The Journal of Experimental Biology 203, 2957—-2966 (2000) 2957
Printed in Great Britain © The Company of Biologists Limited 2000
JEB2916

EFFECTS OF ENVIRONMENTAL SALINITY ON Na */K*-ATPase IN THE GILLS AND
RECTAL GLAND OF A EURYHALINE ELASMOBRANCH ( DASYATIS SABINA

PETER M. PIERMARINI*anD DAVID H. EVANS
University of Florida, Department of Zoology, Box 118525, 223 Bartram Hall, Gainesville, FL 32611, USA
*e-mail: pmpierma@zoo.ufl.edu

Accepted 28 June; published on WWW 7 September 2000

Summary

Changes in Nd/K*-ATPase activity and abundance abundance of N&/K*-ATPase were lower in freshwater
associated with environmental salinity were investigated in animals than in seawater-acclimated and seawater
the gills and rectal gland of the Atlantic stingrayDasyatis  stingrays, both of which had equivalent levels. These
sabina Using a ouabain-specific ATPase assay and western findings suggest that salinity-associated changes in gill and
blotting, we found that stingrays from fresh water had the rectal gland Na‘/K*-ATPase activity are due to changes in
highest activity and highest relative abundance of NégK*-  the abundance of N&K*-ATPase. We conclude that the
ATPase in the gills. Using immunohistochemistry, we also gills may be important for active ion uptake in fresh water,
found that gills from freshwater stingrays had the greatest while the rectal gland is important for active NacCl
number of Na/K*-ATPase-rich cells. When freshwater excretion in sea water. The results from this study are the
stingrays were acclimated to sea water for 1 week, the first to demonstrate an effect of environmental salinity on
activity and abundance of Nd/K*-ATPase and the number Na*/K*-ATPase expression in the gills and rectal gland of
of Na'/K*-ATPase-rich cells decreased in the gills. In an elasmobranch.
seawater stingrays, the branchial activity and abundance
of Nat/K*-ATPase and the number of N&K *-ATPase-rich Key words: N&/K*ATPase, gill, rectal gland, elasmobranch,
cells were further reduced. In rectal glands, the activity and  stingray,Dasyatis sabinasalinity, euryhaline.

Introduction

The role of the teleost gill epithelium in the acclimation ofresearchers have reported a positive correlation between
euryhaline teleost fishes to both freshwater and seawatenvironmental salinity and the biochemical activity of
environments has been studied extensively’/laATPase branchial N&/K*-ATPase in teleost fishes, especially in
is one of the most important enzymes associated with iosalmonids and anguillids (Kultz and Jurss, 1993; Madsen et al.,
regulation in the fish gill because it indirectly energizesl995; McCormick, 1995; Uchida et al., 1996, 1997; Crockett,
the branchial excretion of NaCl from marine teleosts (se&999; D’'Cotta et al., 2000). However, in other species,
McCormick, 1995; Marshall and Bryson, 1998; Evans et al.branchial N&/K*-ATPase activity in freshwater-acclimated
1999). The role of NdK*-ATPase in freshwater ion balance individuals is equivalent to or exceeds that of seawater-
is not well understood, but it may be important for establishin@cclimated fish (Yoshikawa et al., 1993; Madsen et al., 1994;
electrochemical gradients necessary for NaCl and/é* CaMcCormick, 1995; Jensen et al., 1998; Vonck et al., 1998;
uptake (see Perry, 1997). Kelly et al., 1999; Marshall et al., 1999).

Nat/K*-ATPase is a membrane-bound P-ATPase composed Recently, there have been further insights into the cellular
of at least three subunits; § andy (Blanco and Mercer, 1998). regulation of fish gill N&K*-ATPase using heterologous and
This ubiquitous transporter is involved in maintaining routinehomologous antibodies and partial cDNA sequences ta-the
cell volume and resting membrane potential (Blanco andubunit. For example, changes in branchiat/K&ATPase
Mercer, 1998) and is extremely abundant in specialized ioractivity have been positively correlated with*N&"-ATPase-
transporting cells. Two well-studied examples in fishes are thepecific mMRNA and protein levels (Kisen et al., 1994; Cutler
marine teleost chloride cell and the elasmobranch rectal glared al., 1995; Madsen et al., 1995; Hwang et al., 1998; Jensen
tubule cell. In these two cell types, Ma*-ATPase is localized et al., 1998; Lee et al., 1998; D’'Cotta et al., 2000), suggesting
along the complex basolateral membrane and/or tubule systdhmat changes in fish gill N&K*-ATPase activity are due to
(Karnaky et al., 1976; Eveloff et al., 1979), the large surfacehanges in the relative abundance of the enzyme. In mammals,
areas of which amplify the possible sites fortia-ATPase activation of latent NdK*-ATPase has also been shown to be
insertion (Karnaky, 1986; Valentich et al.,, 1995). Manyresponsible for changes in the activity of the enzyme (Ewart
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and Klip, 1995), but this has not been extensively studied ithat freshwater bull shark€ércharhinus leucgshad rectal
fish. glands with a lower total ATPase activity than their marine
Nat/K*-ATPase-rich cells have been immunolocalized orcounterparts. Although a salt-secreting gland may appear to
both gill lamellae and interlamellar regions of freshwater chuninave no ion-regulatory function in fresh water, the rectal gland
salmon Oncorhynchus kejabut the cells are only present on is still composed of numerous secretory tubules in both
the interlamellar region of seawater-acclimated individualgeuryhaline and stenohaline freshwater species (Oguri, 1964;
(Uchida et al., 1996, 1997; Ura et al., 1996; Shikano and Fujidhorson et al., 1978).
1998b). It has been suggested that/K&ATPase-rich cells The Atlantic stingray Dasyatis sabinpis one of the few
found on the lamellae may be involved with ion uptake fromelasmobranch species that has established reproducing
fresh water, whereas interlamellar #IN&*-ATPase-rich cells populations in both freshwater and marine environments. It
are associated with NaCl excretion in a marine environmeris, therefore, an excellent model for studying elasmobranch
(Laurent and Dunel, 1980; Uchida et al., 1996; Seidelin andsmoregulatory mechanisms. In a previous study, we
Madsen, 1999). The guppyPdecilia reticulatd is an demonstrated that freshwater Atlantic stingray populations had
exception, because N&*-ATPase-rich cells are only found a lower concentration of major plasma osmolytes and a smaller
in interlamellar regions, regardless of salinity (Shikano andectal gland than marine Atlantic stingrays (Piermarini and
Fujio, 1998a,c, 1999). Evans, 1998). The freshwater stingrays were capable of
In contrast to teleost fishes, the role of the gill epithelium iracclimating to sea water, where their plasma NaCl and urea
elasmobranch ion regulation has not been well studied. It soncentrations were similar to those of marine stingrays, but
thought that the gills do not play a large role in NaCl excretiothe size of their rectal gland did not change appreciably
since elasmobranchs have a salt-secreting rectal glaiBiermarini and Evans, 1998).
(Shuttleworth, 1988; Karnaky, 1998). However, a few studies The goals of this study were to compare the activity, relative
have suggested that the gills are a potential site of net salnount and localization (gills only) of N&K*-ATPase in the
secretion, since plasma NaCl concentrations were maintaingills and rectal gland of Atlantic stingrays from freshwater and
well below seawater levels when rectal glands were surgicallyeawater environments. We also compared the same variables
removed from spiny dogfisBqualus acanthia@Burger, 1965; in freshwater stingrays acclimated to sea water for 1 week. This
Evans et al., 1982). In addition, recent evidence of natriuretistudy is the first to demonstrate an effect of environmental
peptide receptors in the gills of two marine elasmobranchkalinity on the activity and expression of N&"-ATPase in
species (Donald et al., 1997; Sakaguchi and Takei, 1998) mélye gills and rectal gland of an elasmobranch and to
indicate that the gills are involved in ion regulation. Indemonstrate the distribution of NK*-ATPase-rich cells in
freshwater elasmobranchs, the gills are presumably the site thie gills of an elasmobranch by immunohistochemistry.
ion uptake, but data are lacking.
Mitochondria-rich and NaK*-ATPase-rich cells have been ,
described from the gills of a few marine elasmobranch species Materials and methods
(Laurent and Dunel, 1980; Laurent, 1984; Conley and Mallatt, Animal collection and holding conditions
1988). In contrast to chloride cells found in teleost gills, Ten Atlantic stingray®asyatis sabinavere captured from
elasmobranch N#&*-ATPase-rich cells lack the complex the St Johns River, FL, USA (Lake Jesup or Lake George), as
basolateral membrane/tubule system, apical crypt andescribed by Piermarini and Evans (1998). Animals were held
accessory cells. Branchial NK*-ATPase activity has been intwo 3791 freshwater, closed-system tanks (five stingrays per
measured in seawater-acclimat8d acanthias(Jampol and tank; <1 %o salinity). In addition, five marine Atlantic stingrays
Epstein, 1970; Morgan et al., 1997) and was found to bwere capturediia hook and line from Cedar Key, FL, USA,
considerably lower than that in teleost gills and in theransported to Gainesville, FL, USA, and held in a 379l
elasmobranch rectal gland. No study has localized or measurseawater, closed-system tank (30—-32 %o).
branchial N&/K*-ATPase activity from an elasmobranch One of the freshwater groups was left in fresh water, while
acclimated to a salinity lower than full-strength sea water. the other was gradually acclimated to sea water as follows.
The mechanisms and regulation of NaCl secretion have bedidter 1 week in fresh water, the salinity was raised to 16 %o
relatively well studied in the marine elasmobranch rectal glandyver 2 days (8 %0 per day). After 2 days in 16 %o, the salinity
where Na/K*-ATPase plays an important role in energizingwas raised to 32%. over 3 days. The animals remained at a
active NaCl transport (see Riordan et al., 1994; Valentich edalinity of 32 %. for 1 week before tissue samples were taken.
al., 1995; Silva et al., 1997). However, the function of the rectalThe marine stingrays remained in sea water (32%o) for the
gland in elasmobranchs from low-salinity environments hagntire period. All the animals were fed live grass shrimp
not been thoroughly investigated. Oguri (1964) and Thorson éPalaemonetesp.) every other day and were starved for 48 h
al. (1983) have demonstrated a positive correlation betweeprior to tissue collection.
relative rectal gland size and environmental salinity, The water temperature of all the tanks was 25°C, and pH
suggesting a decreased function in fresh water. Only Gerzelias maintained at 8.2 using freshwater and marine buffers
et al. (1976) have looked at biochemical changes associaté8eachem). The tanks were also equipped with biological
with the rectal gland in lower salinities, and they demonstratefiltration to keep NH and NG levels below 1 p.p.m.
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Collection of tissues in the presence of ouabain from the rate in the absence of

Animals were anesthetized in 41 of a 0.01% MS-2220uabain at 25°C. Absorbance was measured using a
solution made with tank water. For freshwater stingrays, th&pectramax 250 microplate reader (Molecular Devices).
solution was buffered with a commercial freshwater pH buffedotal protein  was measured using a bicinchoninic
(Seachem) to prevent acidification by the MS-222. Onc@cid assay (Pierce). Activity was expressed as
anesthetized, animals were placed ventral side up in a slante@ol ADP 't mg1protein.
water bath with the gills immersed in the anesthetic.

To clear the gills and rectal gland of red blood cells, the Western blots
animal was perfused with elasmobranch Ringer's solution Preparation of tissue for western blots was modified from
(Forster et al., 1972) at 4°C. For freshwater stingrays, thelaiborne et al. (1999). On a single day, gill filaments or a
Ringer's solution was modified by reducing the NacClpiece of rectal gland from one animal in each experimental
concentration to 200mmofli, the urea concentration to condition were prepared for western blotting. The tissue
200mmol ! and the trimethylamine oxide concentration towas placed in ice-cold homogenization buffer [250 mrTiol
41 mmol 1. The skin ventral to the heart and pericardium wasucrose, 1 mmott NaEDTA, 2ugml~ aprotinin, 2ugmit
removed, and 0.5-1.0ml of blood was removed from théeupeptin, 10@g mi~t phenyl methylsulfonyl fluoride (PMSF)
ventricle with a heparinized 25 gauge needle attached to a 1 @nd 30 mmoli! Tris] and homogenized on ice using a ‘Tissue-
syringe. An equal volume of heparinized Ringer’s solution wagearor’ in a cold room at 4°C. Homogenates were filtered
then injected into the ventricle and allowed to circulate for dhrough cheesecloth and centrifuged (3@0for 5min at 4°C
few minutes. A cannula, connected to a perfusion bottl€ remove nuclei and debris. The supernatant was then filtered
(positioned 1 m above the animal), was inserted into the condidrough cheesecloth and centrifuged (50¢)0fbr 30 min at
arteriosus and held by forceps. Once the perfusion had startéd'C to pellet membrane fractions. The pellet was resuspended
the sinus venosus was cut to relieve back pressure. TMdth a minimal volume of ice-cold homogenization buffer,
perfusion was continued until the gills appeared bleached ard an equal volume of a modified Laemmli sample buffer
the fluid exiting the pericardial cavity was clear of blood(Laemmli, 1970), without Bromophenol Blue anf-
(usually 3—-5min). mercaptoethanol, was then added to solubilize the proteins.

Immediately after the perfusion, the animal was pithed, and The resulting protein samples were centrifuged for 5-10's at
the second left and right gill arches were removed and placéd 000g to pellet any undissolved material. The total protein
in an elasmobranch Ringer’s solution on ice. Gill filamentgontent of the supernatant was determined using a detergent-
were trimmed off the arches and placed in fixative (3%£0mpatible assay (Bio-Rad), after which Bromophenol Blue
paraformaldehyde, 0.05% glutaraldehyde, 0.05% picric aci#as added to a final concentration of 0.01% &hd
in 10mmol ! phosphate-buffered saline, pH7.3) for 24 hmercaptoethanol to a final concentration of 2%.
at 4°C. Additional filaments were snap-frozen in liquid A 20pug sample of total protein for gill () for rectal gland)
nitrogen for western blot analysis or placed in ice-cold SEwas loaded in triplicate and run on a 7.5% Tris-HCI precast
buffer (250molt! sucrose, 10mmol NEDTA, 50molft  polyacrylamide gel (Bio-Rad) for 1 h at 125V. Note that it was
imidazole, pH7.3), which was then frozen on dry ice forhecessary to load four times more total protein in gill samples
Na*/K*-ATPase activity measurements. The rectal gland waecause of the lower-subunit abundance per microgram of
then excised, and pieces were taken for western blot ar@tal protein compared with the rectal gland. Proteins were then
Na'/K*-ATPase activity measurements. All samples fortransferred to a polyvinylidene difluoride (PVDF; Bio-Rad)

western blots and enzyme assays were store8CHtC. membrane using a wet (20 % methanol, Tris-glycine) transfer
o unit for 2.5h at 90V in a cold room at 4 °C with stirring.
Na'/K*-ATPase activity The PVDF was blocked with Blotto for 1.5h at 25°C and

Nat/K*-ATPase activity was measured using the techniquéhen transferred to the primary antibody solution (monoclonal
developed by McCormick (1993). In brief, the tissue frozen irantibody ‘a5’ culture supernatant diluted 1:1000 in Blotto)
SEI buffer was rapidly thawed and homogenized, and thevernight at 4 °C. The primary antibody, ‘a5’, developed by Dr
homogenate was centrifuged at 5Q0f@r 30s at 4°C. The Douglas Fambrough, was obtained from the Developmental
supernatant (10l) was added to four wells of a 96-well Studies Hybridoma Bank developed under the auspices of the
microplate on ice, and an assay mixture (@)Owith or  National Institute of Child Health and Human Development
without ouabain (0.5mmot}) was then added. The and maintained by The University of lowa, Department of
composition of the assay mixture was identical to thaBiological Sciences, lowa City, IA 52242, USA. This antibody
described by McCormick (1993), except that thewas raised against tliesubunit of avian NdK*-ATPase and
concentrations of Na K* and Mg* were 45, 5 and is not isoform-specific. It has been used numerous times to
10mmolfl, respectively. These concentrations werestudy Na/K*-ATPase in fish gills (see Witters et al., 1996;
optimized for Atlantic stingray tissue and were similar to thos&Choe et al., 1999; Schreiber and Specker, 1999; Dang et al.,
used by Morgan et al. (1997) for spiny dogfish gill and rectaR000).
gland tissue. Na@K*-ATPase activity was determined by After primary antibody incubation, the PVDF was washed
subtracting the oxidation rate of NADH to NAD (at 340 nm)three times (15min each) with Tris-buffered saline with 1%
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Tween-20 (TTBS), then incubated with an alkaline- 14, A 2
phosphatase-conjugated goat anti-mouse 1gG seconde 12 T
antibody (Bio-Rad; diluted 1:3000 in Blotto) for 2h at 25°C. '
The PVDF was then washed three times (15min each) wit = 1.04 b
TTBS, and a substrate solution (Bio-Rad Immun-Star ECL Kit % 0.84 T
was applied to the PVDF for 5min at 25°C to initiate a Ha
luminescent signal. Binding of antibody was detected by g 061
exposing Hyperfilm-ECL imaging film (Amersham) to the - 044 ¢
PVDF membrane. The film was developed according to th o T
manufacturer’s protocol. The film was exposed for a series ¢ 9,: 0.21
times (0, 15, 30, 45, 60, 75, 90s) to ensure linearity of th E 0 x : ‘
signal. Negatives were digitized into TIFF files, using a UMAX =
flatbed scanner with transparency adapter, and analyzed usi 2 167 g b
NIH Image version 1.61 (National Institutes of Health, USA). 2 14 T T
To quantify the relative abundance of thesubunit, we s 121
measured the intensity of the immunopositive bands usin §
densitometry and standardized all measurements to tt % 10
freshwater condition. Therefore, intensity measurements & 8+ f
freshwater individuals for a particular tissue were 1.0. = 61
Z
Immunohistochemistry 41
Fixed tissue was stored in two changes of 75% ethanol . 21
25°C, dehydrated in an ethanol series, and embedded 0 w w w
paraffin wax within 2 weeks of fixation. Serial sections of gill FW SWA Sw

tissue, parallel to the long axis qf the fllament,. were cut E,Eig_ 1. Na/K*-ATPase activity in the gills (A) and rectal gland (B)
6pum and placed on polyysine-coated slides. For of atantic stingraysN=5 for all groups, except seawater-acclimated
immunostaining, Only slides Containing sections from thE(SWA) and seawater (SW) rectal g|and’ for whitkd. Values are
trailing half of the gill lamellae and filament were chosen. Irmeans + k.e.m. Lower case letters indicate statistical categorization
preliminary trials, we found that N&K*-ATPase-rich cells of the means, as determined by a Student-Newman—kKestshoc
were located exclusively on the trailing half of gill lamellaetest £<0.05). FW, freshwater stingrays.

and filaments (P. M. Piermarini and D. H. Evans, unpublishe

observation), similar to the observations reported for teleoginimal, three immunostained slides were chosen at random. On

chloride cells (see Van Der Heijden et al., 1997). The sectiong section from each slide, the number of K&-ATPase-rich

were deparaffinized in Hemo-De, hydrated in an ethanol Seri9§e||s was counted on 30 rand0m|y selected lamellae and

and washed in 10 mot! phosphate-buffered saline (PBS). A interlamellar regions. The length of the lamella was also

hydrophobic PAP-Pen (Electron Microscopy Suppliers) wasneasured to standardize cell counts on the lamellae. Results

used to draw circles around the tissue sections, and 33 H are expressed as the number of cells per lamella and the

was then pIaced on the sections for 25min to Inhlblhumber of cells per interlamellar region_

endogenous peroxidase activity. Sections were also blocked

with a casein solution (Powerblock, Biogenex) for 5 min before Statistical analyses

application of the primary antibody. For mean N&K*-ATPase activities and the number of
The primary antibody, monoclonal antibody ‘a5’ (diluted Nat/K*-ATPase-rich cells, differences among groups were

1:175in PBS), was placed on the sections for 2h at 25 °C. Thfatected using a one-way analysis of variance (ANOVA), with a

antibody was rinsed off, and the sections were washed in PBJudent-Newman—Keulgost-hoctest. Differences in relative

for 5min. After application of the primary antibody, the pand intensities from western blots were detected using a

sections were incubated with a biotinylated anti-mouse Ig&ruskal-Wallis non-parametric ANOVA, with a Kruskal-Wallis

secondary antibody (Biogenex) and a horseradish-peroxidasgost-hoctest (Conover, 1980). All tests were two-tailed, and

labeled streptavidin solution (Biogenex) for 20min each ajifferences were considered significarP40.05.
25 °C. After washing with PBS for 5min, antibody binding was

visualized by applying a solution of 3@aminobenzidine

tetrahydrochloride (DAB; Biogenex) to the sections for 5min Results N
at 25°C. No staining was detected when non-immune mouse Na'/K*-ATPase activity
serum was used instead of primary antibody. Nat/K*-ATPase activity was measured in the gills and rectal

Quantification of the immunohistochemistry was performedyland of stingrays to compare the overall catalytic activity of the
by counting the number of immunopositive (N&-ATPase- enzyme in the different groups. In gills, W&*-ATPase activity
rich) cells per gill lamella and per interlamellar space. For eacas highest in freshwater, intermediate in seawater-acclimated
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Fig. 2. Representative western blot of gill and rectal gland tissu .S 5 T
from Atlantic stingrays. Antibody was specific for a 110.9+1.0kDa .02, 15
protein in gills and a 111.7+1.4kDa protein in the rectal glanc —?, e a
(means *sEM., N=5), representing thex-subunit of Na&/K*- @ 1.0
ATPase. MW, molecular mass marker (kDa). Lanes 1, 2, 3, gil 0.5-
tissue from freshwater, seawater-acclimated and seawater stingre 0

(20ug total protein per lane), respectively. Lanes 4, 5, 6, rectal glan W SWA SW

tissue from freshwater, seawater-acclimated and seawater stingrays

(5ug total protein per lane), respectively. Note the decrease in barFig. 3. Relative intensity of immunopositive bands representing the

intensity from freshwater to seawater in gills and increase in bana-subunit of N&/K*-ATPase in the gills (A) and rectal gland (B) of

intensity from freshwater to seawater in rectal gland. The intensity cAtlantic stingrays. N=5 for all groups. Although statistical

gill and rectal gland bands cannot be compared since differeidifferences were detected with a non-parametric test (Kruskal-Wallis

amounts of total protein were loaded. ANOVA), values are presented as means sElm. for clarity.

Lower case letters indicate statistical categorization of groups as

) ) ) determined by a Kruskal-Wallipost-hoc test £<0.05). FW,

and lowest in seawater stingrays (Fig. 1A). In contrast, reCtfreshwater stingrays; SW, seawater stingrays; SWA, seawater-

gland N&/K*-ATPase activity was lowest in freshwater acclimated stingrays.

stingrays and higher in seawater-acclimated and seawal

stingrays, in which levels were equivalent (Fig. 1B). If rectal

gland mass is taken into account, the totat/KixATPase Immunohistochemistry

activity (rectal gland massNa*/K*-ATPase activity) would be Changes in the distribution of gill N&K*-ATPase-rich

lowest in freshwater stingrays, intermediate in seawateicells associated with salinity were visualized using

acclimated stingrays and highest in seawater stingrays. immunolocalization of ther-subunit on fixed tissue sections
(Fig. 4). Staining for N&#K*-ATPase was restricted to
Western blots relatively large cells (presumably mitochondra-rich cells) and

We used western blotting to determine whether thevas not found on respiratory pavement cells (Fig. 4). The
differences in N&K*-ATPase activity were correlated with number of N&K*-ATPase-rich cells per lamella and the sum
changes in the relative abundance of the enzyme. Antibodyf the number of NdK*-ATPase-rich cells per lamella plus
‘ab’ was highly cross-reactive for a band with a moleculathe number of NaK*-ATPase-rich cells per interlamellar
mass of 110.9+1.0kDa in gills and 111.7+1.4kDa (means fegion followed the same trend as'&-ATPase activity and
s.e.M., N=5) in rectal glands (Fig. 2), which is within the relative abundance; freshwater stingrays had the most,
expected molecular mass range fordhsubunit (Blanco and seawater-acclimated stingrays had intermediate amounts and
Mercer, 1998). In the gills, the relative abundance ofathe seawater stingrays had the fewest (Fig. 5A,C). In the
subunit followed a similar trend to the ME*-ATPase interlamellar region, seawater-acclimated gills had the most
activities: a-subunit abundance was highest in freshwaterNa'/K*-ATPase-rich cells, followed by freshwater and then
intermediate in seawater-acclimated and lowest in seawatseawater gills (Fig. 5B).
stingrays (Fig. 3A). In the rectal gland, the relative abundance Although the intensity of the immunostaining was not
of thea-subunit also followed a similar trend to the*&-  quantified, there appeared to be qualitative trends. In freshwater
ATPase activities;a-subunit abundance was lowest in stingrays, staining was darkest in"l&"-ATPase-rich cells on
freshwater and higher in seawater-acclimated and seawatde ends of the lamellae; the staining appeared to weaken
stingrays (Fig. 3B). towards the interlamellar region and was weakest in cells from
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Fig. 5. Na/K*-ATPase-rich cell numbers in the gills of freshwater
(FW), seawater-acclimated (SWA) and seawater (SW) Atlantic
" Feid ; : / stingrays. (A) Number of N&K*-ATPase-rich cells per lamella;
i A _ M J (B) number of N&K*-ATPase-rich cells per interlamellar region;

ry . ' ol (C) 'sum’ number of N&K*-ATPase-rich cells (per lamella plus per
£ 4 f /| 4 - Yy interlamellar region). Values are meansstm. Lower case letters
f 74 b '/ / indicate statistical categorization of the means as determined by a
' f FL o7 Student-Newman—Keufsost-hodest P<0.05).

. g Discussion
. : AR 18 Fl o o Gills
§ ¥ ) (%) Q SR _ £ The results from this study suggest that'/Ma-ATPase
/ A = T activity associated with the gills of the Atlantic stingray is
negatively correlated with salinity. Branchial M&*-ATPase
Fig. 4. Representative immunostaining for'f&-ATPase-rich cells activity was hlghest in freshwater stingrays, follqwed by
in longitudinal sections of gill filaments from freshwater (A), S€@water-acclimated and, lastly, seawater animals. In
seawater-acclimated (B) and seawater (C) Atlantic stingrays. Scaf@lmonids and anguillids, gill N&*-ATPase activity is
bars, 10@um. Na‘/K*-ATPase-rich cells occurred on lamellae positively correlated with environmental salinity, but a
(finger-like projections) and/or interlamellar regions (basal to andiegative or no correlation with salinity has been found in other
between lamellae). Note the differences inf/K&-ATPase-rich cell  fishes (McCormick, 1995; Jensen et al., 1998; Kelly et al.,
location (lamella versus interlamellar region) and darkness of 1999; Marshall et al., 1999). Differences in stingray gill
staining within and between groups. Na'/K*-ATPase activity were positively correlated with
changes in the relative abundance ofdksubunit and in the
numbers of N&K*-ATPase-rich cells. This suggests that
the interlamellar region (Fig. 4A). In seawater-acclimatedsalinity-induced changes in branchial'&'-ATPase activity
stingrays, N&K*-ATPase-rich cells stained heavily on both thein the Atlantic stingray are accomplished by regulating the
lamellae and interlamellar region (Fig. 4B). In seawaterelative amounts of N&*-ATPase protein, probably through
stingrays, the N#K*-ATPase-rich cells were moderately the number of NdK*-ATPase-rich cells on gill lamellae. If
stained in the interlamellar region (Fig. 4C). elasmobranch gill NdK*-ATPase is regulated like that of
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teleosts, then the decrease in*M&-ATPase a-subunit occur across the hagfish gill epithelium. These functions
protein abundance found in seawater-acclimated and seawastiould also be considered for the*Ma-ATPase-rich cells
stingrays may be a result of a decrease-subunit mMRNA  found in the gills of seawater-acclimated and seawater
levels (Cutler et al., 1995; Madsen et al., 1995; Hwang et alstingrays.
1998; Jensen et al., 1998; D'Cotta et al., 2000) brought about
by a decrease in transcription or an increase in mRNA Rectal gland
degradation. In salmonids, the turnover rate of gilt/K& Na'/K*-ATPase activity in rectal glands from seawater-
ATPase protein does not appear to be affected by salinigcclimated and seawater stingrays was greater than that from
(D'Cotta et al., 2000). freshwater stingrays. Differences in rectal gland/K&
Na'/K*-ATPase activity from the gills of a freshwater ATPase activity were positively correlated with changes in the
elasmobranch has not previously been measured. Thelative abundance of the-subunit. This suggests that the
increased branchial NEK*-ATPase activity associated with salinity-associated regulation of rectal gland"a-ATPase
freshwater stingrays may indicate that the gills have an actiwactivity in the Atlantic stingray is due to changes in the relative
transport role in fresh water, possibly for ion uptake. Anamounts of N&K*-ATPase protein present.
alternative explanation is that the increase ifi/K&ATPase The measurements of freshwater stingray rectal gland
activity is associated with an increased cost of cell volum&la®/K*-ATPase activity presented in this study are the first to
regulation in freshwater gill cells, but this explanation isbe reported for a freshwater elasmobranch. Even though
unlikely since the immunostaining occurred in specific celthe freshwater rectal gland NK*-ATPase activity was
types and not across the entire gill epithelium (see Fig. 4). Thepproximately 50% lower than that of seawater-acclimated
levels of branchial NgK*-ATPase activity in the seawater- and seawater stingrays, the freshwater activity is still
acclimated and seawater stingrays were lower than those in thpproximately seven times higher than that found in the gills.
freshwater stingrays. This was expected since elasmobranclisis possible that the rectal glands of freshwater stingrays
have a salt-secreting rectal gland that is the primary site aainnot completely inhibit active NaCl secretion, an indication
NaCl excretion (Shuttleworth, 1988). Although the branchiabf their relatively recent (in evolutionary time) occurrence in
Na'/K*-ATPase activity is comparatively low, it may be fresh water. Also, maintaining a relatively high *N&"-
enough to drive some active NaCl excretion, especially iATPase activity in lower salinities would probably be adaptive
cases where the rectal gland is removed (see Evans et al., 198%) a species that frequently encounters variations in
or reduced in size (see below). environmental salinity (see Marshall et al., 1999). An
Since Na/K*-ATPase-rich cells were most prevalent on thealternative explanation is that some of the*/K4-ATPase
lamellae of the freshwater stingrays, it is probable that thesactivity in the freshwater rectal gland may be related to a
cells are involved with active ion uptake.W&"-ATPase-rich, secondary function, such as the active excretion of xenobiotics
or chloride, cells have been reported on the gill lamellae dhat has recently been described in the rectal glasdjoélus
several freshwater-acclimated teleost species (Avella et ahcanthias(Miller et al., 1998). Further biochemical studies on
1987; Uchida et al., 1996; Ura et al., 1996; Seidelin anthe rectal gland of the freshwater stingray should help elucidate
Madsen, 1999; Wong and Chan, 1999) where it has beaéts function.
proposed that they are involved in ion uptake from a freshwater Since the primary role of the elasmobranch rectal gland is
environment (Laurent and Dunel, 1980; Avella et al., 1987to actively secrete NaCl, it was not surprising that we found
Uchida et al., 1996). The processes of ion uptake and acid—besme increased N&K*-ATPase activity in seawater-acclimated
balance are, however, inextricably linked in the gills ofand seawater stingrays. However, it is important to note that
freshwater fish (see Claiborne, 1998; Evans et al., 1999), so tlie size of this gland does not change appreciably in the
Na'/K*-ATPase-rich cells may also be involved with theseawater-acclimated stingrays, and it is still approximately
excretion of acid () and/or base (HC®). 50-70% smaller than a seawater stingray rectal gland
Since there was an increase in the number and/or stainiiBiermarini and Evans, 1998). The total rectal glant/ia
intensity of Na/K*-ATPase-rich cells found on the gill ATPase activity (rectal gland masdNa*/K*-ATPase activity)
filaments of seawater-acclimated and seawater stingrays, itiis seawater-acclimated animals is therefore probably less than
possible that these cells are involved in active NaCl excretioiin the seawater stingrays, even though it may be similar on a
a function that has been suggested for thEHfaATPase-rich  ‘per microgram protein’ level. This suggests a lower overall
cells found in the interlamellar regions of the gills of seawatersalt secretory potential in the rectal glands of seawater-
acclimated teleosts (see Uchida et al., 1996). However, ttecclimated compared with seawater animals. If rectal glands
presence of NdK*-ATPase-rich cells in the gills does not from seawater-acclimated stingrays have a lower salt secretory
necessarily imply active NaCl excretion. HagfidWlykine  potential than those from seawater individuals, it is possible
glutinosg also possess branchial M&*-ATPase-rich cells that seawater-acclimated stingrays have extra-rectal-gland
(Choe et al., 1999), but are strict ion conformers. Choe et ahechanisms of NaCl excretion. A potential site for this NaCl
(1999) suggested that hagfish*N&a-ATPase-rich cells may excretion would be the N&*-ATPase-rich cells in the
facilitate acid—base exchange (see Evans, 1984) andfor Canterlamellar region of the gill whose numbers and intensity
transport (see Forster and Fenwick, 1994), which is known twere enhanced during acclimation to sea water (see Fig. 5B).
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An alternative explanation is that seawater-acclimated gairdneri acclimated to artificial freshwater environmetsExp.
stingrays may compensate for the reduced rectal gland massZool. 241, 159-170.
by increasing the secretion rate and/or NaCl concentration &fanco, G. and Mercer, R. W.(1998). Isozymes of the Na—K-
the secreted rectal gland fluid. In addition, the relative ATPase: Heterogeneity in structure, diversity in functiam. J.
abundance of the cystic-fibrosis transmembrane regulator Physiol-275 F633-F650. . ,
(CFTR) chloride channel, which is thought to be the rateBurger J. W. (1965). Roles of the rectal gland and kidneys in salt
limiting step in active NaCl excretion by the rectal gland igi_r;éer excretion in the spiny. dogfishhysiol. Zool. 38,
(Riordan et a}l., 1994), may increase. Further. stuQ|es on Othéhoe, K. P., Edwards, S., Morrison-Shetlar, A. I, Toop, T. and
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stingrays. Claiborne, J. B., Blackston, C. R., Choe, K. P., Dawson, D. C.,
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