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Summary

We examined the involvement of mitochondria-rich
(MR) cells in ion uptake through gill epithelia in
freshwater-adapted killifish Fundulus heteroclitus, by
morphological observation of MR cells and molecular
identification of the vacuolar-type proton pump (V-
ATPase). MR cell morphology was compared in fish
acclimated to defined freshwaters with different NaCl
concentrations: low (0.1 mmolt)-, mid (1 mmol Y- and
high (10 mmolY-NaCl environments. MR cells, mostly
located on the afferent-vascular side of the gill filaments,
were larger in low- and mid-NaCl environments than
in the high-NaCl environment. Electron-microscopic
observation revealed that the apical membrane of well-
developed MR cells in low- and mid-NaCl environments
was flat or slightly projecting, and equipped with
microvilli to expand the surface area exposed to these

concentration was much lower than that in plasma. We
cloned and sequenced a cDNA encoding the A-subunit of
killifish V-ATPase. The deduced amino acid sequence
showed high identity with V-ATPase A-subunits
from other vertebrate species. Light-microscopic
immunocytochemistry, using a homologous antibody,
revealed V-ATPase-immunoreactivity in Nd/K+-ATPase-
immunoreactive MR cells in low-NaCl freshwater,
whereas the immunoreactivity was much weaker in higher
NaCl environments. Furthermore, immuno-electron
microscopy revealed V-ATPase to be located in the
basolateral membrane of MR cells. These findings indicate
that MR cells are the site responsible for active ion uptake
in freshwater-adapted killifish, and that basolaterally
located V-ATPase is involved in the Na and/or CI-
absorbing mechanism of MR cells.

environments. On the other hand, in the high-NaCl

environment, the apical membrane was invaginated to

form a pit, and MR cells often formed multicellular Key words: mitochondria-rich cell, ion uptake, gill epithelia,
complexes with accessory cells, although the NaCl freshwater-adapted, killifisfrundulus heteroclitus/-ATPase.

Introduction

In teleost fish, plasma osmolality is maintained within adeveloped in terms of cell size, extension of the tubular
narrow physiological range, equivalent to about one-thirdsystem, density of mitochondria and W& -ATPase activity
seawater osmolality. The gills, kidney and intestine ar¢Langdon and Thorpe, 1985; Richman et al., 1987;
important osmoregulatory organs in fishes, creating ionic anblcCormick, 1995; Uchida et al., 1996, 2000; Sasai et al.,
osmotic gradients between the body fluid and external998). In freshwater-adapted killifish, the apical membrane of
environments (Evans, 1993). It is well established that gilbranchial MR cells show projections with microvilli that
mitochondria-rich (MR) cells, or chloride cells, are responsiblexpand the apical surface area, suggesting active ion
for salt secretion in seawater-adapted fish. In freshwateabsorption through MR cells (Katoh et al., 2001).
adapted teleosts, by contrast, active ion absorption from a The N&/H*-exchanger (NHE) in the apical membrane of
hyposmotic environment is necessary to compensate for tlggll MR cells has been advocated as the major pathway for Na
constant diffusional loss of ions through the gill epitheliauptake and Hexcretion in freshwater teleosts. However, it is
(McCormick, 1995). now considered less likely that Naptake occursia NHE,

The killifish Fundulus heteroclituss a euryhaline species since the driving force for such uptake is lacking in this model
that can be adapted to a wide range of salinities (Griffith, 1974Lin and Randall, 1993). Meanwhile, an alternative model
Hardy, 1978). Killifish branchial MR cells are larger in incorporating the vacuolar-type proton pump (V-ATPase) and
freshwater than in seawater (Katoh et al., 2001). By contrast, conductive Na channel has been proposed as thé-Na
in most fish examined so far, seawater-type MR cells are moebsorbing mechanism. In this model, V-ATPase in the apical



794 F. Katoh, S. Hyodo and T. Kaneko

membrane and N&*-ATPase in the basolateral membrane Table 1.Environmental ion concentrations used
create the driving force permitting passive electrodiffusion o Nominated value Measured value
Na* through the Nachannel (Avella and Bornancin, 1989). (mmol ) (mmol Y

This model has been supported by inhibitory effects o
bafilomycin A, a selective inhibiter of V-ATPase, on*H Na] [CI7 [Ca¥] [Na] [CF] [Ca’T]
secretion and Nabsorption in frog skins (Klein et al., 1997). Low-NaCl 0.1 1105 010 140 046
Furthermore, Fenwick et al. (1999) reported that bafilomyciiMid-NaCl 1020 05 08 220 051
A1 inhibits not only Na but also Ct uptake in gills of tilapia High-Nacl 100 110 05 992 1130 0.60
larvae and carp, suggesting a link betweenuptake and H
secretion by V-ATPase. concentrations (low-, mid- and high-NaCl) together with
V-ATPase is one type of ATP-dependent proton pump thad.5 mmolt! CaCh (Table 1). The fish were not fed and the
is responsible for the acidification of intracellular water temperature was maintained at 25°C during the
compartments of eukaryotic cells (Forgac, 1999). V-ATPasexperiment.
also energizes animal plasma membranes (Harvey and
Wieczorek, 1997), and is composed of a catalytic®main Tissue sampling for morphological observations
responsible for ATP hydrolysis and an integralddmain that The fish were anesthetized with 0.05% 2-phenoxyethanol
forms a channel for Hto cross the plasma or vacuolar and blood was collected from the caudal vessels into capillary
membranes (Forgac, 1999). Most studies on V-ATPase in figlibes. The plasma was separated by centrifugation atg4000
have been performed in the context of acid—base regulatidor 5min. Plasma osmolality was measured with a vapor-
(Lin et al., 1994; Sullivan et al., 1996; Perry et al., 2000)pressure osmometer (Wascor 5500, UT, USA). Plasnfa Na
Although the gills have been identified as the site of V-ATPaseoncentrations were measured using an atomic absorption
activity, the cellular localization of V-ATPase in the gills spectrophotometer (Hitachi Z-5300, Japan). For the
is still controversial. Immunocytochemical studies withmeasurement of N&K*-ATPase activity, gill filaments were
heterologous antibodies have shown that V-ATPase iemoved from the gill arch and stored in 2000f buffer
distributed in both MR and pavement cells in rainbow troutontaining 150 mmott sucrose, 10 mmott Nap EDTA and
Oncorhynchus mykigkin et al., 1994; Wilson et al., 2000a), 50 mmol Irimidazole (SEI buffer) at —80°C until analysis. For
and in pavement cells but not in MR cells in tilapiawhole-mount immunocytochemistry, the gills were removed
Oreochromis mossambicisliroi et al., 1998; Wilson et al., and fixed in 4% paraformaldehyde (PFA) in 0.1mbll
2000a). phosphate buffer (PB, pH7.4) for 24h. For transmission
In this study, we investigated effects of environmental NaC{TEM) and scanning (SEM) electron microscopy, the gills
concentrations on the morphology and function of gill MRwere fixed in 2% PFA-2% glutaraldehyde (GA) in 0.1 mbl|
cells in killifish. The MR cell morphology was compared in PB for 24 h, postfixed in 1% osmium tetroxide in 0.1 mbl|
fish acclimated to defined fresh waters with different NaCPB for 1 h, and stored in 70% ethanol. For light- and electron-
concentrations. Furthermore, to examine the possiblmicroscopic immunocytochemistry, the gill filaments were
involvement of V-ATPase in Naand Ct uptake through gill  fixed in 2% PFA-0.2% GA in 0.1 mafiPB for 3 h, and stored
epithelia, we cloned and sequenced a cDNA encoding the Aa 70% ethanol. For each experimental group, we examined
subunit of killifish V-ATPase. Using a homologous antibodyfive animals for the whole-mount immunocytochemistry and
specific for Killifish V-ATPase, we also examined thethree for the electron microscopy.
immunolocalization of V-ATPase in the gill epithelia by light
and electron microscopy. Measurement of gill NdK*-ATPase activity
Gill Na*/K*-ATPase activity was measured by a microassay
method (Katoh et al., 2001). After GD of SEI buffer
containing 0.5% sodium deoxycholic acid was added, the gill
Fish filaments stored in 2Q@d of SEI buffer were homogenized
Experimental fish were the offspring of killifiglundulus  with a motorized Polytron homogenizer on ice and centrifuged
heteroclitusL., obtained from the National Research Instituteat 3000y for 10 s to remove insoluble material. The supernatant
of Fisheries Science, Kanagawa, Japan (Shimizu, 1997). Theyas assayed for N&*-ATPase activity and protein content.
were reared in seawater at Ocean Research Institute, Universitymogenate samples ([t) were placed in the wells of a 96-
of Tokyo, Tokyo, Japan. The fish were kept in a 2501 indoowell plate in quadruplicate. The assay mixture (@Q0vith or
tank with recirculating seawater at ambient temperature analithout 0.5mmolt! ouabain was added to the wells in
fed on tilapia pellets (Tilapia 41S, Shikoku Kumiai Shiryo,duplicate just before reading absorbance at a wavelength of
Japan) once a day. The fish, weighing 7—26 g, were kept B40nm. The linear rate of NADH disappearance was measured
freshwater for 1 month after pre-adaptation to 50% seawatewvery 2min up to 10 min. The protein content of the sample
for 1 week. The freshwater-adapted fish were separatetdas determined using a BCA Protein Assay Kit (Pierce, IL,
into three groups and kept for 1 week in 301 plastic tankslJSA). The N&/K*-ATPase activity was calculated as the
which contained defined freshwater + NaCl at differendifference in ATP hydrolysis between the presence

Materials and methods
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and absence of ouabain, and expressed &ro-Ala-Tyr-Leu-Gly-Ala-Arg. The antigen conjugated with
umol ADP mg proteinth-1, keyhole limpet hemocyanin (KLH) was emulsified with
complete Freund’s adjuvant, and immunization was performed
Molecular identification of the A-subunit of V-ATPase in a New Zealand white rabbit (Sawady Technology, Japan).
The fish acclimated to a low-NaCl environment wereThe antibody was affinity-purified using the synthetic peptide.
anesthetized with 0.05% 2-phenoxyethanol. The gill filaments
were dissected out, frozen in liquic,ldnd stored at —80°C. Western blot analysis
Total RNA was extracted from the gill flaments by the The specificity of the raised antibody, named VATP317, was
AGPC method described by Chomczynski and Sacchi (19873onfirmed using western blot analysis. Membrane fractions
Poly(A)* RNA purified with Oligotex-dT30 Super (JSR and were prepared from the gills of killifish adapted to low-NacCl
Nippon Roche, Japan) was treated with the reagents in a Kieshwater. The gills were homogenized on ice in a buffer
(Smart cDNA Library Construction Kit, Clontech consisting of 25mmott Tris-HCI (pH7.4), 0.25mot!
Laboratories, CA, USA) to obtain double-stranded cDNAssucrose and a pellet (50Tl of Complete Protein Inhibitor
with 3' and 5 terminal adapters. Polymerase chain reactiongBoehringer Mannheim, Germany). The homogenate was
(PCRs) were performed using high-fidelity Ex-Tag DNA initially centrifuged at 450 for 15 min, and the supernatant
polymerase (Takara, Japan). The resulting products wereas subjected to a second centrifugation at 20@G00 1 h.
ligated into a pT7Blue T-Vector (Novagen, Germany), andrhe pellet was resuspended in the same buffer. All the above
then the nucleotide sequences were determined in gmwocedures were performed at 4°C. The protein content of the
automated DNA sequencer (PRISM 310, Perkinsample was quantified with a BCA Protein Assay Kit (Pierce).
Elmer/Applied Biosystems, CA, USA). The sequences werdhe samples (1j0g) were solubilized in a sample-loading
compared using Genetix-Mac software. buffer, (0.25molt! Tris-HCI, pH6.8, 2% sodium dodecyl
Degenerate PCR primers were designed on the basis sidilfate (SDS), 10%f3-mercaptoethanol, 30% glycerol and
sequences from selected animals (Pan et al., 1991; Graf et 8.01% Bromophenol Blue) and heated at 70°C for 15min.
1992; Sander et al., 1992; Hille et al., 1993; Hernando et alThey were separated by SDS-polyacrylamide gel
1995; Gill et al., 1998) to obtain a partial cDNA fragment ofelectrophoresis using 7.5% polyacrylamide gels. After
killifish V-ATPase A-subunit, sense: VATPAfL, GA (A/G) electrophoresis, the protein was transferred from the gel to a
TA(CIT) TT(CIT)(AIC) G (A/CIGIT) GA(CIT) ATGGG; polyvinyliden difluoride membrane (Atto, Japan).
antisense: VATPAr3, CCA (A/G) AA (A/CIGIT) AC(CIT) TG The membranes were pre-incubated in 50 mradltis-
(A/CIGIT) AC (AIGIT) AT (AICIGIT) CC (Fig. 4). After an buffered saline (TBS, pH 7.6) containing 0.05% Triton X-100
initial denaturation at 96C for 2min, 30 cycles of PCR wereand 2% skimmed milk at 4°C overnight, and incubated with
performed, each consisting of 50s denaturation at 94°C, 3aise antibody diluted at 1:100 with NB-PBS [0.01 mdl|
annealing at 50°C and 90s extension at 72°C. Gene-specifibosphate-buffered saline (PBS, pH 7.4) containing 2% normal
primers VATPAf4 and VATPAr1, were designed for the 3 goat serum (NGS), 0.1% bovine serum albumin (BSA), 0.02%
and 3-RACE method, respectively: VATPf4, TGGCGGT- KLH and 0.01% sodium azide] for 1 h at room temperature.
GACTTCTCTGACC; and VATPrl, CCAACGCGAGGTG- The specificity of the immunoreactivity was confirmed by
GAGTCGG (Fig. 4). VATPAf4 and CDS IlIl/3PCR primer incubating the membranes with the antibody pre-absorbed with
(Smart cDNA Library Construction Kit), and VATPArl and 5 the synthetic peptide (igmt1). After rinsing in washing
PCR primer (Smart cDNA Library Construction Kit) were buffer (TBS, 0.05% Triton X-100), the membranes were
applied to amplify the '3and % ends, respectively. After a stained by the avidin—biotin—peroxidase complex (ABC)
2min initial denaturation at 96°C, 35 cycles of PCR weremethod, using commercial reagents (Vectastain ABC Kkit,
performed as stated above except that the annealing wsgctor Laboratories, CA, USA).
conducted at 60°C.
To confirm the nucleotide sequence obtained by therfsl Confocal laser scanning microscopy
3'-RACE method, two gene-specific primers were designed: For the detection of chloride cells in the whole-mount
sense, VATPAf5; CAGCTGACCTCAGCTTACCGTCACG preparations of the gill filaments, we used an antibody specific
and antisense, VATPAr6; CACACTTGCACATTCACC- for Na'/K*-ATPase. The antiserum (NAK121) was raised in a
CACAGAG (Fig. 4). After an initial denaturation at 96°C for rabbit against a synthetic peptide corresponding to part of the
2min, 35 cycles of the above-mentioned PCR were performetljghly conserved region of the NK*-ATPase a-subunit
but the reactions involved 30s annealing at 57°C and 3 mifKatoh et al., 2000), which was based on the method described
extension at 72°C. by Ura et al. (1996). The specific antibody was affinity-purified
and labeled with fluorescein isothiocyanate (FITC) as a
Antibody fluorescent marker. The specificity of the antibody had been
A polyclonal antiserum was raised in a rabbit against @onfirmed by western blot analysis (Katoh et al., 2000).
synthetic peptide based on the highly conserved and The gill filaments were removed from the gill arch prior to
hydrophilic region in the A-subunit of V-ATPase. The antigenthe whole-mount immunocytochemistry. After washing in
designed was Cys-Ala-Glu-Met-Pro-Ala-Asp-Ser-Gly-Tyr- 0.01 molt1 PBS, the whole-mount preparations of the gill
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filaments were incubated overnight at 4°C with FITC-labeled Immuno-electron microscopy
NAK121 diluted 1:500 v/v with PBS containing 0.05% Triton  The gill filaments fixed in 2% PFA-0.2% GA in 0.1 mdi|
X-100, 10% NGS, 0.1% BSA, 0.02% KLH and 0.01% sodiumpB were immersed in 30% sucrose in 0.01 mdPBS for 1 h,
azide. The samples were then washed in PBS for at least 1dhd embedded in Tissue-Tek OCT compound (Sakura
placed in a chamber slide with a coverslip over, and observetnetek) at —20°C. Cryosections (L#) were cut on a
with a confocal laser scanning microscope (LSM 310, Zeisgryostat (CM 1100, Leica) at —20°C, and collected onto
Germany). The 488 nm line of an argon-ion laser was used gglatin-coated slides. The cryosections were
the excitation wavelength, and the emission was recorded @hmunocytochemically stained with the antibody against V-
515-565nm. ATPase by the ABC method, as described previously. The
o ) stained sections were then treated with 1% osmium tetroxide
Quantitative analysis of MR cells in 0.1 mol 1 PB for 30 min. After dehydration in ethanol, the
The size of MR cells stained by the whole-mountsections were transferred to propylene oxide and embedded in
immunocytochemistry was measured on stored LSM imagespurr’s resin. Ultrathin sections were cut with a diamond

by means of an internal program. The MR cell area wagnife, and then mounted on grids. These sections were viewed
obtained from 20 cells per individuaN£5), which were on a TEM (Hitachi H-7100)

randomly selected from gill filaments. For the determination
of MR cell density, an area corresponding to 9000—10@60 Statistics

was randomly selected from the flat region of the afferent- All data are presented as the mean + standard error of the
vascular edge, which lacked gill lamellae, of gill filaments inmean ¢..m.). The significance of a difference was determined
each experimental fisiNES). The MR cells in the selected by Games Howell’s test. Before the determinations, analysis

areas were counted and the density was expressed as egliariance (ANOVA) was examined by Bartlett's test.
number per mrh

Scanning electron microscopy Results
The gills fixed for electron microscopy were dehydrated in ~ Plasma osmolality, plasma Naoncentration and gill
ethanol, immersed in 2-methyl-2-propanol, and dried using a Na"/K*-ATPase activity

freeze-drying device (JEOL JFD-300, Japan). Dried samples The plasma osmolality of Kkillifish adapted to defined
were mounted on specimen stubs, coated with platinurfteshwaters decreased significantlyP<Q.01) as the
palladiumin an ion sputter (Hitachi E-1030), and examined bgnvironmental NaCl concentration decreased, although the

SEM (Hitachi S-4500). levels stayed within a physiological range (Table 2). The
o _ plasma N& concentration showed a similar pattern to plasma
Transmission electron microscopy osmolality, with the levels significantly€0.01) lower in the

After dehydration in ethanol, the gill tissues were transferretbw-NaCl group than high-NaCl group. Although no
to propylene oxide and embedded in Spurr’'s resin. Ultrathisignificant difference was detected in gill &*-ATPase
sections were cut with a diamond knife, mounted on gridsactivity between the three experimental groups, the activity
stained with uranyl acetate and lead citrate, and observed witbnded to increase with decreasing environmental NaCl
a TEM (Hitachi H-7100). concentration (Table 2).

Immunofluorescence microscopy Confocal laser scanning microscopy

The gill filaments fixed in 2% PFA-0.2% GA in 0.1 mdl| A large number of NaK*-ATPase-immunoreactive MR
PB were immersed in 30% sucrose in 0.01mMdPBS for 1h, cells were detected in the whole-mount preparations of the gill
and embedded in Tissue-Tek OCT compound (Sakura Finetefidlaments in the three experimental groups (Fig. 1).
Japan) at —20°C. Cryosectionsyf®) were cut on a cryostat Immunoreactive MR cells were mostly located in a flat region
(CM 1100, Leica, Germany) at —20°C, and collected ont@f the afferent-vascular (trailing) edge of the filament, which
gelatin-coated slides. The compound-removed sections welacked gill lamellae, and in the gill filaments between lamellae
incubated sequentially with: (1) 2% NGS for 30 min, (2) anti-on the afferent-vascular side. As the environmental NacCl
V-ATPase diluted 1:100 v/v with NB-PBS overnight at 4°C concentration decreased, MR cells extended their distribution
and (3) goat anti-rabbit IgG labeled with Alexa fluor 488toward the efferent side; however, there was no significant
(Molecular Probes, OR, USA) for 2h at room temperature. Tdifference in MR cell density between three experimental
confirm the specificity of the immunoreaction, anothergroups (Table 2). Concomitant with the extension of the cell
cryosection was incubated with the antibody pre-incubatedistribution, the cells became significantly larger at lower NaCl
with the synthetic peptide (IgmFl). These sections were concentrations (Table 2).
double-stained with the antibody against *Md-ATPase
(NAK121) labeled with Alexa fluor 546 at a dilution of 1:1000 Scanning electron-microscopic observations
overnight at 4°C. The sections were observed under a MR cells were in contact with the external environment
fluorescence microscope (Nikon E800, Japan). through their apical surface. The apical membranes of MR
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Table 2.Effects of environmental NaCl concentration on freshwater-adapted killifish

Low-NacCl Mid-NacCl High-NaCl
Osmolality (mOsmol kgb) 303.3+4.7 (10) 330.0+£3.4 (9)*  342.0+1.6 (H*
Plasma Naconcentration (mmotf) 159.9+7.4 (9) 175.8+7.5 (9) 195.2+2.4 (7)*
Gill Na*, K*-ATPase activity imol ADP mg proteinth-1) 12.1+0.8 (8) 10.6+0.8 (8) 9.0+0.5 (7)
Gill chloride cells
Size (1m2) 201.8+5.9 (5) 117.7+4.2 (5)*  96.5+3.9 (5)*
Density (cells mm?) 33744554 (5) 37744235 (5)  4329+702 (5)
N values are given in parentheses.
*P<0.01 compared with the low-NaCl group.
TP<0.01 compared with the mid-NaCl group.
cells were located at the boundary of pavement cells, and most Western blot analysis

frequently observed on the afferent edge of gill filament The antibody to the V-ATPase A-subunit recognized four

epithelia. In low- and mid-NaCl environments, the apicalprotein bands of molecular mass 70-80kDa (Fig. 5B).

membrane of MR cells did not form a pit, but appeared as gowever, the two higher protein bands were not affected by
flat or slightly projecting disk among pavement cellspre-incubation of the antibody with the antigen, whereas the
(Fig. 2A,C). The apical membrane was equipped Wwithower two bands disappeared when the membrane was
microvilli on its surface (Fig. 2B,D). In the high-NaCl group, incubated with the antigen-absorbed antibody (Fig. 5A). These
in contrast, the apical membrane of most MR cells formed afesults indicate that the lower two bands are specific for
apical pit, which appeared as a pore among pavement cel{glifish V-ATPase A-subunit.

(Fig. 2E,F).

Transmission electron-microscopic observations Immunocytochemical detection of V-ATPase

In the three experimental groups, MR cells were generally By immuno-fluorescence microscopy, sagittal sections
characterized by a rich population of mitochondria and astained with anti-NgK*-ATPase showed that MR cells were
extensive tubular system in the cytoplasm (Fig. 3C,F,l). Asnainly present at the filaments and the base of lamellae
was seen with SEM, the apical membrane of MR cells was fl§Fig. 6B,D,F,H). Intense V-ATPase-immunoreactivity was
or slightly projecting and equipped with numerous microvillidetected in N&K*-ATPase-immunoreactive MR cells in the
in the low- and mid-NacCl groups (Fig. 3A,B,D,E). In the high-low-NaCl group; the distribution pattern of V-ATPase
NaCl group, however, the apical membran
most MR cells was invaginated to form a
(Fig. 3G,H). Thus, the surface area expos¢
ambient water was much larger in fish ada
to lower NaCl environments. In the high-Ni
environment, the MR cells often interdigita
with neighboring accessory cells, form
multicellular complexes. The MR a
accessory cells shared an apical pit in the |
NaCl environment, linked by shallow lee
junctions (Fig. 3G,H).

V-ATPase A subunit

We cloned and sequenced a full-ler
cDNA encoding the A-subunit of killifish \
ATPase (2573 bases), and obtained
deduced amino acid sequence (618 ai
acids) (Fig. 4). The molecular mass of

llifish V-ATPase A-Subu_nlt was estimatec Fig. 1. Confocal laser scanning micrographs of whole-mount preparations of gill
be 68 kDa. The amino acid sequence shov  faments in killifish acclimated to defined freshwater with low- (A,D), mid- (B,E) and
high degree of identity with V-ATPases fr. high. (c,D) NaCl. The gill filaments were stained with FITC-labeled anti-Ma-

other animal species. The cDNA sequence  ATPase. (D-F) Magnified views of a flat region of the afferent-vascular edge, where
been deposited in the DDBJ database witt  most branchial mitochondria-rich (MR) cells are distributed. Scale barguni00
accession number AB066243. (A-C); 50um (D-F).
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coincided well with N&K*-ATPase immunolocalization (Fig. stronger in the low-NaCl group (Fig. 7A,B) than mid-NaCl
6A,B). The control procedure in which the specific antibodygroup (Fig. 7C,D).

was pre-incubated with the synthetic peptide resulted in

complete extinction of the immunoreactivity (Fig. 6G,H). By

contrast, V-ATPase-immunoreactivity in MR cells was much Discussion
weaker in the mid- and high-NaCl groups than the low-NaCl In the present study, killifish were well adapted to defined
group (Fig. 6C-F). freshwaters with different NaCl concentrations. The plasma

The immuno-electron microscopy revealed that V-ATPas@smolality and Nalevels were lowered with decreasing NaCl
was distributed throughout the extensive tubular system, whiotoncentration, but their levels remained within physiological
was continuous with the basolateral membrane of MRanges, indicating a successful adaptation to these conditions.
cells (Fig. 7). The immunoreaction was detected neither in Since Na/K*-ATPase is located in the basolateral
the apical membrane nor in mitochondria. V-ATPase-membrane of MR cells, the antiserum specific for this enzyme
immunoreactivity in the basolateral membrane was muckerves as a specific marker for their immunocytochemical
detection (Ura et al., 1996). In the
present study, MR cells were detected
by LSM in the whole-mount
preparations of gill filaments, as
observed in European sea bass by
Varsamos et al. (2002). Although there
were no significant differences in the
density of MR cells between the three
groups, the distribution of MR cells
extended toward the efferent-vascular
side in lower NaCl environments.
Accordingly, the total number of MR
cells increased in lower NaCl
environments. These results suggest
that MR cells in Kkillifish participate in
active Nd and/or Ct absorption from
the environment.

Our SEM and TEM observations
showed two distinct types of MR cells.
When the ambient NaCl concentration
was typical of freshwater level or lower
(low- and mid-NaCl groups), the apical
membrane of MR cells showed slight
projections with  microvilli. This
morphological feature may indicate
that killifish MR cells take up ions
through the expanded apical surface in
lower NaCl environments. A similar
structure to the apical membrane has
been observed in several species of
freshwater-adapted fish (Hossler et al.,
1985; Laurent and Hebibi, 1988; Perry
et al., 1992; Perry, 1998; Kelly et al.,
1999). The apical membrane of MR
cells in the high-NaCl group, however,
was invaginated to form an apical pit.
Furthermore, MR and accessory cells
form multicellular complexes, sharing

Fig. 2, Scanning electron micrographs of gill filaments in killifish adapted to definé’%ﬁI aplcql ,p't' These fgatures are
freshwater with low- (A,B), mid- (C,D) and high- (E,F) NaCl. The apical membrane & araCte”_St'C of MR_ cells in seawater?
mitochondria-rich (MR) cells is flat or slightly projecting, and equipped with microviliddapted fish, and is also the case in
(arrowheads) in low- and mid-NaCl groups, whereas the apical membrane of MR cells fokHlfish (Katoh et al., 2001).

an apical pit (arrows) in the high-NaCl group. pv, pavement cell. Scale bans, 10 Although ion concentrations in the
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high-NaCl group were much lower than those in seawater, the The immunoreactivity of V-ATPase was detected in the
ultrastructure of MR cells was similar to that observed typicalljpasolateral membrane of MR cells in the present study, which
in seawater-adapted fish. Considering the occurrence disagrees with previous observations in teleost gills. In
seawater- and freshwater-type MR cells in the respectiveinbow trout gill epithelia, the V-ATPase is located in the
environments (Katoh et al., 2001), the MR cells observed iapical membranes of both MR and pavement cells (Perry
high-NaCl experimental water might be an

intermediate type between seawater
freshwater types. This suggests that
occurrence of two types reflects differ
functional phases of MR cells. A rec
study has demonstrated that freshwi
type MR cells in the yolk-sac membrz
of Mozambique tilapia embryos ¢
transformed into seawater-type cells
response to transfer from freshwatel
seawater, suggesting plasticity of i
transporting functions of MR cells (Hir
et al., 1999). It has been proposed the
ATPase is involved in ion absorpti
through gill epithelia in freshwate
adapted fish. In previous studies, anti
raised against mammalian and in:
V-ATPases have been applied
immunolocalization of V-ATPase
teleost gills (Lin et al., 1994; Sullivan
al., 1995; Wilson et al.,, 2000a,b).
obtain more reliable evidence
immunolocalization of V-ATPase,
cDNA encoding the killifish V-ATPase ¢
subunit was cloned and a specific antik
was raised in this study. The cDNA ¢
deduced amino acid sequences shc
high degrees of identity with those of
ATPase A-subunits from other anim
such as bovine (93%, amino acid; 6
nucleotides; Pan et al., 1991), mo
(93%, 70%; Laitala-Leinonen et al., 19
and chicken (92%, 68%; Hernando et
1995).

In western blot analysis, the antibc
recognized two specific protein bands
molecular size approximately 70kDa,
agreement with the expected size of
killifish V-ATPase A-subunit. It i
possible that there exist two V-ATPase
subunits with different molecular mas
in killifish, as is the case in humans (H
et al.,, 1993) and chickens (Herna
et al., 1995). The specificity
immunocytochemistry with antibody
V-ATPase was also confirmed; gill M

Fig. 3. Transmission electron micrographs of branchial chloride cells (cc) of Kkillifish
adapted to defined freshwater with low- (A-C), mid- (D-F) and high- (G-I) NacCl.
L . (B,E,H) Magnified views of apical regions of mitochondria-rich (MR) cells. In low- and
Ce"? in_fish adap?ed to the l_OW'Nc mid-NaCl groups, the apical membrane of MR cells is flat or slightly projecting, and
envwonment were |nten.sely stained ,V equipped with microvilli (asterisks) (B,E). In the high-NaCl group, on the other hand, MR
the antibody, but the immunoreactiv  ce|is form an apical pit (ap) (H). (C,F.I) Magnified views of the cytoplasm of MR cells.
was extinguished when the antibody  Note numerous mitochondria (m) and an extensive tubular system (t) in all experimental
been pre-incubated with the antigen. groups. pv, pavement cell; ac, accessory cell. Scale hams(A,D,G); 1um (B,C,E,F,H,I).
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and Fryer, 1997; Wilson et al., 2000a). V-ATPasemembrane of lamellar MR cells in mudskipper (Wilson et al.,
immunoreactivity has also been detected in the apic&000b) and in pavement cells in tilapia (Wilson et al., 2000a).
In the gills of euryhaline stingray
Dasyatis sabina however, the V-
ATPase immunoreactivity was detected
in the cytoplasm of gill epithelial cells

1 CCGGGGGRAAGT, CAGCGCAGTCGCGAGCTTTTCTCC
1 TTCGAGGCAAGACATTAAACGAGCACTTCAACATCAGACGGTCAGGACACTAACCGGTGA
1 AGATGGACACGTCCAAGCTGCCTAAGATCAGGOGATGAGGAGCGAGAGAGCCAGTTTGGAT

M D T 8 K L P K I R D E E R E B8 Q F G b 4

LAY
LR
oo

181 ATGTTCACGOCGTCTCTGGACCAGTGGTGACGGCCACGGCCATGGCGGGAGCGGCCATGT 240
v

T e v & & F V ¥ T A ¥ A N A & & L E ¥ (Piermarini  and Evans, 2001),
241 nc:lu::u::::e::!c:scEnc:ac:no::n::ﬂ:uo:no::c::c:nn:ra::u:un: 300 presumably in vesicles or the
301 ACATGGCCACCATCCAGOTCTACGAGGAGACGTCCGUCGTOGTCOGTGGGAGACCCCGTGC 360 basolateral membrane, which is in
M A T I v ¥ E E T 8 € vV 8 ¥V @ D P V L . L
accordance with our observation in

361 TECGOGACGGGOAAGCCTCTCTCTGTGGAGTTGGGTCCCGGGATCATGGGCTCCATCTTTG 420 o
R *f e X P L 8 V E L @ P 6 I M O 8 I F D killifish. These conflicting results may
421 ;!:cl:!cgnn;el:cc:!A;au:lc::c:A!:xc::c:cﬂ:lu:uc::c:lc::cscc: 480 indicate possible diversity in the

481 GAGGCGTCAACATCGGCGCCCTCAACCGAGACCTGAAGTGGGAGTTTACCCCCAGCAAGA 540 diStribUIion and function Of V'ATPaSe
e v ® roe ® 2R RS RN EFOTF S KN in the gill epithelia among different
species. A current model in fish gill
601 CCCTCATCAAGCACAAGATCATGCTCCCACCGAAGAACAGGGGCACCGTGACCTACGTGG 660 epithelia and ion_transporting organs Of

L I K H K I M L P P K N R a T v T 4 v A

541 ACCTGCGGGTTGGGAGTCACATCACAGGCGGACGACATCTACGGCATGGTCTACGAGAACT 600
R v G 8 H I T G G D I k4 G M v E N 8

661 CITCCGCCTGOAAGCTACGACATCTICCGACGTGGTGATGGAGCTGGAGTTCGAGGGCGTGA 720 Other anlmal SpeCIeS |mp|IC3.tES V_
P

PEe s ¥p o8 p V¥V oM ®E L EF R GVX ATPase in both Naand Ct absorption
721 AGGAGAAGTTTACCATGGTGCAGGTGTGGCCCGTCAGGCAGGTGAGGCCCGTCACGGAGA 780 . .
v P v R @ V R P VvV T E K in freshwater. In the mammalian

K F T M V
781 AGCTGCCCGCCAATCACCCGCTGCTGACCGGACAGAGGGTGCTGGACGCCCTTTITCCCAT 840 kidney, two Subtypes of intercalated
L P A ¥ ¥ P L L T 6 @ R V L D A L F P C

841 GTGTGCAAGGAGGAACCACGGCCATCCCEGEGGAGCCTTCGGCTGCGGCAAAACCEGTCATCT 900 ceIIs'are prese.mx)' andB-typ'es, which
v.e ¢ e ¥ ¥ A 1 P 6 A F 6 ¢ 6 x 2V IS are involved in H and bicarbonate

901 cccnorcog!a:cc:na:lc:cc:xc:uc:lc:!c;!c:!c;lc:ru:uc:ec:ee:lu: 960 secretion, respectively. V-ATPase is

961 GCOGCAACGAGATGTCOGGAGGTGCTGCGAGACTTCCCCGAGCTGACGATGGAGGTGGACG 1020 |ocated on the apica| p|a3ma membl’ane

¥ E M 8 E VvV L R D F P E L T M E V D G )

1021 GAAAGACGGAGAGCATCATGAAGAGGACGGCGCTGGTGGCCAACACCTCCAACATGCCCG 1080 n u-cells,.and on the basolateral
X T E 8 I M K R T A L V A N T 8 B oonrlt ¥ membrane ir-cells. Furthermore, the

1081 re:c!:cc:ﬂl:xﬂ:cc:cc::c:xc:l:ng:z::::lcﬂzra:ccgnu:lu:ﬂ:;un:lt:;l 1140 localization of the CYHCO3 anion

1141 [TGGGEGTACAACGTGAGCATGATG ccnnc!cclccr!cacosrca CCGAGGCTCTCAGGG 1200 eXChanger (bal’]d 3) has been
& ¥ W vV 8 M M A D B T B8 R W A E A L R E

demonstrated on the basolateral
membrane iru-cells and on the apical

1261 c!cdﬂ:!c:cC:CC:!C:lc:lﬂ:ﬂl:Cl:ﬂG:ﬂﬂ:!ﬂ;le:ﬂlil‘ﬂ:ﬂc:lﬂ:cl:lﬂ; 1320 membrane |n B_Cells (BI’OWH and
VATPAT4

1321 GGOIGGGClﬂl:ﬂ'l'Clﬂll!!ﬂ!!ﬂﬂlﬂﬂsﬂ!l!Cll:CTGCEHGCGGIGAE!TBIBTGIGQ 1380
B (] 8 v ] I v G A v 8 P P G G D F 8 D [ ]

1201 AGATTTCAGGGCOTCTEGGCAGAAATGCCCGCTGACAGCGGCTATCCGGCCTACCTGGGCG 1260
I 8 G R L A E M P A D s G ¥ P A ¥ L G A

YATPAr3
1381 ccaerserrclaccncocrr@u!n!!a!cclcu!ru'!c!cgacrcruulcnlellecruﬂ 1440
T 8 A T L G 1 v Q v F W a L D K K L A kDa A B

1441 CCCAGAGGAAGCACTTCCCCTCCGTCAACTGGCTGATCAGCTACAGCAAGTACACGCGCG 1500
8 v N W L b ¢ B8 b 4 8 K b 4 T R A

R XK H F P 113=—
1501 CCCTGGACGAATATTACGACAAGCACTTCCCCGAGTTCGTGCCGCTGCGCACCAAAGCGA 1560
L p BE ¥ ¥ D X ® F P E F Vv P L R T K A K
1561 AGGAGATCCTGCAGGAGGAGGAGGACCTGGCGGAGATCGTGCAGCTTGTCGGAAAGGCTT 1620
E I L Q@ E E E D L A E I ¥V @ L V G K A 8 =
hat
1621 CACTGGCAGAAACCGATAAAATCACCCTGGAAGTGGCCAAACTGATCAAAGACGACTTCC 1680 S -
L A~ E T P X I T L E ¥V A K L I X D D F L 75— -
1681 TGCAGCAGAACGGTTACACCCCGTACGACAGGTTCTGCCCCTTCTACAAGACTGTGGGCA 1740
@ @ ¥ € ¥ T P Y D R F € P F Y K T V G I
1741 TTCTGTCCAACATGATAGCCTTCTACGACATGTCCCGGCACGCGGTGGAGACCACGGCCC 1800
8 ¥ M 1 A F ¥ D M 8 R H A V E T T A @
1801 AGAGCGACAACAAGATCACCTGGGCCATGATCCGGGAGCACATGGGAGAGGTCCTCTACA 1860
&8 p " X I T W A M I R E HE M G E V¥V L ¥ R
1861 GGATCAGCTCCATGAAGTTCAAGGACCCGGTTAAGGACGGCGAGGCCAAGATCAAAGGCG 1920 54
1 8 8 M Xk F kK D P V K D 6 E A K I K G E

1921 AGTACGCGCAGCTCCTGGAGGACATGCAGAACGCCTTCCGCACGTTGGAAGAATAGACGC 1980
k4 A Q L L E D M Q N A F R T L E E

1981 CTCCAGTCCTTCCATCGCTCGCCTCCTCCTCCGCCGCTGAGCACATTICCACCTCCGTGTA 2040
l:ﬂccclalcerc;:ﬂ:eccccccccc!ccaccrcc:c!!cc!ccru!oa: 2100 Fig. 5. Western blot analysis for vacuolar-

2041

2101 [TGAATGTGCAAGTGTGTGAAACGTACTGTGGAGGTAAAAAGAGAAAGATGTACTGTATTIC 2160 A
2161 ATTAATTOTCOCCTCOAATAGGCAAACTCTGGATCCTCTGCATGGTCACTGACTGTGTGT 2220 type proton pump (V-ATPase) protein
2221 GTGTGTGGATGTGTGTGTGTGTAAAAATGAAATGTGTGTGTTACTTCCTTTCTTCTGTTT 2280 . ! o

2281 ACATGATTTCTGTGTAGCCGTGTGGCTTTCCCTGAAGATTGTTCAGTTGATGTATTGTAA 2340 expressed in the gills of killifish adapted to
2341 TCCCCAGCCCATCTGTACAGAAGAGTATTGCATATAAATCTAAGAAGATCAGTCTATTTA 2400 ;

2401 TTGCCAGCAGTTATTTTTTTTGTTTTTGTGTTGTTTTTTCGCTGCTCTTTTTGACGTTTT 2460 a low-NaCl environment. The membranes
2461 TATGGTTGTATTTCAGGCTGTGTAGTGCTGTGTACTTTGCTGCGTGAAAGTCCGACTGTT 2520 . . .

2521 TCATCACAATACTCTCAAAGAAATAAATCATTACGGGGATAAAAAACAACAAC were incubated with anti-V-ATPase (lane

B) and antibody pre-incubated with the
Fig. 4. Nucleotide sequence of the cDNA encoding the A-subunit of the killifish vacuolar-tyantigen (lane A). Positions of molecular
proton pump and the deduced amino acid sequence. The antibody was raised agaimarkers (kDa) are indicated on the left side
synthetic peptide corresponding to the highlighted amino acid sequence. The sites of lof the figure. Two specific protein bands
primers are shown in the boxes. (arrows) were obtained.
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Fig. 6. Double  immuno-
fluorescence staining of the
vacuolar-type proton pump
(V-ATPase: A,CLE,G) and
Na'/K*-ATPase (B,D,F,H) in
the gill filaments of Killifish
adapted to freshwater with low-
(A,B,G,H), mid- (C,D) and
high- (E,F) NaCl. V-ATPase
immunoreactivity was
detected in N&K*-ATPase-
immunoreactive mitochondria-
rich (MR) cells in fish adapted
to a low-NaCl environment
(A,B), but the staining was
extinguished when antibody
was pre-absorbed with the
antigen (G). V-ATPase-
immunoreactivity was faint in
higher NaCl environments
(C,E). Scale bar, 50m.

Breton, 1996, 2000). In these intercalated cells, carbonic The model of Na uptake by V-ATPase coupled with the
anhydrase Il catalyzes the dehydration of,@®produce FI  amiloride-sensitive Nachannel has been well described in
and HCGQ . In euryhaline stingray, pendrin (a kind of anionfrog skin, in which V-ATPase is located in the apical
exchanger) immunoreactivity occurred on the apical region ahembrane of MR cells. In a freshwater environment
cells rich in basolateral V-ATPase (Piermarini et al., 2002). Irf1 mmol -1 Na;SQu), bafilomycin A (10umol I-1) blocked H

the present study, V-ATPase was detected in the basolateedcretion and therefore Nabsorption in open-circuited skins
membrane of branchial MR cells, as was seen in mammaligKlein et al., 1997). In recent studies, it has also been reported
B-type intercalated cells and branchial cells of stingray. It ishat bafilomycin A reduces whole-body Nanflux in tilapia
thus possible that Htransport from the MR cell to blood by larvae and carp fry (Fenwick et al., 1999), supporting this
V-ATPase facilitates Cl absorption through the apically model in fish species. Li et al. (1997) also revealed that
located anion exchanger. In the present study, however, tlaeniloride and tetrodotoxin inhibit Ndlux in MR cells isolated
Na" concentration was much lower than that in normal freslirom Mozambique tilapia.

water in the low-NaCl group (Table 1), where V-ATPase was Based on our observations that *M&-ATPase and V-
intensely expressed in MR cells. Accordingly, it is more likelyATPase are co-localized in the basolateral membrane in
that the MR cell development and expression of V-ATPase ikillifish gill MR cells, we propose another model for Na
the basolateral membrane are attributable to a low Nauptake through gill MR cells in freshwater-adapted Kkillifish.
concentration, rather than a low ~Ckoncentration. In When basolaterally located NK*-ATPase and V-ATPase
freshwater-adapted fish, NHE has been considered onensport Na and H, respectively, from MR cells to blood,
possible pathway for Nauptake through gill epithelia the MR cells would be negatively charged. According to the
(McCormick, 1995); however, there is no logical explanatiorelectrical gradient established by ‘N&*-ATPase and V-

of the driving force for NHE (Lin and Randall, 1995). The'Na ATPase, Na is absorbed/ia apically located Nachannels.
gradient between the surrounding water and epithelial cell&ctually, in the granular cells of frog, another cell type in frog
could be the driving force for Nauptake; however, Na skin epithelia, it is supposed that N& absorbed by the
concentrations in the gill epithelial cells should be much higheelectrical gradient created by M&*-ATPase located in the
than those in fresh water. Using a fluorescertiNgicator, Li  basolateral membrane (Ehrenfeld and Klein, 1997). In killifish,
et al. (1997) estimated Na@oncentration in the cytoplasm of V-ATPase facilitated the creation of a steeper electrical
the gill epithelial cells to be approximately 12mntélThus, gradient in collaboration with N£&K*-ATPase for absorption
the N& gradient across the apical membrane could nobf Na" from low Na environments. This may explain why V-
possibly drive NHE (Avella and Bornancin, 1989). By ATPase was intensively expressed in the extremely loWv Na
contrast, V-ATPase coupled with an amiloride-sensitivé Naenvironment.

channel, another possible pathway for Nptake, is plausible Wilson et al. (2000a) examined the immunolocalization of
because the driving force for Naptake can be created by Na" channels using an antibody to tBesubunit of human
ATPase. epithelial Na channels. They reported that Nehannel and
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Fig. 7. Immuno-electron micrographs of the vacuolar-type proton pump (V-ATPase) in gill chloride cells of killifish adaptedN&Clo

(A,B) and mid-NaCl (C,D). V-ATPase immunoreactivity was detected in the tubular system (arrows) continuous with the basolateral
membrane, but not in the apical membrane (asterisks) and mitochondria (m) in mitochondria-rich (MR) cells (A,C). (B,D) Mesyvsfiet!

the cytoplasm in MR cells. The staining was more intense in the low-NaCl environment than in the mid-NaCl environmenment pale

Scale bars, ftm (A,C); 0.5um (B,D).

V-ATPase immunoreactivities were co-localized in pavemenfrom the Ministry of Education, Culture, Sports, Science and

cells in freshwater tilapia and rainbow trout, although theTechnology, Japan. F.K. was supported by a Research
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addressed in the present study; however, it is highly possible

that the N& channel is located in the apical membrane of MR
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