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Homer Smith (1) showed that marine 
teleosts maintain their water balance 
by drinking, absorbing water and elec- 
trolytes in the gut, and eliminating the 
monovalent ions by the gills. More re- 
cently, dynamic studies of salt balance, 
made 'by using radioactive tracers (2), 
demonstrated that sodium and chloride 
turnovers involve amounts of salt more 
than ten times greater than can be ac- 
counted for by gut absorption and gill 
excretion. My observations concerning 
the mechanism of the branchial so- 
dium pump have been obtained on the 
seawater-adapted flounder Platichthys 
flesus. 

The most recent evaluations of the 
drinking rate of flounder (3) give a 
value of 192?35 p/l hr-1 per 100 g 
of body weight (mean and S.E. for N = 
11) at 17?C, the temperature at which 
all the present flux measurements have 
been made. Assuming that all the Na+ 
swallowed is absorbed, the Na+ con- 
centration of the seawater in our tanks 
being 520 mmole/liter, the gut absorp- 
tion and gill excretion rate of Na+ 
amount to 100 ? 18 ,umole hr-' per 
100 g. All the subsequent flux values 
will be given in these units. The gill 
sodium outflux (fout) as deduced from 
the turnover rate (4) amounts to 2600 
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jtmole and direct measurement of this 
outflux (5) gave a closely similar value: 
2623 ?90 rtmole (N = 12). The net 
flux of sodium across the gill represents 
therefore only about 3.5 percent of the 
unidirectional fluxes, and the ratio 
fin//out is nearly 1. 

By rapid transfer experiments per- 
mitting the comparison of the sodium 
unidirectional fluxes in media of vari- 
ous sodium concentrations, Motais, 
Garcia Romeu, and Maetz ,(4) demon- 
strated that about 85 percent of the 
sodium outflux as well as the total so- 
dium influx are dependent on the ex- 
ternal sodium concentration in a man- 
ner suggesting Michaelis-Menten satu- 
ration kinetics. An exchange-diffusion 
carrier with a low affinity for sodium 
(K,, about 400 mmole) allowing for 
the coupling of sodium influx and most 
of the sodium outflux has been sug- 
gested. 

According to this hypothesis, adap- 
tation of the fish to any change of 
external salinity would be accompanied 
by a variation in the quantity of avail- 
able carrier in. the gill epithelium. In- 
direct evidence suggests a close correla- 
tion between the exchange-diffusion 
process and the sodium-excreting pump 
(6). This pump is a potassium-sodium 
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exchange pump. External sodium, the 
concentration of which is about 50 
times that of potassium in seawater, 
competes for this exchange carrier. The 
exchange-diffusion effect arises as a 
result. 

The K+ influx, measured with the 
help .of the tracer 42K added to the 
outside medium in a closed circuit (7), 
was found to be 120 + 23.5 ptmole 
(N = 4), a value identical to the net 
sodium excretion rate given above. 

Rapid transfer experiments were 
performed on flounders alternately 
placed in K+-seawater and K+-free 
seawater for comparison of the sodium 
outfluxes in these media (8). A small 
but consistent reduction of the sodium 
outflux was observed in the absence 
of external potassium (- 2.95 percent 
? 0.44; N = 6; P < .01). This reduc- 
tion amounts to 80 ? 12 ,tmole, a value 
similar to the net extrusion rate of so- 
dium. If the animals are kept for 24 
hours in renewed K+-free seawater, 
an increase of the internal sodium is 
observed, the plasma sodium level aug- 
menting by 17.5 ? 2.42 mmole/liter 
(N = 8; P < .001). The sodium space 
also increases: 46.1 ?3.63 ml/100 g 
compared with 34.2 ? 2.55 (N = 8; P < 
.05), the value previously reported for 
the seawater-adapted flounder (4). The 
rate of increase of the internal sodium 
is about 110 /smole hr-l per 100 g, 
a value that would be expected if the 
sodium-excreting mechanism failed. 
After return to K-seawater for 48 to 
72 hours, the internal sodium concen- 
tration declines by 27.8 ? 6.32 mmole/ 
liter, the decrease being highly signifi- 
cant (P < .01; N = 8). This decline 
can be explained by the sodium pump 
being "turned ion" again upon addition 
of external potassium. The sodium 
turnover rate remains high in K-free 
seawater, for the sodium outflux of the 
fish kept in this medium was 2125 ? 
354 /tmole (N = 7) which is only a 
slightly smaller value than that reported 
for control fish (see above), the differ- 
ence not being significant. Further- 
more a net potassium loss of 36 ? 5.5 
u/mole (N = 7), is observed in Na-free 
seawater. It is evident that suppression 
of external potassium does not abolish 
the sodium-sodium exchange mecha- 
nism, but this is not the vital mecha- 
nism for the osmoregulation of the 
fish. 
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The existence of a K-Na exchange 
mechanism is further demonstrated by 
rapid transfer experiments of the fish 
permitting the comparison of the so- 
dium outfluxes in seawater, in deion- 
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Seawater Teleosts: Evidence for a Sodium-Potassium Exchange 
in the Branchial Sodium-Excreting Pump 

Abstract. The net sodium extrusion rate by the gill of the seawater-adapted 
euryhaline flounder is identical to the potassium influx. The excretion of sodium 
is blocked in K+-free seawater solutions. The instantaneous sodium outflux 
readjustment pattern of flounders transferred from seawater to solutions of various 
sodium chloride or potassium chloride concentrations is consistent with the 
hypothesis of a linkage between Na+ outflux and K+ influx through a common 
exchange carrier. External Na+ and K+ compete for this common carrier. It is 
suggested that the exchange diffusion mechanism (linkage of sodium influx and 
outflux) and the high internal sodium turnover rate which characterizes all sea- 
water teleosts are the results of this competitive process. The sodium-potassium 
dependent adenosine triphosphatase system occurring in the gill of the seawater 
teleosts may play a central role in this sodium-potassium exchange pump. 
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ized water, or in various NaCi or KCI 
solutions at concentrations ranging 
from 5 to 50 mmole/liter. Figure 1 il- 
lustrates two typical experiments and 
Fig. 2 summarizes the results of 27 ex- 
periments of this kind. In deionized 
water, an "instantaneous" reduction 
bringing down the outflux to 14.4 ? 
1.20 percent (N = 27) of the control 
value in seawater is observed, confirm- 

ing our previous observations (4). As 
a second "delayed" reduction would 
occur if the fish were kept in waters 
of lower salinities (4), all the testings 
of the fish in the various media have 
to be made within 20 to 30 minutes. 
If this condition is met, the outflux of 
the fish during the third or fourth ex- 
perimental period up'on return to sea- 
water remains within 90 to 100 per- 
cent of the control value. As seen in 
Fig. 2, the extent of the outflux reduc- 
tion varies almost linearly with the ex- 
ternal concentrations after transfer to 
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NaCI solutions in the range 5 to 50 
mmole. 

Transfer to media at concentrations 
higher than 50 mM had previously 
shown (4) that the outflux varies ac- 
cording to a hyperbolic function of the 
Michaelis-Menten type as discussed 
above. Figures 1 and 2 show that po- 
tassium chloride solutions in the lower 
range of concentrations are even more 
effective than the sodium chloride so- 
lutions in "driving the sodium out" of 
the fish. The reduction of the control 
outflux is much less and the difference 
is highly significant (P < .001) for the 
5 and 10 mM solutions and less signifi- 
cant (P < .05) for the 25 mM concen- 
tration. For the 50 mM solutions, how- 
ever, Na+ and K+ are equally efficient 
in driving sodium out of the fish. If 
the assumption is made that in the K+ 
as in the Na+ solutions the sodium out- 
flux over and above that observed in 
deionized water is equal to the K+ or 

Fig. 1. Comparison of 'Na appearance rates of seawater-adapted flounders transferred 
to various external media, showing external radioactivity in counts per minute as a 
function of time. (Top) After transfer from seawater (SW) to deionized water (DW) 
the residual outflux is 15 percent of the control level. Transfer from DW to 50-mmole 
solutions of NaCl (50 Na) or KCI (50 K) is followed by an identical increase of 
the outflux reaching about 60 percent of the control level. Return to SW shows 
instantaneous reversibility of the outflux readjustment. Duration of the successive 
periods is 9 minutes; they are separated by rinsing periods of 1?/2 to 3 minutes. 
(Bottom) After transfer to a 5-mmole KCl solution the sodium outflux is 50 percent 
of the control level, while in a 5-mmole NaCI solution the sodium outflux reaches 
only 20 percent of the control level. 
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Fig. 2. Sodium outfluxes (in percentage 
of the control level in seawater) as a func- 
tion of the external potassium or sodium 
concentration of the transfer medium in 
millimoles per liter. 

Na+ influx, it follows that the curves 
depicted in Fig. 2 correspond to the 
K+ influx or Na+ influx as a function 
of their respective external concentra- 
tions. In comparing the curves, it can be 
seen that the K+ influx is almost maxi- 
mal at the lowest concentration itested 
(5 mM). Apparently the affinity of the 
carrier for K+ is very high (K,,m 2 to 
3 mmole), in contrast to the low affinity 
observed for sodium (Km-400 mmole). 

There is, furthermore, compelling 
evidence for a competition between 
Na+ and K+ for this carrier. The K+- 
dependent sodium outflux observed in 
the 10 mM KC1 solution represents 
about 40 percent of the total outflux 
observed during the control period in 
seawater and corresponds to a 1075 
/~mole flux, wihch presumably is ex- 
changed against an equal K+ influx. 
The K+ influx in seawater (containing 
10 mmole of potassium) is, however, 
only about 120 ,umole. At equal exter- 
nal K+ concentrations, the K+ influx 
would be eight to nine times higher in 
the absence of external sodium. Such 
a discrepancy suggests a competition 
between both ionic species for a com- 
mon carrier. Such a phenomenon has 
been demonstrated in yeast cells (9). 
Further evidence also points ito a simi- 
lar situation for the gill of the seawater- 
adapted flounder. 

Comparative outflux measurements 
were also made on flounders trans- 
ferred from seawater to solutions con- 
taining either NaCl or KCl alone or 
a mixture of both ions at varying molar 
ratios. For example, when 5 mM solu- 
tions are compared, it appears that in 
the K solution the observed sodium 
outflux is reduced to 51.9 ? 2.91 

percent of the control level against 22.1 
- 4.07 percent in the Na solution. In 

the equimolar mixture of Na+ + K+, 
however, the observed level is 36.5 - 
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2.50 percent (N = 6). As the difference 
is highly significant (P < .01), this 
demonstrates that a mixture of both 
ions is less effective than K+ alone in 
driving sodium out of the fish. This 
result and similar observations made 
for mixtures containing 5 mmole of 
K+ together with 10, 25, or 50 mmole 
of Na+ are indirect evidence that the 
K+ influx is reduced in the presence 
of Na+ ions. 

In conclusion, our observations con- 
cerning the branchial sodium pump in 
seawater teleosts suggest that the oper- 
ating mechanism is a Na-K exchange 
pump similar to that described for 
many cells (10). In the red cells and 
muscle cells an exchange diffusion 
mechanism also operates in parallel to 
the Na-K exchange pump, and part of 
the exchange diffusion process may be 
explained in terms of competition be- 
tween Na+ and K+ for a common 
carrier (11). 

One problem raised by the present 
investigation concerns the fate of the 
K+ ions entering the gill in exchange 
for Na+. Comparison of the K+ influx 
and outflux in vivo for flounders in 
seawater shows that both fluxes are 
identical. Measurement of the K+ out- 
flux (12) gave a value of 145 ? 46 
jumole (N = 4), not significantly dif- 
ferent from that given above for the 
influx. The gill is obviously the major 
route for K+ influx and outflux, for 
the renal loss of K+ is negligible (13) 
and the drinking rate accounts for only 
about a 2 /tmole uptake. 

The main question raised by the 
present observations concerns the role 
of the Na-K activated adenosine tri- 
phosphatase activity which has been 
found in the teleostean gill 'by several 
authors. In Anguilla japonica (14) and 
Fundulus heteroclitus (15), but appar- 
ently not in Anguilla anguilla (16), the 
enzyme activity is higher in the sea- 
water-adapted animals. Recent observa- 
tions on many species, including the 
European (17) and American eels (18), 
confirm, however, the difference be- 
tween seawater- and freshwater-adapted 
animals. In freshwater teleosts the 
branchial salt pumping mechanism ex- 
hibits high specificity for Na+ against 
K+ ions (19). The augmentation of the 
adenosine triphosphatase activity ob- 
served during adaptation to high ex- 
ternal salinity probably coincides with 
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