Tokyo,
Japan) or an upright microscope (BX-50WI; Olympus), depending on
the image size desired. Different embryonic stages of zebrafish were
sampled for measuring the changes in zECaC-expressing cell density
(cells/yolk sac) following development. For each individual, zECaC-
expressing cells in one side of the yolk sac were counted. For samples
of the acclimation experiment (see below), density (cells/4,900 pwm?),
size, and mRNA signal intensity of zZECaC-expressing cells in the gill
region were measured. Images for the measurements were taken at the
middle of the gill region (between the edges of eye and operculum;
see Fig. 6, E and F) from the lateral side of fish head. A commercial
image analysis program (Image-Pro Plus 4.0; Media Cybernetics,
Silver Spring, MD) was used to measure surface area as cell size
(wm?) and the total intensity of the hybridization reaction as the
mRNA level (arbitrary numerical value) in each cell, and the data
from 15 cells were averaged for each individual.

Immunohistochemistry. After being anesthetized with buffered MS-
222, zebrafish embryos were dechorionated and fixed in 4% parafor-
maldehyde for 10 min at 4°C. After being washed in PBS, fixed
embryos were treated with 100% ethanol for 10 min at —20°C and
subsequently subjected to blocking with 3% BSA at room temperature
for 30 min. Embryos were then incubated with 1:100 PBS-diluted
mouse anti-chicken Na®™/K™-ATPase a-subunit (cytosolic epitope for
all isoforms) monoclonal IgG (Developmental Studies Hybridoma
Bank, University of Iowa, Iowa City, IA) at room temperature for 2 h.
Samples were washed twice in PBS for 10 min each and then
incubated with 1:200 PBS-diluted goat anti-mouse IgG conjugated
with FITC (Jackson ImmunoResearch Laboratories, West Grove, PA)
for 1 h at room temperature. Images were acquired with a confocal
laser scanning microscope (TCS-NT; Leica Lasertechnik, Heidelberg,
Germany) equipped with the BF 525/550 filter set for monitoring
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FITC. For double labeling, some samples were subjected to ECaC in
situ hybridization and then to Na*/K*-ATPase immunocytochemis-
try. Images of ECaC mRNA and Na*/K*-ATPase protein were
merged with a computer.

Acclimation experiment. According to the method of Chen et al.
(5), high-Ca?™" (2.00 mM, control) and low-Ca?* (0.02 mM) artificial
freshwaters were prepared with double-deionized water (Milli-RO60;
Millipore, Billerica, MA) supplemented with adequate CaSO.+2H,0,
MgSO,4-7H>0, NaCl, K-HPO,, and KH,PO,4. Ca%* concentrations
(total Ca®" levels measured by absorption spectrophotometry, see
Measurement of whole body Ca?* content) of the high- and low-Ca**
media were 2.0 and 0.02 mM, respectively, but the other ion concen-
trations of the three media were the same ([Na™], 0.5 mM; [Mg>"],
0.16 mM; [K™], 0.3 mM) as those in local tap water. Variations in the
ion concentrations were maintained within 10% of the predicted
values. Zebrafish fertilized eggs were transferred to high- and low-
Ca* media, respectively, and incubated thereafter until sampling. At
the end of acclimation (120 hpf), seven to nine embryos for each
group were subjected to Ca®* influx measurements and zECaC whole
mount in situ hybridization.

Measurement of whole body Ca*™ content. Zebrafish embryos were
anesthetized with MS-222, dechorionated, and briefly rinsed in deion-
ized water, and 10 individuals were pooled as one sample. HNO3
(13.1 N) was added to samples for digestion at 60°C overnight.
Digested solutions were diluted with double-deionized water, and the
total Ca®>* content was measured with an atomic absorption spectro-
photometer (Z-8000; Hitachi). Standard solutions from Merck (Darm-
stadt, Germany) were used to make the standard curves.

Measurement of whole body Ca*" influx. By following previously
described methods (5) with some modifications, zebrafish embryos
were dechorionated, rinsed briefly in deionized water, and then trans-
ferred to a 4-ml *3Ca®" (Amersham, Piscataway, NJ; final working
specific activity, 1-2 mCi/mmol)-containing medium for a subsequent
4-h incubation. After incubation, embryos were washed several times
in isotope-free water medium. Three embryos were pooled into one
vial, anesthetized with MS-222, and then digested with tissue solubi-
lizer (Solvable; Packard, Meriden, CT) at 50°C for 8 h. The digested
solutions were supplemented with counting solution (Ultima Gold;
Packard), and the radioactivities of the solutions were counted with a
liquid scintillation beta counter (LS6500; Beckman, Fullerton, CA).
The Ca®* influx was calculated using the following formula:

— —1,-1 -1
Jin - QembrpoOult W s

where Ji, is the influx (pmol-mg~'*h™"), Qembryo is the radioactivity
of the embryo (cpm per individual) at the end of incubation, Xy is the
specific activity of the incubation medium (cpm/pmol), ¢ is the
incubation time (h), and W is the average body wet weight of different
stage embryos (mg).

Statistical analysis. Values are presented as the means *= SD and
were compared using Student’s 7-test or one-way analysis of variance
(ANOVA) (Tukey’s pairwise comparison).

RESULTS

Identification and characterization of zZECaC. Two zebrafish
EST clones (accession nos. AL925143 and AW455111) en-
coding the ECaC were identified by searching the GenBank
database. Specific primers were designed according to the
sequence of these two EST clones, and full-length cDNA of the
zECaC was cloned and sequenced. The total length of nucle-
otides was 2,578 bp with an open reading frame of 2,130 bp
that encodes a protein of 709 amino acids (aa) (Fig. 1; acces-
sion no. NM001001849). The zECaC reveals six putative
transmembrane domains (Fig. 1). In accordance with its mam-
malian counterparts, a hydrophobic pore region between trans-
membrane domains 5 and 6, as well as three ankyrin repeats,

ECAC AND Ca UPTAKE IN ZEBRAFISH

are conserved (Fig. 1). The length of the zECaC protein is
shorter than that of mammals (723-729 aa) and trout (727 aa).
The zECaC showed the highest amino acid sequence identity
of 72-73% to the recently cloned rainbow trout (AY256348)
and fugu (AY383562) ECaC. Moreover, the zECaC showed
53.2, 47.7, and 50.7% identities to Ca>* transporter 1 (CaTl)
of the human (AJ277909), mouse (AB037373), and rat
(AF160798), respectively, and 51.4, 50.8, 50.5, and 48.1%
identities to the ECaC of the human (AJ271207), mouse
(XP149866), rabbit (AJ133128), and rat (AB032019), respec-
tively. The lowest identity was 45% to CaT1 of Xenopus laevis
(BAC24123). For the other members of the osm transient
receptor potential channel (OTRPC) subfamily (VR1, VRL-1,
VRL-2, VR-OAC, and SIC), an average of 30% identity was
found.

As shown in Fig. 2, a phylogenetic tree was generated using
the neighbor-joining analysis (5,000 replicates). The analysis
included entire amino acid sequences of zebrafish, fugu, and
trout ECaCs, mammalian ECaCs and CaTls, and Xenopus
laevis CaT1. The ECaCs were clustered into three groups. Two
mammalian isoforms of the ECaC, ECaC and CaTl, were
clustered into one group, whereas amphibian CaTl and fish
ECaCs were in two other groups, respectively.

zECaC expression patterns in zebrafish embryos and various
tissues. Expression of the zECaC was evaluated by RT-PCR
using total RNA extracted from O- to 72-hpf zebrafish em-
bryos. As shown in Fig. 3, a PCR product of the zZECaC of 295
bp was first detected at 24 hpf, and the expression increased
after development. The RT-PCR analysis was repeated with
four different sets of samples, and the results were similar. In
adult fish, zECaC expression was ubiquitous among tissues
examined, including the brain, heart, gill, intestine, liver, and
kidney. The higher expression level was found in the gill,
whereas the lower level was in the liver. The relative levels of
mRNA in the brain, heart, gill, intestine, liver, and kidney were
6.7 = 1.8,53.1 = 10.0, 154.3 = 74.0,2.4 £ 0.5,3.7 = 3.1, and
11.0 = 2.0, respectively (n = 4 individuals, 3-actin as internal
control).

Localization of zECaC mRNA in developing zebrafish. Ob-
servations of zECaC mRNA focused on the skin and gills,
because these regions were previously reported to cover
>97.4% of the extraintestinal Ca>* uptake in fish (9). No
significant signal of zZECaC mRNA was found in the skin of
embryos at 12 hpf. In 24-hpf embryos, ZECaC mRNA was first
found in the cells on the skin covering the yolk sac, but very
few signals were found in the skin of somites (Fig. 4, A and B).
zECaC-expressing cells expanded to cover the skin of the
entire yolk sac after embryonic development (Fig. 4, A, C, and
D) and began to occur in the branchial region at 72 hpf (Fig, 4,
C and D). zECaC-expressing cells appeared in gill filaments at
96 hpf (Fig. 4E), and thereafter the cell numbers rapidly
increased in both gills and yolk sac skin (Fig. 4, E~G). Further
quantitative analysis of the density changes of zZECaC-express-
ing cells after development was conducted in yolk sac, where
most of the cells localized. The density of zECaC-expressing
cells in yolk sac was increased ~4.5-fold from 24 to 120 hpf
(Fig. 5). The negative control with the zECaC sense cRNA
probe showed no signal of zECaC mRNA (data not shown).

zECaC mRNA also was found in the brain region at 24 hpf
(Fig. 4A), but the signal was unclear in the same region at the
later stages (Fig. 4, C and F), probably because the duration (or
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Expression of zECaC mRNA in MR cells. MR cells, which
were identified with the signal of the Na*/K™*-ATPase protein
(a marker for fish MR cells; Ref. 20), occurred initially in the
body skin including the yolk sac skin of zebrafish embryos at
24 hpf (data not shown). The number of MR cells in the skin
covering both somites and the yolk sac rapidly increased after
embryonic development (Fig. 6, A and B). Double labeling of
Na*/K*-ATPase and zECaC mRNA was conducted in em-
bryos to certify whether MR cells express zECaC mRNA.
Merged images of the signals of Na™/K*-ATPase and zECaC
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AAGCAGTGGTATCAACGCAGAGTACGOGGGGET TGTOCTOCAGCAGACAAACAAACATGCTATTCATCAGT TACTAAAA TR
TACTTTGGGACTAAGTATTTAGGATT TTTGCAAGTC TG TTGG TCTOGETGTOCTOCTGAAA TCATGOCACCOGOCATAT 160
MWPPAITS
CTGGTGAAATAAACCACTGGTGGAGACAAATGOGGTTOCGCCTTCAGCATAAMAAGGATCGAATGAAATGTTGGATGAG 240
GEINHWWROQMRFRLOHEKIEKGWNEMLTDE
ACCTTCCTAATGCAGACCAAAAGAGTAAACGACATOCCACTGTTTTOCGUCACTAAGGAGAACAATGCAGCCTGCATTAA 320
TFLMNQTI KRVYNDIPLTFS SATIEKENNAACTIEK
GAAACTGCTTGACTGT TCATCTACTGATATCT TTGAGAGAGGTGAGCT TGGAGAGACAGCTCTGCATGTTGCTGTGATGA 400
ELLDCSSTDTIFETRGEEGETATETHIV A VNN
ATGATAACTTTGAAGCAGCGUTGGCTTTAATGAATGGAGCCOCGGAGCTCATCAACGAGOCCATGACATCTGAACTCTAC 480
PR N R A AL SN O E SRS T 5 E L Y
CATGGTTTAACAGCCCTTCACATCGCTGTGATTAATCAGAATCCTAACTTAATCTGGGAGATGATAAMMAAGAGGAGTGA 560
HGLTALHTIAYINQNPNLTIVWWEMNTIEKERG GAD
TOTGACGACACCCAGAGTCACAGGCATOTACTTCOGCAAAAGAAGAGAAGGOCTGTTTTACTATGGTGAACACATCCTGE . 640
i e Ay BV G M Y F R KRREGL F Nn i
CATTTGCAGCCTGTGTGGTAATAAAGACATCATGTCCATGCTGATAAAAGCTGGGGCTAATATTCGGUCTCAAGATTCT 720
EAACYGNEDIMSMLTIEKA SAGGANIRAQOQDS
OGGGGCAACACCATCCTGCACCTGTTGGTTTTGCAGOCCAATAAAACAACTGCATGTCAGATATTTGACTTCTTGCTGGE 800
RGNTILHLLVYVLQPNETTACOTIFDFTLTLA
TCAGGATGCAGAACAGGACTCTGCTCTTCCTCTAGACA TGO TCOCAAACTACAAAGGCTTACACCCTTCAAACTCGCTG 880
JDAEQDSALPLDMYPNYEKGLTPFUEKLAA
CAAGGGATGGCAACGTCTTOCAGCACTTGGTCAACCGCAGAAAGGTTGTTCAGTGGAGTCTGGGACCAGTATCCTCCTAC 960
RDGNYFQHLVYNRRKVYVOQOWSLGPVSSY
CTTTATGACCTGACAGAGATAGACTCCAGGGTOGATGAACACTCAGTGCTTGAGATTATTGOCACCAGTCACAAAAAAGA 1040
L. YDLTEIDSRYDEHSYVYVLEITIATSHEKIKE
GGOCAGAAGAATTCTTGAGTTGACTCCAGTCOGACAGCTCATCACGCTCAAGTGGAATCTGTATGGAAAACATTACTTCA 1120
ARRILELTPVERQLTITLEWWNTLYGEKHYFR
GOTCACTGATGGTGATCTACCTGGTOTACATTAGCATATTCACTGTGTGTTGTATAAACCGOCCTCTGAAGHGCATUCA 1200
S L WV I ¥YLVYTASTITFTYLECCTINEPLEKTEGTITP
GAGAATTACACCAAGCAGGCAACGACCACACCATAAAAATAAAAAAAACCTTCAAGGAGAGCTATCAGTCATATACAGA 1280
ENYTEKEAGNDHTTIEKEIEKKTFKESYQSYTTD
TCAACTGOGTCTAATTGRAGAGA TAATCAGTCTCATTGGAGCCATCATTATACTGCTGATAGAGATTCCCGGTATTTTGG 1360
QL R-L T-G-E T T &L 1 G AT T I L L TE T PGIL A
CAGTGGGGOTTAAACGCTTTT T CCAGACTGCTCT TGO TGOCCTCTTCCATG TCACTTTGATCAGCTACGCTTTGCTG 1440
VGVEKRFFGOQTALGGLEFHVTTLTISTYALTL
GTTTTGCTTTTGTGTGEGCTGOGAGTCACTGGAATACAAGGAGAATTGATTCOGATGGCTTTTTCTCTAATTCTTGGCTG 1520
VLLLCGLRVTGIQGETLTIPMAFSLTILGTUW
GTTCAGTCTTOTGTACTTTGOCCGGGETTTCGAGA TGCTGEGACCCTACGTCATTGTGATACAGAAGTCAATATTTGGAG 1600
FSLVYFARGFEMLGPYVIVIQEKESTIEFGD
ATATAACAAAGTTCATGTGGTTGTCCATCATCTTOCTCATTGGATCCTCTGCTGOCTTGTGGATTTTCTACATGACTCAG 1680
I TKEF M¥%¥L ST TITFLTIGSSAALWIFYMTDQ
GAACCCTTAGCACTTOCGCAGTACCGCTCCTTTCOCATCECCTCTTCTCTCAGT TTGAGG TGAGOGTCGGTCAGATTGA 1760
EPLALPOQYRSFP[TLFSQFEVYS SVGQTI
TTTGOCAGTGGACCACACACTCTTTACCCATCCAGTGGTGTATTGGACCCACGTCTGCTTCAGCTTGATCTCTAACGTCC 1840
PYDHTLFTHEY VINTHYCEFSILTISNYL
TOCTGTTTAATCTCCTGHTOGCCATGATGAGTGACACTCAGTGOAGAGTAACTCAAGAACGTGACGAGCTCTGGAGGACG 1920
LFNLLVAMWMMSDTOQWERYVTOQERIDETLU WRT
CAGGTGGTGGCCACTACTCTGATGCTTGAACGAAAGT TGCCACAGTGCCTGTGGCCAAGATTGGGTGTCTGTGGTCTGAT 2000
QVVATTLMLERKLPOQCLWPRLGVCGLNM
GTTTGGGCTTRGAGAGCOCTGOTATCTTCGAGTGHAGGATOGCAATGACATAATGGOCAGAAGTTGAAACGCTACGTOG 2080
FGLGERWYYLRVYEDRNDTIMAQKLIEKTERYVD
ATGCATTCCCAAAAGATGTAGAAGCACCCAAAGAGGAGAAACCTTCTAAGAGTGATGGAGAGCAAAGCATTACTGAGAGC 2160
AFPKDVEAPKEEKPSEKSDGEG QSTITES
AACAAAGAAAAATCGAAGAAATCAAAACAGTATTGGAGTCTCATTCGCAGGAGTATAGAGTG TGAAAAGGAAGAATGTGT 2240
NKEKSEKEEKESKQYWSLIRRSTIETCEEKETETCYV

GGATTGOCCCAATTTCAAGT TTCTCTAAAAAGCGGTCAGGATT TAGTAACATTTAAGAGTTTTGAGATTCCTAGTATTAA 2320
DCPNPFEKTFETL™*

AGGGTTTCTOTTAAGT TATTCTGAATTATCTTAGTGTTGTATATTATGCAAATATATAGGTGTGCACCATCACTGGTAAA 2400

TATAAAGOTGAAAGTTTAATTAAGAAATACAAACAAAAACATATCAAACAGAATGTACGTOCAATTCATTACTGTGTGAA 2480

CATTAGACACATTTAGTGCAAATAACAAGCTTTGTGTAAMTGATGAGTGTGGTTAGAAATGAGTGCAACATTAATGCAAA 2560

TAAGCACATAAATATCT 2578

Fig. 1. Nucleotide and deduced amino acid sequence of ze-
brafish epithelial Ca>* channel (ECaC) ¢cDNA. Asterisk indi-
cates the translational stop codon. Amino acid sequences for 3
ankyrin repeats (shaded), an ion pore region (open box), and 6
transmembrane domains (underlined) were postulated from the
mammalian ECaC.

mRNA indicated that all zECaC-expressing cells in the skin

penetration of zECaC probes to the internal organs in were MR cells and that only a portion of MR cells expressed

zECaC mRNA (Fig. 6, C and D). Comparing the images of
embryos in the same stage (72 hpf), it was noted that MR cells
were distributed throughout the entire skin and covering the
somites and the yolk (Fig. 6B), whereas only the MR cells in
the yolk sac skin were expressing zZECaC mRNA (Fig. 4C).
Whole body Ca®™ contents in different developmental stages
of embryos. Ca>* contents of zebrafish embryos remained at a
constant level (~2 nmol/mg) from 0 to 36 hpf (Fig. 7A). The
48-hpf embryos showed a slight increase in the whole body
Ca®" content (2.5 nmol/mg), but it did not significantly differ
from that of the earlier stages (Fig. 7A). Subsequently, embryos
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100~ mouse ECaC
®l  L—ratEcaC
human ECaC
human CaT1
100 rat CaT1

100! mouse CaT1

xenopus CaT1
zebrafish ECaC

100 trout ECaC
100 fugu ECaC
56 tilapia ECaC

0.1

Fig. 2. Phylogenic analysis of vertebrate ECaC amino acid sequences. The
consensus tree was generated using the neighbor-joining method with boot-
strap analysis using 5,000 replicates. GenBank accession nos. of the sequences
used are as follows: mouse ECaC, AF336378; rat ECaC, AB032019; human
ECaC, NM_019841; rat Ca?>* transporter 1 (CaTl), NM_053686; mouse
CaTl, NM_022413; human CaTl, AF365927; Xenopus CaTl, AB085630;
fugu ECaC, AY232821; and trout ECaC, AY256348. Scale bar represents the
uncorrected proportion of amino acid difference.

revealed a growth spurt that was indicated by increasing Ca?*
content and enhanced Ca®* influx (see below) for more entry
pathway. Whole body Ca?* contents dramatically increased
and revealed significant differences at 60 hpf (5 nmol/mg) and
72 hpf (7.5 nmol/mg) (Fig. 7A).

Ca?” influx in different developing zebrafish. For the mea-
surement of Ca®>" influx, the chorions of fish embryos had to be
removed to minimize contamination from the tracer medium.
Because dechorionization of O-hpf embryos is hard to achieve,
measurements of Ca>" influx began with 12-hpf embryos. No
Ca>" influx was detected in embryos at 12-24 hpf. In 36- and
48-hpf embryos, a significant increase appeared compared with
earlier stages (Fig. 7B). The Ca** influx of 60- and 72-hpf
individuals continued to increase, and both stages significantly
differed from those of the earlier stages (Fig. 7B). According to
the above results, the Ca>" influx of zebrafish embryos began
at 36 hpf, and this was reflected in the whole body Ca®*
contents, which started to increase steeply after 48 hpf (Fig. 7,
A and B).

Effects of environmental Ca*" levels on Ca*" influx and
zECaC expression. Acclimation to the artificial freshwater
containing different levels of Ca*>* for 5 days (0—120 hpf) did
not cause a significant effect on hatching or survival but did
induce significant changes in both Ca?* influx and zECaC
expression in developing zebrafish. ZECaC mRNA signals in
both gills and body skin of the low-Ca>* group were obviously
stronger than those of the high-Ca®* group (control) (Fig. 6, E
and F). Ca®>" influx and the number, size, and mRNA intensity
of the zECaC-expressing cells were significantly higher
(~1.7,1.5, 1.9, and 4.3 times higher, respectively) in the
low-Ca%* group than in the high-Ca®>* group at 120 hpf
(Table 1).

DISCUSSION

The ECaC was cloned from zebrafish gills in the present
study. The 2,578-bp cDNA encodes a protein of 709 aa, and it

ECAC AND Ca UPTAKE IN ZEBRAFISH

shares the highest identity of 73% with the recently cloned
rainbow trout ECaC by homology comparison. The identities
of the zECaC with other ECaC proteins from mammals were
48-53%. In the case of other transporters, such as the Na™
pump, the identity between tilapia and mammals exceeds 85%
for the o ;- or az-subunits (8). The Na*/K ™ -ATPase a-subunits
of zebrafish also share 77-92% amino acid identities with the
rat a-, op-, and az-subunits, respectively (41). The identities
of the ECaC between fishes and mammals are comparatively
lower; however, the transmembrane domains and some func-
tionally important residues are all conserved between these
species. Similar results also were reported in fugu ECaC (40).
In the phylogenetic tree, trout, fugu, tilapia, and zebrafish
ECaCs were clustered together and formed a distinct group
from the amphibian and mammalian ECaCs. This indicates that
fish and mammalian ECaCs are not orthologous genes and that
duplication of the ECaC may have occurred after the diver-
gence of fish and mammals. In the study by Miiller et al. (32),
gene mapping of two mammalian ECaC isoforms showed that
they are both localized on the same chromosome and adjacent
to each other, and the authors suggested duplication of a
common ancestral gene during evolution. Both phylogeny
mapping and chromosome mapping results suggest that there is
one gene that encodes the ECaC in zebrafish. The same
conclusion was made in fugu (40). To further investigate
whether there are two related ECaC genes in the zebrafish
genome, we may design different pairs of degenerate primers,
which are derived from conserved regions, to amplify genomic
fragments in which the intron sizes are different in two mam-
malian ECaC genes. The reason for the single ECaC gene in
zebrafish requires further studies of the ECaC’s evolution.
The tissue distribution of the mammalian ECaC and CaTl
has been extensively studied (15, 17, 34, 48). As shown by
RT-PCR analysis, the ECaC was expressed mainly in the
kidneys, whereas CaT1 expression was distributed in most of
the organs, including brain, placenta, ovary, testis, lung, liver,
pancreas, kidney, skin, osteoblasts, and the entire gastrointes-

A

bp
400

300

M B HG I L K

200

B-Actin

Hours post fertilization

bp M
400

300

0 12 24 36 48 60 72

200

B-Actin

Fig. 3. Zebrafish ECaC (zECaC) expression patterns in various tissues of
adults (A) and different developmental stages of embryos (B) determined by
RT-PCR analysis. Zebrafish -actin was used as the internal control to evaluate
the relative amount of cDNA. M, marker; B, brain; H, heart; G, gill; I,
intestine; L, liver; K, kidney. The zECaC was ubiquitously expressed in the
tissues examined (A) and began to be expressed at 24 h postfertilization (hpf)
in zebrafish embryos (B).
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24 hpf D

tinal tract (46). In addition to the role of active Ca?* absorp-
tion, CaTl expression in various tissues implied other func-
tions, such as controlling Ca®* entry and intracellular Ca®*
concentration in many nonepithelial tissues, cell proliferation
and differentiation in keratinocytes (48), and involvement in

d
oo 120 1
S @ 100 c
Doe 1
NPx 80 b
w2 60
o A=
223 40| 2
8% w([]
qu’ L 1 1 J

0 24 48 72 120

Hours post fertilization

Fig. 5. zECaC expression cell density in yolk sac (cells/yolk sac) at different
developmental stages of zebrafish embryos. zECaC-expressing cells in 1 side
of the yolk sac were counted. One-way ANOVA was conducted among
different embryonic stages. “<dDifferent letters indicate significant differ-
ences between stages (Tukey’s pairwise comparison). Values shown are
means * SD; n = 10. The cell density in yolk sac increased after zebrafish
development.
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72 hpf

Fig. 4. Whole mount zECaC in situ hybridization of ze-
brafish embryos at different developmental stages: 24 hpf
(A), 36 hpf (B); 72 hpf (C and D, ventral view); 96 hpf (E);
144 hpf (F, ventral view); and 168 hpf (G). The zECaC
signals (single arrowheads) initially appeared in the skin
covering the yolk sac at 24 hpf (A). zECaC-expressing cells
gradually extended over the entire skin covering the yolk sac
(A—C) and the branchial area (C and D, double arrowheads)
after development. zZECaC-expressing cells began to appear
in gill filaments at 96 hpf (E), and the cell numbers increased
in both the skin (C and F) and gills (E-G) thereafter.

168 hpr:

store-operated Ca>* entry for the signal transduction process
(39). In the present study, the zECaC was expressed in the
brain, heart, gills, intestines, liver, and kidneys, as shown by
RT-PCR analysis. However, in the studies of Hoenderop et al.
(17) and Peng et al. (34), ECaC transcripts were only detected
in the intestines, kidneys, and placenta with Northern hybrid-
ization analysis. Expression levels may be relatively lower in
tissues including the brain, heart, and liver, and thus it can only
be detected by PCR amplification. Further research is required
to determine the exact functions of the zECaC in these non-
epithelial tissues. zECaC’s expression in gills, intestines, and
kidneys is consistent with its role in active Ca®" uptake in
mammals, especially the highest expression level in gills,
which is considered to be the major site for transcellular Ca®*
uptake in fish compared with the intestine (9).

MR cells have been suggested to be sites for Ca>" uptake in
both adult gills and the larval body and yolk sac skins (9, 12,
21, 23, 31, 33); however, no molecular evidence is available so
far (36). RT-PCR and in situ hybridization data demonstrate
expression of the zZECaC in gills and skin of zebrafish; more-
over, the mRNA signals were for the first time localized in MR
cells with double labeling of Na*/K*-ATPase, which is a
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Fig. 6. Images of mitochondria-rich (MR) cells and zECaC-
expressing cells. A and B: MR cells labeled with Na*/K™"-
ATPase in 36- and 72-hpf zebrafish embryos. MR cells
appeared through the yolk sac skin (single arrowheads) and
body skin (double arrowheads), and the cell number increased
after development. C and D: colocalization of Na*/K™*-
ATPase and zECaC mRNA in 36-hpf zebrafish embryos.
Numbers in C (Na*/K*-ATPase signal only) and D (merged
image of Na*/K*-ATPase and zECaC mRNA signals) indi-
cate the portion of MR cells that expressed zECaC. E and F:
comparison of zECaC expression in 120-hpf zebrafish em-
bryos acclimated to high-Ca?>* (E) and low-Ca?" freshwater
(F). zZECaC-expressing cells in both gills (double arrowheads)
and body skin (single arrowheads) were much more numer-
ous in low-Ca?* (F) than in high-Ca?>* embryos (E).

marker for MR cells. It was noted that only part of the MR cells
in zebrafish larval skin expressed the ECaC, and this provides
important clues for the existence of functional subtypes of MR
cells. Polymorphism of MR cells in fish gills has been well
documented to play crucial roles in the uptake of diverse ions
as well as in acid-base regulation (4, 28, 36, 38). Pisam et al.
(38) identified a and 3 MR cells in gills of several teleosts and
proposed that B MR cells are responsible for Ca?" uptake. In
tilapia gills, Tsai and Hwang (43, 44) identified wheat germ
agglutinin (WGA; a kind of lectin that can bind to the glyco-
protein secreted in the apical region/pit and to the intrinsic
glycoprotein of the cells)-positive MR cells and proposed the
function of Ca?" uptake. Previously, we identified wavy-
convex, shallow-basin, and deep-hole MR cells in tilapia and
stenohaline cyprinids according to the apical morphologies and

ECAC AND Ca UPTAKE IN ZEBRAFISH

proposed that one of the MR subtype cells (shallow basin) is
closely associated with the function of Ca®>* uptake, based on
serial morphological/physiological studies (4, 27, 28). The
present study provides further molecular evidence for these
morphological and physiological data concerning the subtypes
of MR cells. Only 20-30% of the skin MR cells in zebrafish
embryos expressed ECaC mRNA, and these ECaC-expressing
MR cells were limited to the skin covering the yolk sac. These
data suggest the possibility that at least two subtypes of MR
cells differ in their cell distribution (the yolk sac skin vs. the
somite skin) and perhaps their functions (Ca®" uptake vs. other
ions). We are interested in examining whether the shallow-
basin (4), B (39), or WGA-positive MR cells (43) specifically
express the ECaC. On the other hand, our unpublished data
indicated that the first MR cell opening (another indicator for
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Fig. 7. Ca®* content (A) and influx (B) at different developmental stages of
zebrafish embryos. One-way ANOVA was conducted among different stages.
abedDifferent letters indicate significant differences between stages (Tukey’s
pairwise comparison). Values shown are means = SD; n = 11 for content, n =
6 for influx. Ca®* content remained at a constant level from 0 to 48 hpf and
significantly increased at 60 and 72 hpf (A). Ca?" influx began at 36 hpf,
followed by a significant increase at 60 and 72 hpf (B).

the functional MR cells) was observed in 36-hpf zebrafish
embryos, and the density of the MR cell openings was in-
creased about sixfold from 36 to 72 hpf. Our preliminary
experiments confirmed that neither concanavalin A nor peanut
agglutinin (markers for the apical opening of MR cells) showed
specific binding to the MR cells in zebrafish embryos. When
and what portion of MR cells with or without ECaC expression
in zebrafish embryos is in contact with the outer water remains
to be confirmed.

The regulatory mechanisms for Ca’?* and other cations
during embryonic and larval fish development have been char-
acterized in several papers. Hwang et al. (21) reported that
Na*, K*, and Ca®* levels remain at constant levels during
embryonic stages, followed by a rapid increase after hatching
in tilapia. In the same study, Ca?" influx was first detected at
48 hpf and showed a significant increase (from 11.8 to 47.8
pmol-mg~'-h™!) after 96 hpf, which corresponds to the hatch-
ing time for tilapia larvae. In the study by Chen et al. (5), the
Ca®" content of larval zebrafish gradually increased from 0 to
5 days after hatching, and the same pattern occurred for Ca®*
influx. In the case of salmon, Ca?>" also was acquired from the
ambient environment after hatching (14). In the present study,
zebrafish hatched during the period of 48 to 72 hpf, and during
this same time, both whole body Ca** content and Ca>* influx
showed significant increases. The average Ca®* content in
72-hpf embryos was 7.55 nmol/mg and was about three times
higher than that in 0- to 48-hpf embryos, in which Ca®*
contents remained at constant levels. Ca®>* influx began to
increase at 36 hpf, and no influx was detected before that. The
time point for Ca®>" influx in zebrafish embryos was earlier
than that (48 hpf) in tilapia, because the 3-day embryonic stage
of zebrafish is shorter than that of tilapia (4 days). A common
phenomenon among all species studied is the rapid accumula-

R1209

tion of Ca" after hatching. This implies a definite need for
Ca®" uptake from the ambient environment to fulfill the events
(e.g., ossification) during larval development, whereas during
the embryonic stage, the Ca®>* level in oocytes or O-hpf
embryos may be sufficient for the needs of all the develop-
mental processes including cell migration, mitosis, axis forma-
tion, segmentation, and body straightening. These physiologi-
cal data on the ontogeny of Ca>" uptake function in developing
zebrafish are further supported by the molecular evidence of
the ECaC, one of the major transporters for Ca?™ uptake, in the
present study. zECaC mRNA was initially detected at 24 hpf,
and the first zECaC-expressing MR cell was also found at the
same time. Subsequently, Ca?>* influx began to increase at 36
hpf, suggesting that a functional protein mediating Ca®" into
the embryos may be expressed or that zECaC-expressing MR
cells may develop an apical opening (i.e., functional MR cell;
Ref. 29) at that time. Thereafter, both the number of zECaC-
expressing MR cells and the whole body Ca®* influx increased
after embryonic development.

Induction of an increase in the Ca®* transport capacity by
acclimation to low-Ca®* environments has been demonstrated
in many species and their larval stages, including rainbow trout
(38), tilapia (4, 31), goldfish, and ayu (5). The enhanced Ca?*
uptake is characterized by modulation in Ca®>* influx kinetics
(5, 22, 37) and concomitant proliferation of MR cells (or
subtype cells) (4, 31, 37, 43). Our previous study on zebrafish
embryos (5) indicated that acclimation to 0.02 mM Ca>* (low
Ca?") freshwater induced increases in Ca?>" influx and Vi, as
well as a decrease in K,,, compared with conditions in 2 mM
Ca®" (control). The present study further examined the molec-
ular mechanism behind this acclimation process. Upregulation
of ECaC expression (in terms of the number, size, and mRNA
level of the ECaC-expressing MR cells) and the whole body
Ca®" influx were demonstrated in zebrafish embryos accli-
mated to low-Ca?* freshwater. This also provides further
physiological evidence for the role of the ECaC in the fish
Ca®* uptake mechanism.

In summary, the zZECaC was expressed in a portion of MR
cells in skin and gills of developing zebrafish. ZECaC mRNA
expression was closely correlated with the profile of Ca?*
uptake after zebrafish development, and acclimation to low-

Table 1. Effects of environmental Ca*" levels on whole
body Ca?™ influx and zECaC mRNA expression
in 120-hpf zebrafish

Environmental Level [Ca2™]

2.00 mM 0.02 mM
Ca?* influx, pmol'mg ™~ 'h™! 177.7%42.4 299.349.8*
No. of zECaC-expressing cells, 13.2+2.4 20.0+3.3*
cells/4,900 pm?
Size of zECaC-expressing cells, 35.0+7.4 65.7+9.3*
pm?
mRNA in zECaC-expressing cells, 46.3+26.6 197.9+28.4*

arbitrary numerical value

Values are means = SD (n = 7-9). A commercial image analysis program
(Image-Pro Plus 4.0; Media Cybernetics, Silver Spring, MD) was used to
measure the surface area as cell size and the total intensity of hybridization
reaction as the mRNA level in each cell. The data from 15 cells were averaged
for each individual. zECaC, zebrafish epithelial Ca?* channel; hpf, hours
postfertilization. *P < 0.05 (Student’s z-test).
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Ca®" freshwater induced upregulation of zZECaC mRNA ex-
pression and the Ca®* uptake capacity in zebrafish embryos.
Taking these findings together, we conclude that the zECaC
plays a physiological role in the fish Ca?>* uptake mechanism.
However, much remains to be done. Direct evidence to dem-
onstrate that the zECaC protein is responsible for Ca®* uptake
in fish is still lacking. Further inhibitor or gene gain (or
loss)-of-function studies can be conducted to illustrate the
function of the ECaC in fish. Stanniocalcin, a hormone that was
found to inhibit the permeability to Ca?" of the apical mem-
brane in gills (45), and 1,25-dihydroxyvitamin D3, a derivative
of vitamin D stimulating Ca?>* uptake in both freshwater and
marine fishes (12, 30), may be candidates for regulating ECaC
expression and its function.
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