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DOWN-REGULATION OF THE SODIUM PUMP FOLLOWING CHRONIC
EXPOSURE OF HelLa CELLS AND CHICK EMBRYO HEART CELLS TO
OUABAIN
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1 HelLa cells and primary cultures of embryonic chick heart cells were grown in medium containing

low concentrations of ouabain for 24 h.

2 Compared with normal cells, cells grown in ouabain have fewer free sodium pump sites, an
increased intracellular sodium concentration and a decreased intracellular potassium concentration.
The cells are able to maintain their intracellular ion contents because the remaining pump sites have

an increased turnover rate.

3 When cells that have been chronically exposed to ouabain are returned to normal growth
medium, the sodium pump site numbers increase; the recovery process begins within 6 to 8 h and is
complete within 24 h. Recovery of pump site numbers is primarily dependent upon de novo protein
synthesis since the protein synthesis inhibitor, cycloheximide, prevents recovery.

Introduction

Although the digitalis group of compounds is widely
used in the clinical treatment of cardiac disorders,
relatively little is known about the cellular mechan-
isms underlying the therapeutic actions of digitalis.
One reason for this is that in most experiments only
the acute effects of the drug have been examined,
whereas in clinical practice, digitalis is routinely pre-
scribed over prolonged periods.

In a previous paper we demonstrated that pro-
longed treatment of an established human cell line
with therapeutic concentrations of ouabain caused a
large decrease in sodium pump site numbers (Lamb
& McCall, 1972; Boardman, Lamb & McCall, 1972).
The present paper extends these studies to another
human cell line (HeLa) and also to primary cultures
of spontaneously contracting chick embryo heart
cells.

The results obtained confirm that chronic exposure
to low concentrations of ouabain causes a decrease in
sodium pump site numbers of both HeLa and chick
heart cells. The response appears to be analogous to
receptor site ‘down-regulation’ which is a feature of
many different ligand-receptor interactions (see
Catt, Harwood, Aguilera & Dufau, 1979 for a
review).

Methods

Cell culture

HelLa cells were grown as previously described in
0007-1188/81/060333-008 $01.00

Eagle’s Basal Medium supplemented with 10% calf
serum (Lamb & McCall, 1972; Aiton & Lamb,
1980). For experimental purposes, monolayers of
cells were grown to confluency in 60 mm ‘Sterilin’
plastic petri dishes (approximately 2 x 10°
cells/plate).

Monolayer cultures of spontaneously contracting
myocardial cells were derived from 11 day-old em-
bryonic chick hearts subjected to multiple periods of
tryptic digestion (Horres, Lieberman & Purdy, 1977;
Horres, Aiton & Lieberman, 1979). Non-muscle cell
overgrowth was minimised by using the cell cultures
within 3 days of plating. The myocardial cells were
grown on 35mm ‘Nunclon’ petri dishes in Medium
199 supplemented with 10% foetal bovine serum and
2% chick embryo extract. Myocardial cell cultures
were incubated at 37°C in a humidified environment
of 96% air and 4% CO,.

Chronic ouabain treatment Twenty four hours before
carrying out an experiment, the original growth
medium was discarded and replaced with fresh
medium (control cells) or medium containing oua-
bain. Appropriate ouabain concentrations were ob-
tained by dilution from a sterile, 10~>M stock solution
of ouabain made up in 136 mM NaCl. Before any
experimental measurements were made, the growth
medium was discarded and the cells rinsed four times
with warm (37°C) Krebs solution in order to remove
unbound, extracellular ouabain.
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Figure 1 Dose-response curve for the effect of ouabain
on the *Rb influx into monolayer cultures of spontane-
ously contracting embryonic chick heart cells. Each
point is the mean of three observations; standard error
< symbol size.

Experimental measurements

The techniques used in this study have been de-
scribed in detail elsewhere (Lamb & McCall, 1972;
Boardman, et al., 1972; Boardman, Huett, Lamb,
Newton & Polson, 1974; Aiton & Lamb, 1980) and
are summarised below. All experiments were carried
out at 37°C.

8 Rb influx *Rb was used as an isotopic tracer to
indicate potassium movements, since work in our
own, and in other laboratories (Cuff & Lichtman,
1975) has shown that the cells handle %Rb tracer in
the same way as potassium. The #*Rb influx into cell
monolayers was measured during a 10 min (HeLa) or
1 min (chick) incubation in Krebs solution containing
0.2 pCi/m1*Rb. At the end of the influx period, the
monolayer was rapidly rinsed four times with ice-cold
Krebs solution to remove extracellular isotope and
then trypsinised to form a single cell suspension.
After trypsinisation, the cell number and mean cell
volume of each experimental plate was determined
on a Coulter Counter (Model zF) fitted with a Chan-
nelyzer attachment (Model C1000). The #*Rb con-
tent of the samples was measured in a liquid scintilla-

tion spectrophotometer (Packard, model 3320) by
the Cerenkov method.

Although we had previously established the oua-
bain sensitivity of cultured human cells (10-'M oua-
bain required for half-maximal inhibition of the **Rb
influx; Lamb & McCall, 1972), we lacked compara-
ble data on embryonic chick heart cells.

A preliminary series of experiments established
that chick heart cells were some 200 times less sensi-
tive to ouabain than HeLa cells, with half-maximal
inhibition of the *Rb influx being obtained with
2x107°M ouabain (Figure 1).

With both cell types, maximal inhibition of the
%Rb influx was obtained with 10-*M ouabain. The
fraction of the %Rb influx catalysed by the sodium
pump (the ouabain sensitive **Rb influx) was taken as
the difference between the *Rb influxes measured in
the presence and absence of 10->M ouabain.

[FH]-ouabain binding Sodium pump site numbers
were estimated by determining the specific binding of
[’H]-ouabain, i.e. the difference between the total
[*H]-ouabain binding, measured in K-free Krebs sol-
ution, and the non-specific [?’H]-ouabain binding,
measured in 15 mM-K Krebs solution (Boardman et
al., 1972; Baker & Willis, 1972). Monolayers of cells
were rinsed four times with Krebs solution at 37°C
(either K-free or 15 mM K) and incubated for 15 min
in Krebs containing 2x10-'M [*H]-ouabain
(0.4 u.Ci/ml [°’H]-ouabain). At the end of the incuba-
tion period the cells were rinsed four times with
ice-cold Krebs solution and the cell number, mean
cell volume and *H content determined in the usual
manner.

Double label technique In some experiments with
HeLa cells, a double label technique was used to
measure (a) the specific binding of [*H]-ouabain; (b)
the ouabain-sensitive *Rb influx and (c) the rate
constant of #*Rb loss, using only two experimental
plates. For each plate the sequence was as follows:
cells were exposed to *Rb uptake medium for
10 min; washed for 20 s; treated with K-free medium
containing 2x10-'M [*H]-ouabain for 20 min;
washed again and trypsinised to form a single cell
suspension. The cell number, cell volume, 3Rb and
*H content of this suspension was then determined.
The *Rb influx was calculated from that remaining in
the cells plus the amount which appeared in the
various washing and loading solutions. The rate con-
stant of *Rb loss was calculated by dividing the
amount of Rb lost during the ouabain labelling
period by the initial #*Rb content. The [*H]-ouabain
binding was determined in the usual way. The second
plate of each pair was treated with 10~>M ouabain
during the initial *Rb influx determination and so
gave values for the ouabain-insensitive *Rb influx
and the non-specific [*H]-ouabain binding. The affin-



ity for ouabain was determined by pretreating (for
10min) the cells with different concentrations of
ouabain in K-free medium and then carrying out a
double label experiment.

Intracellular ion contents Cell monolayers were rinsed
four times with ice-cold, isotonic choline chloride and
the cell Na and K extracted during a 3 hincubationin
de-ionised water. Na and K content of the extract was
determined on an EEL 450 flame photometer. Esti-
mates of cell number and mean cell volume were
obtained from plates run in parallel to those used for
ion analysis.

Solutions Flux experiments were carried out at 37°C
in Krebs solution containing (mmol/1): NaCl 137,
KCl 5.4, CaCl, 2.8, MgSO,. 7TH,0 1.2, NaH,PO,
0.3, KH,PO, 0.3, HCI 12, Tris base 14, and glucose
11. Calf serum was added (1% v/v) and the pH
adjusted to 7.36. [°*H]-ouabain binding experiments
were carried out in K-free or 15 mMK Krebs solution.
K-free Krebs solution was prepared by omitting KCl,
substituting NaH,PO, for KH,PO, and dialysed calf
serum for normal serum; 15 mMK Krebs was pre-
pared by adding the appropriate amount of 1 M KCl
to K-free Krebs solution.

Materials Whenever possible, inorganic salts of
Analar quality were used. Drugs used were ouabain
and cycloheximide (Sigma (Lond.) Chemical Co.).
%Rb and [’H]-ouabain were purchased from the
Radiochemical Centre, Amersham. Tissue culture
supplies were obtained from Flow Laboratories, Ir-
vine, Scotland. New laid fertilised Hubbard hatching
eggs were purchased from Buxted Poultry Ltd.,
Kinglassie Hatchery, Fife.

Results

The number of [*H]-ouabain binding sites present in
both HeLa and chick heart cells previously grown for
24 h in media containing different concentrations of
ouabain is shown in Figure 2.

In HeLa cells, growth in medium containing approxi-
mately 5x 10~°M ouabain caused a 50% reduction in
the number of free (unblocked) binding sites as
measured by a subsequent exposure to [*H]-ouabain.
Embryonic chick heart cells were less sensitive and a
ouabain concentration of approximately 2x10-°M
was required to reduce the number of free binding
sites by 50%. This difference in sensitivity shown by
HeLa and chick cells during chronic exposure to
ouabain paralleled the ouabain sensitivity of the two
cell types observed during acute ouabain treatment.
Although the results of the previous experiment sug-
gested that prolonged growth of both HeLa cells and
embryonic chick heart cells in low concentrations of
ouabain reduced the number of free sodium pump
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Figure 2 The effect of 24 h growth in different con-
centrations of ouabain on the sodium pump site numbers
of HeLa cells (®) and embryonic chick heart cells (O).
The free pump sites remaining after chronic exposure to
ouabain are expressed as a % of control values. (HeLa;
0.87x10° sites/cell, s.e.+0.03; n=3: chick heart cells;
0.54x 10° sites/cell, s.e.£0.01; n=4). Vertical bars indi-
cate s.e. mean, in some cases the error < symbol size.
Lines fitted by eye.

sites, we had no evidence to indicate whether the sites
which remained after chronic exposure to ouabain
had similar characteristics to the sodium pump sites
normally present in these cells. We examined this
point in a number of ways and, in each case, were
unable to distinguish between the sodium pump sites
of normal cells and the free sites remaining in cells
that had been chronically treated with low concentra-
tions of ouabain.

For example, the acute effects of ouabain on both
the %*Rb influx (Figure 3a) and ouabain binding
(Figure 3b) were compared in both normal cells and
cells grown for 24h in 10-%M ouabain (HeLa). In
each group of cells, both the %Rb influx and the
[*H]-ouabain binding were half-blocked by the acute
application of 3.8x107®M ouabain s.e. 0.44; (n=38).
These results showed that (a) the affinity of the free
sites remaining in the treated cells is the same as those
present in the original population and (b) the same
stoichiometric relationship between ouabain binding
and sodium pump inhibition holds in normal cells and
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Figure 3 The effect of chronic exposure to 10~®M ouabain on the ouabain affinity of HeLa cells. Control cells (@) or
cells which had been grown for 24 h in 10~%M ouabain (O) were pretreated for 10 min with K-free Krebs solution
containing the ouabain concentrations shown on the abscissa scale. (a) The ouabain-sensitive *Rb influx and (b) the
free [*H]-ouabain binding sites were measured by the double label experimental technique. Note that growth in
ouabain has no effect on the ouabain affinity of the sodium pump. Vertical bars indicate s.e. mean (n=8); in some
cases error < symbol size.
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Figure 4 Effect of 24 h growth in 107°M ouabain on the ouabain affinity of chick embryo heart cells: (a) shows the
time course of [*H]-ouabain binding (1 x 10~"M) to control cells (®) and cells grown from 24 hin 10~°m ouabain (O).
In both groups of cells, the half time of binding is approximately 3 min. (b) The ouabain-sensitive *Rb influx was
measured in the presence of the different concentrations of ouabain shown on the abscissa scale. The concentration
of ouabain required to half-maximally inhibit the *R influx is similar in both control (@) and treated cells (O) at
1x107°M ouabain. Each point is a single observation made with cells from the same culture.
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Table1 The effects of chronic exposure of HeLa cells to 10~M ouabain
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Control Ouabain (10~°m) P value
for24 h

[Na) 29+1(14) 44+2(13) <0.001
[K] 230+ 8 (14) 20316 (13) <0.02
[*H]-ouabain bound (molecules/cell x 10¢) 0.79% .01 (7) 0.37+.02(7) <0.001
Flux/site (**Rb ions site™'s™") 106£9 (12) 178+ 8 (12) <0.001
Rate constant of **Rb efflux (min~") 0.0147+.0002 (36)  0.0122%.0003 (40) <0.001
Total ®Rb influx (mmol 1"! min™") 3.6+0.2(5) 3.2+0.2(5) <0.2
Total *Rb efflux (mmol 1-! min~") -3.410.2(14) 2.5%0.2(13) <0.01

Collected data from four experiments on HeLa cells, comparing control cells and cells grown for 24 h in medium
containing 10~®M ouabain. Figures in parentheses indicate the number of observations. The *Rb influxes and
effluxes of control cells (and also ouabain-treated cells) were not significantly different (P> 0.5 for control cells and

P>0.05 for ouabain-treated cells) indicating that the cells were in steady state with respect to their ®Rb fluxes.

cells grown for 24 h in 10~%M ouabain. Other experi-
ments with HeLa cells indicated that the affinity of
the sodium pump for extracellular potassium was
unaffected by chronic exposure to low concentrations
of ouabain; in both normal and treated cells, half-
maximal activation of sodium pump activity was ob-
tained with 2 mMm [K], (data not shown).
Comparable results were obtained in a similar
series of experiments with embryonic chick heart
cells. For example, neither the rate of [*H]-ouabain

= 240
o
S L
E
¥ 200
2
c -
[o]
o

160 [~
E S
‘B L
1]
3
8 1201
) L
£
2 80
©
o
[%2] -
s
3 40
©
o L
@©
£
—_ o-

2x10 °m
Ouabain for 24 h

Control

binding (Figure 4a) nor the ouabain sensitivity of the
8Rb influx (Figure 4b) were affected by 24 h growth
in medium containing 10-°M ouabain.

Physiology of chronically treated cells

In a previous series of experiments we noted that cells
which had been grown in low concentrations of oua-
bain for up to 5 days were still capable of maintaining
their intracellular sodium and potassium contents in a
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Figure 5 Effect of chronic exposure to 2x 10”°m ouabain on the (a) intracellular ion contents and (b) sodium pump
turnover rate of embryonic chick heart cells. The intracellular ion contents, ouabain-sensitive **Rb influx and
specific binding of [*’H]-ouabain were determined in control cells and cells which had been grown for 24h in
2x107°M ouabain. The turnover rate of the sodium pump was calculated by dividing the ouabain-sensitive 3Rb
influx by the specific ouabain binding. Chronic exposure to 2 x 10~°M ouabain causes a 5 fold increase in intracellular
sodium concentration (open columns) and a concomitant fall in intracellular potassium concentration (stippled
columns). The turnover rate of the sodium pump is 70% greater in ouabain-treated cells (stippled column) than in
normal cells (open column). Vertical bars indicate s.e. mean (n=4 for ion content; n=8 for turnover rate
measurement).
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steady-state (Lamb & McCall, 1972). In order to
establish what mechanisms might be involved in
maintaining this steady state, we compared sodium
pump site activity in normal cells and in cells chroni-
cally exposed to low concentrations of ouabain.
Table 1 shows data obtained from HeLa cells grown
in the presence or absence of 10~®M ouabain for 24 h.

Cells which had been chronically treated with oua-
bain had fewer pump sites, an increased intracellular
Na concentration and a decreased intracellular K
concentration. The cells were able to maintain an
ionic balance because the remaining free sodium
pump sites had a higher turnover rate. Therefore,
although chronic exposure to ouabain caused a de-
crease in sodium pump site numbers, the cells partial-
ly compensated through an increase in the activity of
the remaining sites.

Similar results were obtained with embryonic chick
heart cells. After 24 h growth in 2x10-°M ouabain,
both the intracellular sodium concentration and
sodium pump site turnover rate were increased (Fig-
ure 5). It is of interest to note that spontaneous
contractile activity was still present in cells that had
been chronically exposed to ouabain concentrations
of 2x107*M or less. No contractile activity could be
observed in cells grown in ouabain concentrations of
10~°M or more.

Recovery

The decrease in the number of free sodium pump
sites seen in chronically treated cells is a result of both
the prior occupancy of the binding sites by ouabain
and sodium pump site internalisation (Lamb &
Ogden, 1977; Will, Longworth, Brake & Cook,
1977). During internalisation, the ‘sodium pump-
ouabain’ complex relocates from the plasma mem-
brane to an intracellular compartment before degra-
dation. We might expect, therefore, that two separate
mechanisms would be involved in the recovery of
sodium pump site number after cells are transferred
from medium containing ouabain to control medium.
First, part of the recovery would be a consequence of
the dissociation of ouabain previously bound to the
pump site. Secondly, there is likely to be a component
of recovery which is dependent upon the synthesis
and insertion of new sodium pump sites in the plasma
membrane. This point was examined by growing
HelLa cells for 24 h in 107®M ouabain and then allow-
ing them to recover in normal medium, either in the
presence or absence of cycloheximide (100 pg/ml).
This concentration of cycloheximide is sufficient to
inhibit protein synthesis by > 95% (Boardman etal.,
1974). Because the half time of dissociation of oua-
bain from the pump site is very slow (approximately
20 h, Boardman et al, 1972) and independent of
protein synthesis, the cycloheximide-sensitive com-

ponent of recovery indicates the appearance of newly
synthesized sodium pump sites. The time course of
recovery shows that new sites first appeared within
7 h whereas cell numbers did not increase until later
(Figure 6); recovery of sodium pump site numbers
was complete within 24 h. Since cycloheximide
blocks this increase in [*’H]-ouabain binding, we con-
clude that recovery of sodium pump site numbers was
primarily dependent upon de novo protein synthesis.
The recovery process in embryonic chick heart cells'
was essentially similar to that seen in HeLa cells;
newly synthesized sodium pump sites were first de-
tected some 8 h after the ouabain-treated cells were
transferred to normal medium. Recovery of pump
site numbers was, again, blocked by cycloheximide.
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Figure 6 Recovery of sodium pump site number in
HelLa cells previously grown for 24 h in 10~®M ouabain.
At time zero, cells were transferred to fresh medium or
medium containing 100 ug/ml cycloheximide; plates
were taken at 0, 3, 7, 13 and 24 h to determine cell
numbers and [*H]-ouabain binding. The figure shows
the recovery of sodium pump sites (O) and cell numbers
(®) expressed as the difference between cells grown in
fresh medium and cells grown in medium containing
cycloheximide. Standard error < symbol size (n=8
for cell numbers and n=4 for sites).

Discussion

These results show that there is a decrease in the
number of sodium pump sites in the plasma mem-
brane of HeLa cells and embryonic chick heart cells
chronically exposed to low concentrations of oua-
bain. The magnitude of this response is dependent
upon the concentration of ouabain in the growth
medium while recovery of sodium pump site numbers
is primarily dependent upon de novo protein syn-
thesis.

These features of the interaction between ouabain
and the sodium pump are similar to the process of
receptor down-regulation which is a frequent conse-
quence of the interaction of hormonal ligands with



their target cell receptors (e.g. the insulin receptor;
Soll, Kahn, Neville & Roth, 1975) or drugs with their
membrane receptors (e.g. the B-adrenoceptor; Lef-
kowitz, Limbird, Mukherjee & Caron, 1976).

A source of error that could arise during the esti-
mation of the number of free sodium pump sites
would be interference between the ouabain bound
during the period of chronic exposure and the [*H]-
ouabain used for the subsequent estimation of pump
site number. We think this error is negligible for two
reasons. First, the 15 min incubation time used in
determining the [*H]-ouabain binding is negligible
compared to the 20 h half time for the release of
ouabain bound to the pump site (Boardman et al.,
1972); less than 1% of the ouabain molecules would
be released during the incubation period. Secondly,
even if all the bound ouabain molecules were re-
leased, the maximum increase in the ouabain con-
centration of the incubation medium would be of the
order of 10-°M, again a change of less than 1%.

In the present study, the primary effect of chronic
ouabain exposure is greatly to increase the efficacy of
the drug; comparable ouabain concentrations have
relatively small effects when applied acutely. A direct
comparison between the acute and chronic effects of
ouabain can be made as follows (data taken from the
experiment shown in Figure 3); HeLa cells treated
chronically for 24h with 10-®M ouabain in normal
Krebs solution have the same number of free sites
(0.27x10¢ sites/cell; s.e.x0.02; n=3) as those
treated acutely for 10 min with 5x 10-%M ouabain in
K-free Krebs (0.26 x 10°¢ sites/cell; s.e.0.01; n=4).
The increase in efficacy is equal to the concentration
difference (times 5) times the inhibitory effects of
potassium on the ouabain binding (times 10; Baker &
Willis, 1970; 1972). At a first approximation, there-
fore, chronic exposure to low concentrations of oua-
bain leads to a 50 fold increase in drug efficacy.

Various conflicting hypotheses have been ad-
vanced to account for the therapeutic effectiveness of
the cardiac glycosides. The conventional view would
be that there is a causal relationship between the
increase in myocardial contractility and sodium
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