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ABSTRACT 

The specific binding and inhibitory action of [3H]ouabain were employed to 
localize transport Na,K-ATPase in the euryhaline teleost gill, a NaCl-transporting 
osmoregulatory tissue in which both enzyme activity and transepithelial transport 
vary with environmental salinity. In killifish fully adapted to 10%, 100%, or 
200% seawater, the gills were internally perfused and externally irrigated in situ. 
After suitable internal or external exposure to [3H]ouabain, individual gill arches 
were excised for Na,K-ATPase assay, measurement of radiolabel binding, or 
quantitative high-resolution autoradiography. Internal exposure to 50 /xM oua- 
bain resulted in essentially complete enzyme inhibition, and binding paralleled the 
increases in enzyme activity at higher salinities; in contrast, external exposure gave 
minimal and erratic results consistent with leakage of external ouabain into 
interstitial fluid. [3H]Ouabain autoradiographs demonstrated that, irrespective of 
exposure or salinity, most of the gill binding was associated with chloride cells. 
These cells increased in size and number with salinity and, at the subcellular level, 
the distribution pattern for bound ouabain was always identical to that for the 
amplified basal-lateral (tubular system) membrane. The combined physiologic- 
morphologic results constitute final direct proof that chloride cells are the primary 
site of gill Na,K-ATPase.  More important, they provide convincing evidence for 
unexpected increases in basal-lateral enzyme at higher salinities and thus raise a 
fundamental objection to the long-postulated role of the Na pump in secretory 
NaC1 transport. 

Of various biochemical mechanisms thought to 
play important roles in salt-transporting epithelia, 
none has received more attention than the oua- 
bain-sensitive, sodium- and potassium-dependent 

adenosine triphosphatase (Na,K-ATPase). The 
main role of this membrane-bound enzyme, asso- 
ciated with most animal cells, is thought to be the 
Na pump involved in maintenance of ion gradients 
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at the single cell level and in movement of salt 
across epithelial structures (1, 4). Na,K-ATPase 
activity is especially high in a number of osmoreg- 
ulatory organs and appears to be correlated with 
the Na transport rate of the gland or tissue (42). 
One such organ, which has provided particularly 
suggestive data regarding Na,K-ATPase function, 
is the teleost gill (27, 28, 32). When certain bony 
fish (euryhaline teleosts) are adapted to a wide 
range of salinities, the gill responds with parallel 
changes in Na,K-ATPase activity and Na trans- 
port rate, e.g., activity and rate are low in fresh 
water (FW) and high in seawater (SW). Recently, 
adaptation to double-strength SW which is known 
to evoke still higher gill transport rates has been 
shown to induce still higher enzyme activity (20). 
In addition to functioning in osmoregulatory salt 
transport, the teleost gill is responsible for nitroge- 
nous waste excretion and respiratory gas ex- 
change. Of the several cell types present in gill 
epithelium, the most likely candidate for sodium 
(and chloride) transport is the chloride cell (27, 
28). Chloride cells exhibit the two hallmarks of 
electrolyte-transporting epithelia, namely a rich 
population of mitochondria and a greatly ampli- 
fied cell surface in the form of a basal-lateral 
tubular system. Moreover, chloride cell morphol- 
ogy in euryhaline teleosts also responds to changes 
in external salinity, e.g., the chloride cells are 
larger and/or more numerous in SW than in FW 
and the largest cells of all occur in fish adapted to 
environments more concentrated than SW (see 
companion paper [20] for discussion and litera- 
ture). The question of the cellular location of gill 
Na,K-ATPase has been partly resolved by enzyme 
studies on isolated chloride cells (19, 41) and by 
preliminary, low-resolution, [3H]ouabain autora- 
diographs of excised gills (28). Although these in 
vitro studies help to localize Na,K-ATPase to the 
chloride cell, they do not provide data at the 
subcellular level. Several cytochemical attempts at 
subcellular localization have shown ATPase reac- 
tion product associated with both the tubular sys- 
tem and the apical region of chloride cells (31, 
44), but, given the ouabain-insensitivity of the 
reaction (Wachstein-Meisel Pb-capture), subcellu- 
iar Na,K-ATPase "location remains a matter of 
dispute" (28). 

In reviewing the technical difficulties of localiz- 
ing ouabain-sensitive Na,K-ATPase, as distinct 
from other subcellular ATPase activities, Schwartz 
et al. (43) conclude that one promising method is 
the autoradiographic localization of specifically 

bound [3H]ouabain. Using quantitative high-reso- 
lution autoradiography in conjunction with con- 
trolled [3H]ouabain binding in perfused-irrigated 
gills, we have obtained convincing evidence that 
adaptive Na,K-ATPase is located not, as ex- 
pected, on the apical membrane in chloride cells 
of SW fish (28), but on the amplified basal-lateral 
membrane or tubular system irrespective of envi- 
ronmental salinity. This paradoxical basal-lateral 
location in SW fish poses a major enigma concern- 
ing the role of the Na pump in salt secretion by 
gills and possibly other osmoregulatory epithelia. 

MATERIALS AND METHODS 

Animals and Media 

Specimens of the euryhaline killifish Fundulus hetero- 
clitus weighing 4-10 g were collected locally from May 
through November and stored in running SW tanks at 
10-15~ With Utility Seven Seas Mix (Utility Chemical 
Co., Patterson, N. J.) fish were adapted for 2-5 wk to 
10%, 100%, or 200% artificial SW (Table I for Na 
concn) in aerated aquaria at 18-20~ Fish destined for 
10% and 100% SW were transferred directly to these 
environments; those destined for 200% SW were placed 
in 100% SW for 3 days, and then the salinity of their 
environment was increased in 21 equal steps by adding 
artificial sea salt at 12-h intervals. Food, in the form of 
chopped flounder, was provided weekly during storage 
and adaptation. 

The gill vascular system was perfused with a modified 
Forster's (15) medium (NaCI, 135 mM; KCI, 2.5 mM; 
CaCI2, 1.5 mM; MgClz, 1.0 mM; NaHPO4, 0.5 mM; 
NaHCO3, 7.5 mM) generally containing 1-2% bovine 
albumin (Fraction V, Sigma Chemical Co., St. Louis, 
Mo.), and the external surface was usually irrigated with 
280 mM NaCI without albumin. In a few experiments, 
the irrigation medium also contained 25 mM KC1. Ex- 
cised gill arches were incubated in either 280 mM NaCI 
or 100% artificial SW; free-swimming fish were exposed 
in the latter. Appropriate concentrations of radiolabeled 
ouabain and/or inulin (New England Nuclear, Boston, 
Mass.) were established in the above-mentioned media. 
Tritiated ouabain (supplied with about 10 Ci/mmol and 
diluted in unlabeled ouabain as necessary) was used at 1- 
5/zCi/ml for counting experiments and at 20 or 60 ~Ci/ 
ml for autoradiography experiments. [methoxy- 
3H]Inulin (731 mCi/g) or [carboxyl-~4C]inulin (3 mCi/g) 
was used at about 1/~Ci/ml for counting experiments. 

Perfused-Irrigated Gills 

Fish were pithed, mounted ventral side up in a dissect- 
ing tray, and the opercula were partially cut and pinned 
back to expose the eight gill arches. The heart was 
exposed, and a polyethylene cannula was inserted 
through the ventricle and tied into the bulbus arteriosus. 
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The cannula was connected to an elevated 10-ml syringe 
which served as a reservoir for the perfusion medium. 
The liver was sliced to permit drainage of the perfusate. 
Oxygenated irrigation medium was dripped on the gills 
from a small piece of polyethylene tubing connected to a 
second reservoir. 

The initial perfusion was done with heparinized me- 
dium without albumin, and the removal of blood cells 
(blanching) served as a first indication of the complete- 
ness of perfusion. Once the gills were blanched, time 
perfusion was begun by refilling the reservoir with me- 
dium containing labeled ouabain or inulin. The rate of 
perfusion was maintained at about 0.1 ml/min by regu- 
lating the height of the reservoir. After 45 rain of uptake 
perfusion, the reservoir was refilled with ouabain- or 
inulin-free medium and washout perfusion was contin- 
ued for another 25-30 min. During the entire 70-75 rain 
no ouabain or inulin was present in the irrigation me- 
dium reservoir. At the end of the washout period, a 
tracer dye, Lissamine green, was added to the reservoir 
to check for leaks and completeness of perfusion. Gills 
were rejected if the perfusion rate could not be main- 
tained or if the uptake of Lissamine was poor. At appro- 
pilate intervals during the course of uptake and washout, 
individual gill arches were excised for radiolabel count- 
ing, Na,K-ATPase assay, and/or autoradiography. The 
excision was performed with scissors and care was taken 
to crush the ventral stub so that leakage of vascular 
perfusate was minimized during continued perfusion- 
irrigation of the remaining arches. For the study of gill 
uptake from the external rather than the vascular side, 
labeled ouabain was introduced into the irrigation rather 
than the perfusion medium reservoir for the 45-min 
uptake period. 

Incubated Arches and Free-Swimming Fish 

Gill arches are excised immediately from pithed fish 
and stored for 5-10 min at 18-20~ in the appropriate 
medium, 280 mM NaCl or 100% SW. As expected, 
rapid clotting prevented gross leakage of blood, i.e. the 
gills remained red throughout storage and subsequent 
incubation. For incubation, individual gill arches weigh- 
ing 10-15 mg were placed in capped 5-dram vials with 
1.0 ml of oxygenated medium containing both 
[aH]ouabain and [14C]inulin. After moderate shaking at 
18-20~ for 5 or 40 min, the arches were removed and 
processed for radiolabel counting. Free-swimming fish 
were placed in 35 ml of aerated 100% SW maintained at 
18-20~ and containing both [aH]ouabain and 
[~C]inulin. After 45 min, fish were removed and pithed 
and blood was taken by cardiac puncture. The gill arches 
and kidney were excised and processed for radiolabei 
counting. The blood was centrifuged and a plasma sam- 
ple obtained for counting. 

Radiolabel Counting 
Standard liquid scintillation counting procedures with 

internal quench correction were used to measure the aH 

and/or 14C content of tissue and fluid samples. In prepa- 
ration for counting, gill arches (bone plus filaments) and 
kidney tissue were blotted, weighed, and digested; mea- 
sured volumes of corresponding fluids (e.g., perfusion 
medium, incubation medium, or blood plasma) were 
subjected to the same digestion procedure. Gill arches 
were rinsed before being blotted. The tissue content of 
labeled ouabain and/or inulin was generally expressed as 
an apparent distribution space based on the concentra- 
tion in the medium to which the tissue has been exposed. 
Assuming unit tissue density, this space in percent tissue 
volume was calculated as dpm/gram tissue divided by 
dpm/0.01 ml medium. With perfused-irrigated gills, the 
ouabain remaining after washout was considered to be 
bound (see Results) and, since the corresponding autora- 
diographs never showed radioactivity over the bony arch 
itself, binding was expressed as micromoles ouabain per 
kilogram filament. On a wet weight basis the filaments 
comprised about 72% of the total gill arch, irrespective 
of the test environment to which fish were adapted 
(Table II). 

Na,K-A TPase Assay 
Excised gill arches were washed in ice-cold 5 mM 

EDTA, blotted, and the filaments were trimmed from 
the bony arch, weighed, and homogenized in the ratio of 
20 mg of tissue to 1 ml of ice-cold 5 mM EDTA. 
Generally, filaments from at least two arches were 
pooled to provide sufficient homogenate for duplicate 
assays. The homogenate was filtered through nylon 
stocking, frozen by immersion of the vial in dry-ice- 
cooled absolute ethanol, and freeze-dried for 12-24 h at 
-20"C in the freeze-drier also used for autoradiography 
(below). These vials were stored at -10* to -20~ until 
the time of assay. Loss of Na,K-ATPase activity could 
not be detected even after 3 mo of storage. 

All assays were performed in duplicate on freeze- 
dried homogenates reconstituted to 10 mg/ml in 5 mM 
EDTA just before use. The assay system was a modifica- 
tion of that used by Epstein et al. (9) and Ernst et al. 
(11). Homogenates were generally assayed at 37"C (Fig. 
1, legend) for both total ATPase activity (Medium A) 
and ouabain-insensitive ATPase (Mg-ATPase) activity 
(Medium B). The concentration of the components in 
both Medium A and Medium B was adjusted to give the 
following final concentrations in a 1.5-ml reaction mix- 
ture: 6 mM ATP (disodium salt from Sigma Chemical 
Co.), 6 mM MgCI2, 20 mM KCI, 100 mM NaCI, and 
100 mM Tris-(HCl) buffer, pH 7.9. Medium B con- 
tained, in addition, 0.1 mM ouabain. Ouabain-sensitive 
ATPase (Na,K-ATPase) activity was determined by the 
difference between the activity measured with Medium 
A and the activity measured with Medium B. 

Characterization studies on nonperfused gills from 
100% SW-adapted fish showed that this reaction mix- 
ture was optimal for Na,K-ATPase activity and that the 
reaction rate was proportional to time and protein con- 
centration. Also, 0.1 mM ouabain inhibited Na,K-ATP- 
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ase activity to the same extent as 1 mM ouabain or a 
potassium-free reaction mixture without ouabain (Fig. 
1). Protein was determined by the technique of Lowry et 
al. (24) with bovine albumin serving as the standard. For 
10%, 100%, and 200% SW-adapted fish, the milligrams 
protein/gram filament averaged 43 -+ 2 SE (five fish), 43 
_+ 8 (six), and 42 _+ 7 (six), respectively. 

Normal Morphology and Ultrastructure 
Nonperfused gills from five specimens adapted to each 

environment were used exclusively for morphological 
study. Individual arches were fixed for 3 h at room 
temperature with 6% glutaraldehyde in 0.2 M cacodyl- 
ate buffer (17) at pH 7.4. After fixation, they were 
washed in 0.2 M cacodylate buffer at the same pH, and 
postfixed for 90 min at 0-5~ in 1% osmium tetroxide 
prepared in the same buffer. After three quick rinses in 
tap water at 0-5~ the fixed tissue was rapidly dehy- 
drated through increasing concentrations of ethanol and 
embedded in Epon (25). In addition, nonperfused gills 
from several 100% SW-adapted fish were prepared as 
above, except that the initial fixative was a mixture of 
1% acrolein, 1% formaldehyde, and 1% gtutaraldehyde 
(39) in 0.2 M phosphate buffer at pH 7.4, and the 
subsequent wash was with this same buffer. 
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ASSAY OUABAIN CONCENTRATION (Log Scale) 

FIGURE 1 Ouabain inhibition of Na,K-ATPase in ho- 
mogenate of nonperfused gill filaments from a 100% 
SW-adapted killifish. This in vitro dose-response curve 
was generated using the standard 37~ assay procedure 
(text) and varying the ouabain concentration in the reac- 
tion mixture. Each point represents the mean for dupli- 
cate assays. Comparison points represent no ouabain or 
no ouabain or potassium; sodium was present in all 
assays. Results are expressed as total ATP-splitting activ- 
ity, i.e. the summed action of Mg-ATPase (ouabain 
insensitive) and Na,K-ATPase (ouabain sensitive). The 
half-inhibition concentration of ouabain (Ki) was ob- 
tained by interpolation. A nearly identical Ki value was 
obtained from a second dose-response curve (not shown) 
generated with pooled gill homogenate from several 
100% SW fish and with the assay temperature lowered 
to 20~ i.e. the temperature of the perfusion-irrigation 
experiments. 

Sections for light microscopy (0.8-1.2 /zm) were cut 
with glass knives and stained with methylene blue and 
Azure II (38). Thin sections (500-800 A) were cut with 
a diamond knife, stained for 5 min with 2% aqueous 
uranyl acetate adjusted to pH 5 with 1 N NaOH, washed 
in distilled water, and counterstained for 5 min with lead 
citrate (37). The sections were examined with a Hitachi 
HU-11C electron microscope operated at 75 kV. 

Autoradiography 
[3H]Ouabain autoradiographs were prepared from 

freeze-dried plastic-embedded sections of gill arches ac- 
cording to the method originally described by Stirling 
and Kinter (48). After peffusion or irrigation exposure 
to [3H]ouabain, individual arches were excised and rap- 
idly frozen in liquid propane at about -185~ Frozen 
gill arches were stored for up to several weeks in liquid 
nitrogen and then freeze-dried in batches, using a Virtis 
10-010-C-TDP-CA cascade refrigerated freeze-drier de- 
signed for temperature-controlled tissue drying (The Vir- 
tis Co., Gardiner, N. Y.). With a vacuum of about 1 /.tm 
and the condenser at -85~ the tissue drying schedule 
was as follows: 3 days at -55~ 12 h each at - 4 0  ~ and 
-20~ and 30 rain each at 0 ~ and about 25~ The last 
temperature was always several degrees above room 
temperature to prevent condensate from rewetting the 
tissue upon removal from the drying chamber. The dried 
gill arches were fixed overnight in osmium tetroxide 
vapor, cut into small pieces each with 5-10 filaments, 
and embedded in a silicone-impregnated epoxy resin, 
Spun" Low-Viscosity (Polysciences, Inc., Warrington, 
Pa.). Before polymerization, the pieces were oriented so 
that the individual filaments would be sectioned trans- 
versely; after polymerization, the tips of the filaments 
were trimmed away, since the distal third of a filament 
generally contains few chloride cells. Light-microscope 
sections (0.8-1.2 p.m) were cut with glass knives and 
generally collected over water, dried onto microscope 
slides, and dipped in Eastman Kodak NTB-2 emulsion 
diluted with an equal volume of distilled water. After 
drying, the thickness of the emulsion coat was about 2 
/zm. Occasionally, special modifications (26) were em- 
ployed to prevent tissue sections from coming into con- 
tact with water or liquid emulsion. After a suitable pe- 
riod of autoradiographic exposure, usually 10-50 days, 
slides were developed in Kodak DIg ,  fixed in Kodak 
rapid fixer, and lightly stained with methylene blue and 
Azure II. The final autoradiographs were examined and 
photographed with a light microscope equipped with 
Zeiss phase-contrast optics. Evaluation for technical arti- 
facts revealed neither gross leaching of [aH]ouabain into 
the embedding plastic or the emulsion coat nor any 
tissue-induced chemography, positive (chemical fogging) 
or negative (latent-image fading). Moreover, reciprocity 
between grain density and exposure time was observed 
over both chloride cells and [aH]ouabain standards (be- 
low), confirming the absence of latent-image fading and 
indicating that the emulsion was not saturated at densi- 

160 THE JOURNAL OF CELL BIOLOGY' VOLUME 70, 1976 



ties employed for grain counting (<500 grains/I,000 
~.m~). 

For quantitative grain density analysis of chloride 
cells, emulsion grains were counted under phase optics 
so that various cell types and regions could be accurately 
identified. An ocular grid was used to quantitate the 
areas over which grains were counted and, at the magni- 
fication employed, grid squares were 3.9 ~m on a side. 
Grains were counted over the non-nuclear portion of all 
chloride cells associated with a given filament (transverse 
section) and over adjacent plastic alone (background). 
Each cell count for a given filament consisted of at least 
100 grains and each experimental fish (Table II) was 
represented by six filaments, three from each of two 
tissue sections which were cut from different pieces of gill 
arch, dried onto different slides, and often exposed for 
different times. The variability (-+SD in percent of 
mean) of the chloride cell, minus background, density 
(grains/1,000 p.m 2 x days exposure) for the six individ- 
ual filaments from each fish was consistently within 
-+20%, which is somewhat less than the variability of 
absolute density values originally observed with sections 
of all-standards on different slides (48). 

Because all grid areas completely filled by non-nuclear 
portions of chloride cells were counted for each filament 
sampled, we used the total number of grid areas counted 
to estimate the relative chloride cell "volume" at each 
test environment (Table II). 

For converting grain density to ouabain content, 
standard solutions of [aH]ouabain in 10% albumin were 
rapidly frozen and processed in the same way as gill 
tissue. The plot of grain density for [aH]ouabain stand- 
ards (grains/1,000 p.m 2 • ~tM ouabain) against exposure 
time of autoradiographs (days) gave a straight line which 
passed through the origin, demonstrating reciprocity. 
Assuming unit specific gravity for chloride cells, the 
slope of this line was used to derive ouabain content in 
micromoles/kilogram cell. 

RESULTS 

Characterization of  Perfused-Irrigated 

Gills Exposed to Ouabain from 

the Vascular Side 

For autoradiographic localization of bound 
[3H]ouabain to be meaningful, it was necessary to 
establish that this inhibitor is bound specifically to 
the gill Na,K-ATPase. During exposure to oua- 
bain via the vascular perfusion medium, gills must 
contain both bound and free molecules. More- 
over, since ouabain does not generally enter the 
intracellular space, we anticipated that the free or 
unbound molecules would be distributed only in 
the extracellular space, i.e. interstitial fluid and 
vascular perfusion medium. Any free molecules 
escaping from the gill surface would be washed 

away by the external irrigation medium. In early 
experiments, individual gill arches were excised at 
frequent time intervals to evaluate total uptake 
and subsequent washout during perfusion with 50 
/~M ouabain and ouabain-free media, respec- 
tively. Each excised arch (filaments plus bone) 
was analyzed for radiolabeled ouabain content. As 
shown in Fig. 2, 45 min of ouabain perfusion was 
ample to ensure a steady state with regard to total 
uptake (expressed as the apparent distribution 
volume or space) in fish adapted to each of the 
three test environments. Note that total ouabain 
uptake increased with the salinity of the environ- 
ment, suggesting increased binding. In all fish sub- 
sequent perfusion with ouabain-free medium for 
25 min resulted in a rapid washout of some mole- 
cules and a new steady-state distribution space 
(Fig. 2). This remaining distribution space was 
taken to represent bound ouabain (below) and the 
decrease in steady-state distribution was termed 
"washout space" (illustrated for 200% SW data in 
Fig. 2). Generally, washout space was computed 
on the basis of the difference between the ouabain 
content of an arch excised after 45 min of uptake 
and that of another after 25 rain of washout. In 
later perfusion experiments, other arches were 
excised at these times for ATPase assay and auto- 
radiography. 

All washout space data for gill experiments with 
50 p.M ouabain in the vascular perfusion medium 
are summarized in Table I. Irrespective of the 
environment, the mean washout spaces are close 
enough to a typical whole fish extracellular space 
of 15% (18) to permit the conclusion that vascular 
washout removed primarily the free ouabain dis- 
tributed in extraceUular fluids during uptake. This 
conclusion is supported by results from additional 
perfusion-irrigation experiments with radiolabeled 
inulin, a classical unbound extracellular marker, 
present in the vascular medium. Only 10 min of 
uptake perfusion appeared sufficient to give 
steady-state inulin distribution spaces which, in 
percent gill arch volume, averaged 15.1 - 1.8 SE 
for nine fish representing all three test environ- 
ments. An extracellular space of 15% is reasona- 
ble, considering that about 25% of the gill arch 
consists of bone on a wet weight basis (Table II). 
Furthermore, washout with inulin-free medium 
proceeded rapidly enough to indicate reasonably 
complete perfusion of the gill vascular system, i.e., 
inulin space values in percent had dropped to 6.7 
+- 0.8 SE (seven), 4.9 _+ 0.9 (six), and 3.5 -+ 1.0 
(three) by 10, 20, and 30 min, respectively. On 
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FIGURE 2 Time course of [aH]ouabain uptake and washout in perfused-irrigated gills exposed from the 
vascular side. In all experiments, the vascular peffusion medium consisted of Forster's saline with I -2% 
albumin and, from 0 to 45 min, 50 ttM ouabain (1-5 tzCi aH label/mi); the external irrigation medium 
consisted of 280 mM NaCI alone (see Materials and Methods). Data for each test environment (i.e. 10%, 
100%, and 200% seawater) are from four adapted killifish, and individual points represent mean values 
for two to four gill arches, each excised from a different fish. For purposes of presentation, these data are 
expressed as the "50 ttM ouabain distribution space," i.e. the percentage of the whole gill volume in which 
the measured ouabain content could be distributed at this concentration (see Materials and Methods). 
Actually, since some or all of the contained ouabain molecules are bound, the calculated distribution space 
must be considered an apparent rather than a real value. 

T A B L E  I 

[aH]Ouabain Uptake from Vascular Perfusion Medium and Na,K-A TPase Activity in Gills o f  Killifish Adapted 
to Sea Water (SW) Mixtures* 

Na concn:~ Gill ouabain with 50/~M peffusion Gill Na,K-ATPase 

Perfusion 

Washout Nonpeffused 50/zM Oua- 
Environment Plasma spacew Tissue binding gill Control bain 

meq/liter % gill arch vol ~nollkg filament i.vnol Pdl 0 mg filament • h II 
780 207 -+ 6 16.4 - 2.2 16.7 - 1.0 12.1 -+ 0.9 13.3 2.1 -+ 0.2 

(200% SW) (6) (7) (7) (6) (2) (4) 

390 175 -+ 5 13.0 _+ 1.5 11.1 - 1.0 5.7 -+ 0.7 7.3 0.8 
(100% SW) (6) (8) (8) (6) (2) (2) 

40 158 --+ 4 10.7 + 2.2 6.9 - 0.6 3.5 + 0.3 3.7 1.0 
(10% SW) (6) (5) (5) (5) (2) (2) 

* Values generally expressed as mean -+ SE (n), where n is the number of fish. Plasma Na, non-perfused gill 
ATPase, and tissue binding of ouabain in 200% and 10% SW fish differed significantly from 100% SW values (P  
< 0.01, except 0.025 for binding in 10% SW). 
~: Measured by flame photometry. 
w See Fig. 2 and text for definition and calculation. 
]1 Multiply by 2.3 to convert to micromoles Pl/milligram protein x hours (see Materials and Methods). 

the o the r  hand ,  the 20- and 30-min values are 
larger than expected for washout  of  a single diffu- 
sional compar tmen t ,  suggesting some limitation of 

perfusion.  Gills with grossly incomplete  vascular 
perfusion were excluded on the  basis of low flow 
rates and /o r  visual checks, i.e. initial b lanching 
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TABLE II 

Binding in Killifish Gills Perfused with 50 IxM [aH]Ouabain* 

Gill filaments~t Chloride cellsw 

Fish adapted for Estimated volume (rel- 
2-5 wk Wet weight Ouabain binding Ouabain binding ative) 

% arch tamol/kg 
200% SW 75 +-- 2 16.7 +- 1.0 300 - 10 1.8 • 0.1 

(4) (7) (4) (4) 

100% SW 71 +- 1 11.1 +-- 1.0 240 -+ 20]1 1.0 +- 0.2 
(4) (8) (4) (4) 

10% SW 71 -+ 1 6.9 -+ 0.6 250 0.8 
(4) (5) (2) (2) 

* Values generally expressed as mean - SE (n), where n is number of fish. Chloride cell binding and volume in 
200% SW fish differed significantly from 100% SW values (P < 0.01 for volume). Arch weights did not differ 
significantly. 
~: Based on liquid scintillation counting. 
w Based on autoradiographic grain density measurements; values are for the non-nuclear portion of these cells (see 
text for subcellular localization of bound ouabain). 
II Total ouabain content for these four fish average 270 +-- 15 ~mol/kg chloride cell before 25 min washout (P > 
0.05 compared to bound ouabain remaining after washout). 

with washout of blood and terminal staining with 
Lissamine green (see Materials and Methods). 
However, abnormal vascular resistance and shunt 
diversion of flow are known to pose problems in 
perfused gills (3, 21, 36), and examination of 
present ouabain autoradiographs has occasionally 
revealed red cell-clogged vessels near regions of 
reduced radioactivity (see Materials and Meth- 
ods). Thus, local regions of limited perfusion 
probably existed in all of our perfused-irrigated 
gill experiments. This question will be considered 
further with regard to Na,K-ATPase inhibition 
after ouabain perfusion. 

Since further decrease in the ouabain content of 
perfused gills could not be detected after 25 min of 
washout (Fig. 2), all remaining ouabain was 
judged to be bound to gill tissue. Moreover, as 
shown by autoradiography, this bound ouabain 
was located primarily in the filaments rather than 
the remaining bony part of the gill arch. Table I 
summarizes all tissue binding data in micromoles 
ouabain/kilogram filament resulting from vascular 
exposure to 50 p.M ouabain. In contrast to wash- 
out space, tissue binding increased dramatically 
with the salinity of the external environment to 
which the fish has been adapted. Moreover, re- 
sults from experiments with ouabain concentra- 
tions both lower and higher than 50/IM (example 
below) indicated that the values in Table I repre- 
sent near maximal or saturation binding for each 

environment, i.e. that most of the potential bind- 
ing sites were already filled by exposure to the free 
ouabain concentration established in extraceUular 
fluids during perfusion with 50/~M ouabain. For 
example, with 100 /xM ouabain in the vascular 
medium the binding in micromoles/kilogram fila- 
ment averaged 11.4 --- 1.2 SE for four fish 
adapted to 100% SW. Likewise, for several fish 
adapted to 10% and 200% SW, the binding val- 
ues were only slightly above those in Table I. 
Also, as expected, the 100 tzM washout space in 
percent gill arch volume was essentially un- 
changed, averaging 16.7 -+ 1.1 SE for eight fish 
representing all three environments. Finally, it 
should be noted that the limited increases in 
plasma sodium concentration observed after 2-5 
wk of adaptation to test environments ranging 
from 10% to 200% SW (Table I) agree with the 
general pattern for euryhaline teleosts (14, 18, 46) 
and indicate successful adaptation of the present 
killifish, i.e. the salt transport mechanism of the 
gill and other osmoregulatory organs had adjusted 
to meet the particular osmotic stress of each of the 
three test environments. 

Assay of the Na,K-ATPase activity provided an 
additional means of characterizing the ouabain 
binding in perfused-irrigated gills. As shown in 
Table I, the level of Na,K-ATPase activity in 
filaments from nonperfused, nonirrigated gills, i.e. 
from freshly sacrificed fish, increased with the 
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salinity of the external environment to which the 
fish had been adapted. Increased enzyme activity 
is in accord with numerous observations in euryha- 
line species adapted to salinities between FW and 
100% SW, and the still higher level at 200% SW 
agrees with the only other report at this salinity 
(see the introductory paragraphs). In fact, our 
actual Na,K-ATPase values at 10% and 100% 
SW (Table I) are similar to the FW and SW values 
published by Epstein et ai. (9) for whole homoge- 
hates of fresh F. heteroclitus gill (see Materials and 
Methods for conversion of ATPase activity per 10 
mg filament to per milligram protein). Equally 
important, perfusion-irrigation per se did not alter 
the activity of this enzyme, i.e. control levels after 
70 rain with ouabain-free vascular and external 
media did not differ grossly from fresh nonper- 
fused levels (Table I). On the other hand, perfu- 
sion with 50/.tM ouabain in the vascular medium 
for 45 rain followed by washout for 25 min did 
decrease the enzyme activity at each environment 
by about 80%. This finding also agrees with ear- 
lier observations that ouabain is an effective 
Na, K-ATPase inhibitor from the vascular side in 
fish gills (45, 49). The question next arises as to 
whether all of the gill Na,K-ATPase is inhibitable 
from the vascular side. As calculated from the 
ouabain dose-response curve generated under in 
vitro assay conditions with a gill filament homoge- 
hate (Fig. 1), inhibition should have been 92% 
complete at 50 ~M if all the enzyme were ex- 
posed. Thus, only a small discrepancy exists be- 
tween in vitro and in situ inhibition, which proba- 
bly reflects local regions of limited vascular perfu- 
sion (above) where the enzyme was not exposed 
to the full ouabain concentration. If so, all of the 
gill Na,K-ATPase may be inhibitable from the 
vascular side (Discussion). At any rate, we can 
conclude from the high degree of in situ inhibition 
from the vascular side (about 80% inhibition) that 
the ouabain-enzyme complex represents very sta- 
ble binding, since the bond survived the diluting 
effects of both the 25-min washout and the assay 
procedure. For example, if all 11.1 ~mol of 
bound ouabain/kg filament (100% SW fish) had 
come off during dilution to 0.67 mg filament/ml 
Na,K-ATPase assay medium, the resulting oua- 
bain concentration of about 10 -s M would have 
been too low to produce any enzyme inhibition 
(Fig. 1). 

Since in situ vascular exposure of the gill to 50 
/~M ouabain results in nearly complete inhibition 
of Na, K-ATPase, the observation that tissue oua- 

bain binding and Na,K-ATPase activity increase 
in a parallel fashion with increase in external salin- 
ity (Table I) provides convincing evidence for spe- 
cific binding of ouabain to this enzyme with negli- 
gible nonspecific binding to other potential tissue 
sites. Comparing, for example, 10% SW and 
100% SW gills, both ouabain binding and enzyme 
activity nearly doubled. Moreover, our evidence 
for specific ouabain binding in situ is corroborated 
by the recent in vitro work of Sargent and Thom- 
son (40) with enriched enzyme fractions of gill 
homogenate from FW- and SW-adapted eels. Un- 
der conditions which precluded the problem of 
incomplete vascular perfusion and optimized the 
exposure of enzyme sites through tissue disruption 
and fractionation, they obtained an exact quanti- 
tative correspondence between ouabain binding 
and Na,K-ATPase activity. Also, they showed 
that the FW and SW enzymes were indistinguisha- 
ble on the basis of several properties, including 
displacement of ouabain binding by potassium. 
Thus, as cell integrity is destroyed by in vitro 
homogenization, in situ perfusion which only 
slightly compromises ouabain exposure becomes 
the method of choice for autoradiographic locali- 
zation at the cellular level. The well-known car- 
diovascular effects of ouabain preclude in vivo 
study with high ouabain concentrations in the 
blood. 

Autoradiography o f  Perfused-Irrigated 

Gills Exposed to Ouabain from 

the Vascular Side 

Having established that [3H]ouabain tags only 
gill Na,K-ATPase, i.e. binding in situ is stable and 
specific, we proceeded to the primary objective, 
autoradiographic localization of this enzyme in gill 
filaments. The major histological features of the 
tissue are shown in Fig. 3. The respiratory leaflets, 
which project from the sides of the filament, con- 
sist of pillar cells and respiratory epithelial cells. 
The filament itself is supported by a central carti- 
laginous spine embedded in the connective tissue 
core; afferent and efferent branchial arterioles are 
located at opposite ends. Of special interest for the 
present study is the distribution of the various cell 
types in the epithelium overlying the central core, 
i.e. between the respiratory leaflets. The pave- 
ment cells form the main surface covering but are 
absent where mucous and chloride cells are di- 
rectly exposed to the external environment. Be- 
tween the pavement cells and the basal lamina, 
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FIGURE 3 Normal morphology of a single nonperfused gill filament from a 100% SW-adapted F. 
heteroclitus. Cut at a level between respiratory leaflets (see text), this transverse section shows a minimal 
amount of respiratory tissue (R) and a maximal amount of other tissue, including darkly stained mucous 
cells (M) and lightly stained chloride cells (arrows). The central connective tissue core includes a supporting 
cartilaginous spine (S), and, at opposite ends, a smaller afferent (,4) and a larger efferent arteriole (E) both 
containing some nucleated red blood cells. Among the cell types in the epithelium overlying this core, the 
chloride cells are especially prominent because of their large, columnar shape, granular cytoplasm and 
apical crypts (arrows). Processed for normal morphology (aldehyde mixture fixation), this heavily stained, 
1-tzm plastic section was photographed with bright-field optics, x 400. 

mucous and chloride cells are embedded in strati- 
fied layers of supporting epithelial cells. The co- 
lumnar-shaped chloride cells are clearly the largest 
in the gill epithelium, typical dimensions being 8 
/zm in width and 20/xm in length. The nucleus is 
basal and the cytoplasm is dominated by mito- 
chondria. Favorable sections show that the apical 
surfaces of these cells are invaginated to form a pit 
or crypt that is directly exposed to the external 
environment. As shown in Fig. 3, most chloride 
cells are located at the afferent blood vessel end of 
the filament. Our observations conform to the 
classical description given by Copeland (6) for 
SW-adapted specimens of this species. 

Rapid-freeze, freeze-dry, plastic-section autora- 
diography provides a direct means for visualizing 
the tissue distribution of [aH]ouabain at the light 
microscope level. The autoradiographs in Figs. 4 

and 5 show the chloride cell-rich ends of individual 
filaments representative of gills from 200% SW 
and 10% SW fish after vascular exposure to oua- 
bain. Two facts are immediately clear: the major- 
ity of the autoradiographic grains were always 
associated with the chloride cells irrespective of 
environment, and these cells were larger and more 
numerous in fish adapted to higher salinity envi- 
ronments. Other cell types, e.g., mucous cells and 
respiratory epithelium (not shown), and other tis- 
sue elements, e.g., cartilaginous spine and bony 
arch (not shown), never exhibited the dense pat- 
tern of grains seen over chloride cells. This dense 
grain pattern, reflecting extensive binding of ra- 
diolabeled ouabain molecules by chloride cells, 
was observed consistently after vascular exposure 
both to 3 /~M (Figs. 4, 5) and to 50/zM (Fig. 9) 
high specific activity, 1-8 Ci/mmol, [3H]ouabain, 
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but was almost undetectable after exposure to 
1,000 /zM low specific activity, 0.02 Ci/mmol, 
[3H]ouabain (not shown). This attenuation of the 
grain pattern indicates competition of unlabeled 
ouabain molecules for a finite number of chloride 
cell binding sites. Moreover, the ouabain affinity 
of these sites appears to be correct for binding to 
Na,K-ATPase, i.e. saturation above 50 p.M oua- 
bain (Fig. 1). The question of subcellular localiza- 
tion of the binding sites will be considered in the 
next section. 

Autoradiographic grain density counting pro- 
vides a direct quantitative measure of maximal 
chloride cell binding after vascular exposure to a 
saturation level of ouabain, e.g., 50 /xM. As 
shown in Table II, the amount of ouabain bound 
per unit weight or volume of chloride cell (non- 
nuclear portion, below) was almost the same for 
all three test environments. On the other hand, 
the relative cell volume, estimated in the course of 
grain counting (see Materials and Methods), did 
increase progressively with salinity. As reported 
by many investigators (see introductory para- 
graphs) and as seen in Figs. 4 and 5, this increase 
reflects both size and number of individual chlo- 
ride cells. Since overall chloride cell binding is the 
product of unit binding and cell volume, there was 
a 2.7-fold increase from 10% SW fish to 200% 
SW fish which would easily account for the di- 
rectly measured 2.4-fold increase in whole gill 
filament binding (Table II). Also, consistent with 
chloride cells' possessing most of the gill ouabain, 
unit chloride cell binding in micromoles/kilogram 
was many times (36-18) greater than whole gill 
filament binding in micromoles/kilogram (Table 
II). In fact, the calculated percentage of the fila- 
ments which would have to be composed of chlo- 
ride cells in order to account for all filament bind- 

ing increased from 3% of the filament at the 
lowest to 6% at the highest salinity environment. 
This increase agrees well with our independently 
estimated increase in relative chloride cell volume 
(Table II). Also, Sargent and Thomson (40) have 
reported 5-10% chloride cells in gills from SW 
eels. In conclusion, autoradiography at the cellular 
level clearly indicates that after vascular exposure 
most of the gill ouabain is bound by chloride cells. 

Subcellular Localization o f  

Bound Ouabain 

At low magnification (Figs. 4 and 5), the auto- 
radiographic grain pattern appears to be uniformly 
distributed over the "cytoplasm," i.e. the non- 
nuclear portion of the chloride cells, thus suggest- 
ing an intracellular locus for binding sites. How- 
ever, we know of no precedent for rapid intracel- 
lular penetration of ouabain and it is well known 
that the teleost chloride cell possesses an exten- 
sive, anastomosing tubular system which is in di- 
rect communication with interstitial fluid. In ef- 
fect, the tubular system represents an enormous 
amplification of the plasma membrane at the basal 
and lateral cell surface (see introductory para- 
graphs). The tubules extensively invade the cyto- 
plasm and are poorly represented only in the su- 
pranuclear Golgi regions and a narrow zone adja- 
cent to the apical crypt (Fig. 6). They are com- 
pletely absent from the cell nucleus. This tubular 
system distribution was similar in chloride cells 
from all fish regardless of test environment. Ultra- 
structural examination of the tubules, however, 
revealed that there were slightly more tubules per 
unit volume of cytoplasm in chloride cells from 
fish adapted to 200% SW (not shown). This ob- 
servation is in general agreement with the findings 

FIGURE 4 Autoradiograph from 200% SW fish gill after 45 min of vascular perfusion with 3 tzM 
[aHJouabain (20/xCi/ml) and 25 min of washout. The underlying tissue section is oriented as in Fig. 3 and 
shows the chloride cell-rich end of a filament with the afferent arteriole (A), partly collapsed, and part of 
the cartilaginous spine (S). The developed silver grains in the autoradiographic emulsion appears as fine 
black dots, and the highest density is associated with the nonnuclear portion of chloride cells (arrows 
indicate cells with nuclei showing). 1 /xm section of freeze-dried, plastic-embedded tissue coated with a 2- 
/~m layer of emulsion, exposed for 48 days for qualitative visual evaluation (long exposure gave high 
background density), and photographed with phase-contrast optics, x 600. 

FIGURE 5 Autoradiograph from 10% SW fish gill after 45 min of vascular perfusion with 3 /~M 
[aH]ouabain (20/zCi/ml) and 25 min of washout. Details as given for companion autoradiograph (Fig. 4), 
except that arrows indicate chloride cells with crypts showing and several mucous cells (M) are present. • 
600. 
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FIGURE 6 Electron micrograph of nonpeffused gill filament epithelium from a 100% SW-adapted F. 
heteroclitus. This low magnification view shows part of a pavement cell (P) and most of the apical half of a 
chloride cell with a prominent crypt (C). Above the nucleus (N) of this cell are several regions of 
supranuclear Golgi complex (G). Except for a narrow zone adjacent to the apical crypt, the cell cytoplasm, 
both apical and basal (not shown), is heavily interspersed with numerous mitochondria (darkly stained) and 
the extensive tubular system (electron translucent). Some of the individual tubules are rather dilated 
(arrows). Thus, the tubular system and the mitochondria exhibit an almost identical distribution pattern 
within the cell, i.e. absent from nucleus, Golgi, and crypt zone and uniform throughout the remainder of 
the cell. Chloride cells from 10% SW and 200% SW fish gills exhibited an almost identical ultrastructure, 
except that there were slightly more tubular profiles in 200% SW fish (not shown). Processed for normal 
ultrastructure (glutaraldehyde fixation). • 25,200. 



in Cyprinodon variegatus (20), i.e. the same tubu- 
lar density in 50% and 100% SW ftsh and a large 
increase in 200% SW fish, which was associated 
with an almost fourfold increase in gill Na,K- 
ATPase. 

When examined at higher magnification light 
microscope level autoradiographs revealed that 
the grain density pattern in non-nuclear regions of 
chloride cells was not exactly uniform but, at all 
environments, followed closely the distribution 
pattern of the tubular system (Fig. 7). Areas of 
lowest grain density were the Golgi region and the 
region adjacent to the apical crypt, precisely the 
regions where the tubules are less well repre- 
sented. If the grain distribution pattern indeed 
reflects tubular localization, then we would expect 

to find a slightly higher amount of ouabain bound 
per unit weight or volume of chloride cell in 200% 
SW fish, as, in fact, we did (Table II). Autoradi- 
ographic grain counting was also used in an at- 
tempt to demonstrate "washout" of unbound oua- 
bain from the lumen of the tubular system (in 
effect, part of the interstitial fluid compartment) 
by comparing chloride cells in gill arches frozen 
immediately after [3H]ouabain perfusion with 
chloride cells in those frozen after the usual 25 
rain of additional washout. For the 100% SW- 
adapted fish in Table II (see footnote to Table II) 
the total ouabain content of the cells before wash- 
out was higher by about 12%. Although this dif- 
ference is not statistically significant (variability of 
grain counting was a limiting factor), it is of inter- 

FIGURE 7 Autoradiograph from 100% fish gill after 45 min of vascular perfusion with 50 txM 
[3H]ouabain (60 p.Ci/ml) and 25 rain of washout. The underlying tissue section shows two large chloride 
cells (with prominent apical crypts) in the epithelium above the filament cartilaginous spine (S). The 
developed silver grains in the autoradiograph emulsion appear as black dots and are distributed rather 
uniformly over the cytoplasm except for the nucleus (chloride cell at left), isolated areas in the supranuclear 
region, and a narrow zone adjacent to the apical crypt. 1 /zm section of freeze-dried, plastic-embedded 
tissue coated with a 2-~m layer of emulsion, exposed for 30 days, and photographed with phase-contrast 
optics. • 2,050. 
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est that the apparent unbound ouabain could have 
been contained at 50 p.M in a volume of intersti- 
tial fluid equal to 60% of chloride cell volume. At 
the whole tissue level, visual comparison of the 
same autoradiographs always showed more oua- 
bain in connective tissue and blood vessel regions 
before washout. In conclusion, autoradiography at 
the subcellular level strongly suggests that after 
vascular exposure most of the chloride cell oua- 
bain is bound to the tubular system membrane. 
Remaining, however, is the important question of 
whether additional ouabain binding can be dem- 
onstrated at membrane sites not facing vascular or 
interstitial fluid, e.g., at the apical crypt mem- 
brane of the chloride cell. 

Perfused-lrrigated Gills Exposed  

to Ouabain f rom  the External  

Irrigation Side 

The perfused-irrigated gill system was also used 
to explore the possibility of externally located 
Na,K-ATPase. After exposure of gills to 50 ~M 
ouabain in the external irrigation medium for 45 
min, followed by 25 min of wash, both Na,K- 
ATPase inhibition and ouabain binding were mini- 
mal (Table III). Also, there was no distinct corre- 
lation between the small binding values and the 
increased enzyme levels found with adaptation to 
higher salinity environments. These results con- 
trast markedly from those after vascular exposure, 
i.e. with 50/zM ouabain in the perfusion medium 
(Table I). In fact, the existence of a finite washout 

space after irrigation exposure (Table III) suggests 
that small amounts of ouabain may have simply 
leaked across the gill epithelium into the intersti- 
tial fluid. If the resulting ouabain concentrations at 
the interstitial fluid (tubular system) side of the 
chloride cells were variable and low, only a small 
percentage of the binding sites would be filled and 
there would be no distinct correlation with the 
total enzyme level. Actually, both washout space 
and tissue binding were variable and roughly only 
10% of the corresponding values after vascular 
exposure (Table III). Also, the fact that tissue 
binding was unaffected by 25 mM potassium in 
the irrigation medium (Table III) argues against 
external sites since high potassium concentrations 
generally decrease the binding of ouabain (16, 
43). 

Further evidence for leakage of ouabain from 
irrigation medium to interstitial fluid was provided 
by autoradiographs. The low magnification view 
in Fig. 8 shows the extreme variability of grain 
distribution found even in adjacent gill filaments 
after irrigation exposure and washout. Numbers of 
grains in individual filaments ranged from almost 
none to densities actually approaching those seen 
with vascular exposure. In those filaments with 
grains, the majority were associated with chloride 
cells (Fig. 8). In autoradiographs prepared before 
the final washout step (not shown) filaments with 
heavily grained chloride cells also exhibited finite 
numbers of grains in extracellular spaces, e.g., 
blood vessel lumens. These results are consistent 
with localized leakage through the epithelium of 

TABLE III 

[3H]Ouabain Uptake from Irrigation Medium and Na,K-A TPase Activity in Gills o f  Killifish Adapted to 
Seawater (SW) Mixtures* 

Gill Na,K-ATPase Gill [aH]ouabain 

Irrigated 50 
~M ouabain, 50/zM washout 

Environment Nonperfused gill no K space.~ 

Tissue binding 

no K 25 mM K 

~nol PdlO mg filament x h % arch vol gmol/kg filament 
200% SW 12.1 -+ 0.9 8.8 0.7 -+ 0.3 0.9 

(6) (1) (4) (2) 

100% SW 5.7 + 0.7 5.6 2.0 + 0.6 1.9 - 0.6 
(6) (2) (6) (4) 

10% SW 3.5 -+ 0.3 4.7 2.4 _+ 0.7 1.1 - 0.2 
(5) (2) (4) (4) 

1.1 
(2) 

1.5 
(2) 

* Values generally expressed as mean -+ SE (n), where n is the number of fish. Only washout space in 200% and 
10% SW fish differed significantly (P < 0.05), 

Pooled values with irrigation media containing no K and 25 mM K. 
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FIGURE 8 Autoradiograph from 100% SW fish gill after 45 min of external irrigation with 50 /zM 
ouabain (60 /zCi/ml) and 25 min of additional irrigation without ouabain. This gill was perfused with 
ouabain-free medium during the entire 70 min. The underlying tissue section shows portions of two 
adjacent gill filaments. While there are few developed silver grains in the autoradiographic emulsion over 
the chloride cells of the upper filament, virtually every chloride cell is heavily labeled in the lower filament 
(part of spine showing). There is no accumulation of silver grains over the external surface of either 
filament. 1 /.tm section of freeze-dried, plastic-embedded tissue coated with a 2-txm layer of emulsion, 
exposed for 36 days, and photographed with phase-contrast optics, x 1,000. 

certain filaments followed by limited dispersion 
via the contaminated perfusion flow; generalized 
leakage would have caused more uniform labeling 
of the chloride cells in adjacent filaments. Exami- 
nation of irrigation-exposed filaments at higher 
magnification revealed no surface localization of 
autoradiographic grains associated with either 
pavement epithelial cells or apical crypt regions of 
chloride cells (Fig. 9). In fact, even in autoradi- 
ographs prepared before washout and with special 
dry-section modifications to further restrict 
[3H]ouabain loss (see Materials and Methods) we 
never detected any grain localization over the 
crypt membrane (not shown). Moreover, the grain 
distribution pattern over those chloride cells which 
were labeled (Fig. 9) was similar to that observed 

over all chloride cells after vascular exposure (Fig. 
7), i.e., the pattern paralleled the distribution of 
the tubular system. Thus, autoradiography after 
exposure of the external gill surface to ouabain 
supports localized leakage into interstitial fluid 
and provides no evidence for external ouabain 
binding sites. 

Entry o f  Ouabain into Gills from 

the External Side 

To further explore the nature of ouabain entry 
into gills from the external environment, we uti- 
lized two additional preparations, excised arches 
incubated in vitro and free-swimming fish in vivo. 
Simultaneous ouabain and inulin distribution 
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FIGURE 9 Autoradiograph from 100% SW fish gill 
exposed to [3H]ouabain as in Fig. 8. The underlying 
tissue section shows a chloride cell with prominent apical 
crypt. The grain distribution pattern here, after external 
exposure to [aH]ouabain, is similar (e.g., few silver 
grains adjacent to the apical crypt) to the pattern seen in 
chloride cells after vascular exposure (Fig. 7). No silver 
grains are associated with the apical crypt membrane. 1 
/zm section of freeze-dried, plastic-embedded tissue 
coated with a 2-v.m layer of emulsion, exposed for 34 
days, and photographed with phase-contrast optics, x 
3,150. 

spaces in these two preparations and the ouabain 
space in perfused-irrigated gills after 45 min of 
external exposure (no 25 min wash) are compared 
in Table IV. All data are for 100% SW fish. In 
excised gills incubated in vitro, 45 min was suffi- 
cient for the extracellular marker, inulin (mol wt 
~5,000),  to achieve a mean space value of 13.4% 
which is close to the typical whole fish extracellu- 
lar space of 15% (above). For the same time 
period, the simultaneous ouabain (mol wt 584) 
space in excised gills was still larger, averaging 

23.9%. Comparable space values were obtained 
when the external incubation medium consisted of 
100% SW rather than 280 mM NaC1 (Table IV, 
footnote). After subtraction of the inulin space, 
the remaining ouabain space gave a binding value 
of 7.3 /zmol/kg gill filament, more than half that 
achieved after 45 min of vascular exposure (Table 
I, 100% SW fish). These results indicate that 
excised killifish gills are quite leaky to both inulin 
and ouabain. Even 5 min of external exposure 
produced detectable ouabain binding (Table IV). 
Qualitatively, our findings are like those of Maetz 
and Bornancin (28) who observed binding in ex- 
cised eel gills exposed to 0.1 p,M [3H]ouabain for 
only 2 min. 

In contrast to results with excised gills, external 
exposure of both perfused-irrigated gills and free- 
swimming fish gave small 45-min ouabain and 
inulin spaces (Table IV). Although excised gills 
incubated in vitro may be somewhat more leaky, 
constant removal of ouabain and inulin from gill 
interstitial fluid by the flow of vascular perfusate 
of blood probably explains the smaller space val- 
ues under in situ and in vivo conditions. In fact, for 
free-swimming fish this explanation was verified 
by analyzing blood plasma and kidney, in addition 
to gills, after the 45 min of external exposure. The 
plasma contained finite concentrations of both 
ouabain and inulin (in each case about 0.4% of 
the corresponding concentration in the medium in 
which fish were swimming); the kidney had a 
ouabain distribution space which was half that for 
the gills (0.9 - 0.2 SE percent kidney volume for 
the four fish) and an inulin space which was barely 
detectable (for purposes of comparison these in 
vivo distribution spaces in kidney, as in gill, are 
based on the concentrations in external medium 
rather than plasma). Clearly, in free-swimming 
killifish ouabain gained access into the circulatory 
system and was bound by another Na,K-ATPase- 
rich organ. In a similar experiment with free- 
swimming eels exposed for 1 h to potassium-free 
SW containing 100 p,M ouabain, Silva et ai, (45) 
observed inhibition of kidney as well as gill Na,K- 
ATPase. In conclusion, when molecules as large 
as inulin and ouabain are presented to the external 
surface of gills (in vitro, in situ, or in vivo), they 
apparently gain entry into the interstitial fluid 
through nonspecific leaks in the epithelium. Thus, 
external exposure almost certainly results in oua- 
bain binding from interstitial fluid, e.g., at the 
tubular system membrane of chloride cells. 

1 7 2  THE JOURNAL OF CELL BIOLOGY �9 VOLUME 70 ,  1976  



TABLE I V  

[sH/Ouabain and [t4C]Inulin Uptake from External Medium into Gill Filaments in Different Experimental 
Preparations with 100% SW-Adapted Killifish 

50 p.M ouabain distribution space* 
(simultaneous inulin space) 

Gill preparation External medium:~ 5 min 45 min 

Excised arch incubated in vitro 

Perfused and irrigated in situ 

Free-swimming fish in vivo 

% gill arch volume 

280 mM NaCIw 7.7 -+ 1.0 23.9 -+ 2.6 
(4.9 - 0.9) (13.4 -+ 1.3) 

280 mM NaCI - 4 .9  - 1.5 
(-) 

100% SW - 1.9 - 0.6 
(1.2 --- 0.3) 

* Apparent distribution volume based on concentration in external medium; values are mean -+ SE, n = four fish. 
~t Contained 50/zM ouabain and in most experiments 10 mg% inulin. 
w Additional gill arches from each fish were incubated with 100% SW as the external medium; corresponding 
ouabain and inulin spaces were slightly larger in SW than in 280 mM NaCl, but the difference was generally not 
significant, i.e. P > 0.05. 

DISCUSSION 

The present study with perfused-irrigated gills 
from killifish adapted to environmental salinities 
ranging from 10% to 200% SW deafly establishes 
that almost all of the gill Na,K-ATPase is associ- 
ated with the chloride cells and that the apparent 
subcellular location at all salinities is the exten- 
sively amplified basal and lateral cell surface fac- 
ing interstitial fluid, i.e. the tubular system. Sev- 
eral lines of evidence support these conclusions. 
First, characterization experiments with 50 /zM 
ouabain in the vascular perfusion medium demon- 
strated rapid and stable gill binding accompanied 
by essentially complete Na,K-ATPase inhibition 
at all salinities. Furthermore, the quantity of oua- 
bain bound paralleled the increase in Na,K-ATP- 
ase activity in fish adapted to higher salinities. 
These findings offer convincing evidence for spe- 
cific in situ binding of ouabain to gill Na,K-ATP- 
ase from the interstitial fluid side. In contrast, 
exposure of the external surface to 50 /zM oua- 
bain via the irrigation medium gave minimal and 
erratic results consistent with leakage of external 
ouabain into the interstitial fluid. Supplemental 
experiments with excised gills and free-swimming 
fish provided additional evidence for epithelial 
leaks large enough to pass inulin as well as oua- 
bain. Second, [3H]ouabain autoradiography at the 
cellular level clearly demonstrated that most of the 
gill binding was associated with chloride cells, irre- 

spective of exposure or salinity. Moreover, the 
relative volume of these cells paralleled the in- 
crease in gill binding seen at higher salinities with 
vascular exposure. Given specific binding to the 
enzyme, these in situ findings define the chloride 
cell as the primary locus of adaptive Na,K-ATPase 
activity in killifish gills. Third, autoradiographic 
observations at the subcellular level revealed that 
the distribution pattern for the [aH]ouabain bound 
to chloride cells was essentially identical to that for 
the tubular system, irrespective of salinity or expo- 
sure. Even with external exposure, no bound oua- 
bain was detected at the apical crypt membrane. 
These observations support the conclusion that gill 
Na,K-ATPase is located primarily at the amplified 
interstitial fluid side (surface) of the chloride cells 
and that adaptive changes in enzyme activity re- 
flect the quantity of tubular system membrane. 

Localization of Na,K-ATPase to the amplified 
tubular system membrane is further supported by 
calculations involving the actual number of oua- 
bain binding sites per chloride cell. Assuming one 
site for each molecule bound (16) and treating the 
chloride cell as a unit-density cylinder 20/zm long 
and 8 /~m in diameter (Fig. 3), the measured 
concentration of 240/zmol ouabain/kg cell (Table 
II) gives 1.5 • l0  s sites/cell in 100% SW-adapted 
fish. This number is large, e.g., when compared to 
6 x 104 ouabain sites/fish erythrocyte (5), and 
even if uniformly distributed over the whole un- 
amplified surface of the above cylinder, i.e., over 
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an area of 6 • 10 TM /k 2, would constitute one site 
for each 400 ,~2 of surface. Since both particle size 
and molecular weight estimates for semipurified 
Na,K-ATPase (7) are consistent with each enzy- 
matic site occupying at least 1,000 /~2 of mem- 
brane, surface amplification appears to be a pre- 
requisite for accommodation of the large number 
of sites associated with each chloride cell. For 
example, if the tubular system constitutes a 100- 
fold amplification of the cell surface, there would 
be 40,000 Az of membrane for each ouabain bind- 
ing site, an area which compares favorably with 
those of 10,000 and 50,000 ~2 estimated for frog 
choroid plexus (35) and squid giant axon (2), 
respectively. Finally, if Na,K-ATPase sites are 
spaced this far apart, i.e. one per 40,000/~2, it can 
be calculated that the apical crypt membrane 
could accommodate only a very small percentage 
of the total Na,K-ATPase associated with each 
chloride cell. For example, a spherical crypt 3/zm 
in diameter (Fig. 6) would accommodate 7.5 • 
104 sites or only 0.05% of the total per chloride 
cell in 100% SW fish. Clearly, such a small num- 
ber of apical sites would be undetectable (Fig. 9), 
and their existence can be neither affirmed nor 
denied on the basis of present autoradiographs. 

The only previous attempts at subcellular locali- 
zation of chloride cell Na,K-ATPase are three 
cytochemical studies in which the highly criticized, 
Wachstein-Meisel Pb-capture reaction was used 
(12, 31, 44) and a low-resolution autoradi- 
ographic study with [aH]ouabain (unpublished 
work by Masoni and Bornancin cited in reference 
28). Gill tissue for these studies was generally 
obtained from eels adapted to SW. Although the 
latter two cytochemical studies demonstrated 
ATPase reaction product associated with both the 
tubular system and the apical region, this localiza- 
tion cannot be considered specific for Na,K-ATP- 
use because the reaction was not ouabain sensi- 
tive. For an objective evaluation of ATPase cyto- 
chemistry and other localization techniques, see 
Schwartz et al. (43). In the autoradiographic study 
on excised gills incubated in ouabain-containing 
medium, the resolution is too low to permit any 
conclusions about ouabain binding sites at the 
apical crypt membrane. Interestingly, however, in 
these autoradiographs, as in low magnification 
views of our external exposure autoradiographs, 
the silver grains appeared to be distributed rather 
uniformly over the whole area occupied by each 
chloride cell. Since the excised gills were incu- 
bated with ouabain for only 2-5 min, Maetz and 

Bornancin (28) contend that ouabain penetrated 
deep into the chloride cells directly from the apical 
crypt. A more likely explanation is binding at 
tubular system sites secondary to rapid leakage of 
ouabain into gill interstitial fluid. For example, we 
have demonstrated measurable inulin as well as 
ouabain distribution spaces in excised killifish gills 
incubated for 5 rain (Table IV). Furthermore, 
there are several reports of organic molecules, 
including inulin, being lost from plasma across the 
gill epithelium (23, 29) and, although such mole- 
cules accumulate in chloride cells (29), it seems 
more reasonable that transepithelial leakage oc- 
curs primarily in the respiratory portion of the gill, 
i.e. in the lamellae which account for most of the 
surface area. In any case, ouabain dearly pene- 
trates from external media into the blood vascular 
system of free-swimming fish (Table IV) (45) and 
claims that this inhibitor acts at the external side of 
the gill (13, 34) must be accompanied by evidence 
that ouabain molecules have not gained access to 
the interstitial fluid and, hence, the tubular system 
Na,K-ATPase. 

The final question to be considered is the role of 
tubular system Na,K-ATPase in chloride cell func- 
tion. In single cell systems such as erythrocyte and 
nerve, the site of ouabain action is the external 
side of the plasma membrane, i.e. the surface to 
which the Na is actively transported (7, 16, 43). In 
epithelia responsible for salt absorption, e.g., rab- 
bit intestine (47) and frog bladder (30), or salt 
secretion, e.g., frog choroid plexus (35), well- 
controlled [aH]ouabain autoradiography has con- 
sistently demonstrated binding sites (Na,K-ATP- 
use) at the pole of the epithelial cell from which 
Na is actively transported, i.e. the basal-lateral 
surface in the absorbing systems and the apical 
surface in the secreting system. Thus, basal-lateral 
localization of Na,K-ATPase in chloride cells im- 
plies that Na is actively transported from these 
cells into interstitial fluid. While this pump ori- 
entation seems reasonable for chloride cells func- 
tioning as absorbing cells in fish adapted to salini- 
ties less than that of their plasma, e.g., to FW or 
10% SW, it represents a paradox for chloride cells 
functioning as secreting cells in high salinity envi- 
ronments, e.g., 100% or 200% SW, since Na 
would be pumped into rather than out of the fish. 
In fact, Maetz's long-standing model of the chlo- 
ride cell (27, 28) has the Na,K-ATPase, which is 
postulated as being responsible for Na secretion, 
located at the apical crypt membrane. While our 
autoradiographs neither confirm nor exclude a 
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small number  of enzyme sites at this membrane,  
the large increase in Na,K-ATPase  activity accom- 
panying adaptation to high salinity is clearly asso- 
ciated with some other part of the cell, most prob- 
ably the tubular system membrane.  As early as 
1972, Motais and Garc ia-Romeu (32) surmised 
that most gill Na,K-ATPase  was associated with 
the tubular system and suggested that its function 
in high salinity environments was solute recycling 
and water absorption rather than active Na secre- 
tion. Moreover ,  Kirschner et al. (22) have now 
concluded on the basis of available electrophysio- 
logical data that the primary osmoregulatory 
mechanism in gills of SW-adapted fish is a secre- 
tory CI pump and that it may not even be neces- 
sary to postulate a secretory Na pump. 

Clearly, further investigation will be required to 
clarify the enigmatic role of  tubular system Na,K- 
ATPase  in chloride cell function. It is also impor- 
tant to recognize that this enigma extends to other  
extrarenal osmoregulatory organs, such as avian 
and reptilian nasal glands, whose principal salt- 
secreting cells likewise possess an enormously am- 
plified basal-lateral surface. With a ouabain-sensi- 
tive cytochemical reaction (Ernst p-nitrophenyl 
phosphate-hydrolysis), this surface has recently 
been shown to be the major  site of Na,K-ATPase  
activity in the nasal salt gland of both a bird (10) 
and a lizard (8). Localization of  the enzyme activ- 
ity at this surface is consistent with Na being 
pumped from the cells into interstitial fluid. Con- 
sequently, as in chloride cells of SW-adapted fish, 
the basal-lateral pump appears to be oriented in 
the wrong direction for removing Na from the 
organism, Perhaps, as Peaker  and Linzell (33) 
have suggested for the avian salt gland, basal- 
lateral Na ,K-ATPase  plays a primary role in regu- 
lation of intracellular ion concentrations and, 
hence, only a secondary role in net salt secretion. 
In chloride cells of FW-adapted fish, however,  this 
enzyme could also assume a primary role in net 
salt absorption. Thus, basal-lateral Na,K-ATPase  
might contribute both indirectly and directly to the 
dual secretory-absorptive faculty of the euryhaline 
teleost gill. 
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