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Bystriansky JS, Ballantyne JS. Gill Na�-K�-ATPase activity
correlates with basolateral membrane lipid composition in seawater-
but not freshwater-acclimated Arctic char (Salvelinus alpinus). Am J
Physiol Regul Integr Comp Physiol 292: R1043–R1051, 2007. First
published October 12, 2006; doi:10.1152/ajpregu.00189.2005.—The
successful migration of euryhaline teleost fish from freshwater to
seawater requires the upregulation of gill Na�-K�-ATPase, an ion
transport enzyme located in the basolateral membrane (BLM) of gill
chloride cells. Following 39 days of seawater exposure, Arctic char
had similar plasma sodium and chloride levels as individuals main-
tained in freshwater, indicating they had successfully acclimated to
seawater. This acclimation was associated with an eightfold increase
in gill Na�-K�-ATPase activity but only a threefold increase in gill
Na�-K�-ATPase protein number, suggesting that other mechanisms
may also modulate gill Na�-K�-ATPase activity. We therefore in-
vestigated the influence of membrane composition on Na�-K�-
ATPase activity by examining the phospholipid, fatty acid, and
cholesterol composition of the gill BLM from freshwater- and sea-
water-acclimated Arctic char. Mean gill BLM cholesterol content was
significantly lower (�22%) in seawater-acclimated char. Gill Na�-
K�-ATPase activity in individual seawater Arctic char was negatively
correlated with BLM cholesterol content and positively correlated
with %phosphatidylethanolamine and overall %18:2n6 (linoleic acid)
content of the BLM, suggesting gill Na�-K�-ATPase activity of
seawater-acclimated char may be modulated by the lipid composition
of the BLM and may be especially sensitive to those parameters
known to influence membrane fluidity. Na�-K�-ATPase activity of
individual freshwater Arctic char was not correlated to any membrane
lipid parameter measured, suggesting that different lipid-protein in-
teractions may exist for char living in each environment.
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GILLS PLAY A PIVOTAL ROLE in the osmoregulation of both
freshwater and marine teleost fishes. The gill epithelium is the
site of active ion uptake in freshwater fishes and active sodium
and chloride excretion in marine fishes (14). In both environ-
ments, the transport of sodium and chloride is driven by
sodium and potassium gradients generated by Na�-K�-
ATPase, an enzyme located in the basolateral membrane
(BLM) of gill chloride cells (25). In freshwater, this energy for
transport is supplemented by an apical H�-ATPase. When
euryhaline teleosts move from freshwater to seawater, the gill
is modified to stop accumulating ions and to start excreting
excess sodium and chloride. Associated with the acclimation of
most euryhaline fish species to seawater is an increase in gill
Na�-K�-ATPase activity (30). This upregulation of gill Na�-

K�-ATPase is likely critical because of its role in the regula-
tion of plasma sodium and chloride levels.

Many studies have shown increased mRNA (38, 41) and
protein (11, 23, 28) expression of Na�-K�-ATPase in gills of
teleosts following seawater exposure. Increased Na�-K�-
ATPase protein expression is thought to be a major determi-
nant of increased activity in fish gills during seawater accli-
mation. However, rapid increases in killifish (47) and brown
trout (46) gill Na�-K�-ATPase activity following seawater
exposure has been shown to precede any increase in enzyme
number. In addition, we show in the present study that, fol-
lowing 30 days of seawater acclimation, Arctic char (Salveli-
nus alpinus) increase gill Na�-K�-ATPase activity approxi-
mately eightfold, while this increase in activity is only accom-
panied by a threefold increase in gill Na�-K�-ATPase protein
levels. This suggests that gill Na�-K�-ATPase activity is
regulated by multiple mechanisms and is not determined solely
by enzyme number. Towle et al. (47) proposed that Na�-K�-
ATPase activity is also modulated posttranslationally, poten-
tially through modifications to the membrane environment that
surrounds the enzyme.

The activity of Na�-K�-ATPase has been shown to be
sensitive to the composition of its surrounding membrane
environment. The complete removal of lipid inactivates Na�-
K�-ATPase; however, activity is fully restored by reintroduc-
ing it to a proper membrane environment (32, 42). Na�-K�-
ATPase activity has been correlated to several physical mem-
brane properties including membrane thickness (24),
phospholipid composition (48), fatty acyl chain length (29),
and membrane fluidity (26). Na�-K�-ATPase activity has also
been reported to be negatively correlated to membrane choles-
terol content in many tissues [see Yeagle (51) for discussion]
including rainbow trout erythrocytes (36), kidney, and intestine
(8). In general, alterations to the lipid environment that in-
crease membrane fluidity tend to also increase Na�-K�-
ATPase activity (44).

The influence of changing salinity on the membrane com-
position of fish gills has not been adequately studied. Crockett
(7) found no significant change in American eel (Aguilla
rostrata) gill BLM lipid composition following seawater ac-
climation and concluded that lipid restructuring of the gill is
not responsible for increased Na�-K�-ATPase activity in this
catadromous species. However, studies on guppy (10) and the
anadromous rainbow trout (33) report changes in whole gill
lipid composition following seawater exposure. If changing
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