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SUMMARY

In the previous paper [ Mol. Pharmacol. 23:671-680 (1983)] it was shown that ouabain
enhances the exocytotic release of catecholamines from isolated bovine adrenal medullary
cells. This effect is dependent upon extracellular sodium, but persists in the nominal
absence of calcium. In this paper the stugidv has been extended to include an investigation
of the effects of ouabain on the fluxes of *Rb, 2K, #Na, and “*Ca in these cells. The basic
features of the chromaffin cell sodium pump are characterized, and it is shown for the
first time that both the pump itself (i.e., the kinetics and properties of transport) and its
inhibition by ouabain resemble those of squid axons and erythrocytes. However, serious
doubts are cast upon the often-stated possibility that there is a direct link between sodium
pump inhibition and exocytotic secretion because parallel measurements of both phenom-
ena have, for example, shown that while the secretory effect of ouabain is sodium-
dependent, pump inhibition is not. Instead, an entirely different explanation is suggested
by the discovery that ouabain produces a marked decrease in the rate of active calcium
extrusion from chromaffin cells, under all conditions in which catecholamine secretion is
enhanced. This inhibition seems not to be accompanied by any change in calcium influx,
and may therefore provide a direct explanation for the rise in free calcium which is
required to stimulate exocytosis in this tissue.

INTRODUCTION

Cardiac glycosides stimulate the exocytotic release of
catecholamines from adrenal medullary cells (1), and
similar effects have been reported in many other tissues
(2-8). The possibility that there is some kind of link,
direct or indirect, between these effects and the more
familiar ability of these agents to inhibit sodium-potas-
sium exchange in a wide variety of tissues has often been
discussed. One of the most popular hypotheses of this
kind suggests that the increase in intracellular sodium
concentration resulting from sodium pump inhibition
may lead to an increased influx of calcium, and reduced
efflux of calcium, via a sodium-calcium countertransport
system similar to that known to exist in the squid giant
axon (9) and heart (10). Such changes could act to bring
about an increase in the level of free calcium inside the
cells, thereby enhancing the rate of exocytotic release of
secretory product. Although there is good evidence for a
sodium-calcium exchange system in some tissues, its
existence in adrenal medullary tissue is less clear-cut
(11). Very few studies of ion fluxes have been made on
adrenal medullary tissue, largely because of the severe
difficulties of measuring and interpreting ion movements
in either whole glands or tissue slices.

This research was supported by the Medical Research Council, the
Wellcome Trust, and the British Heart Foundation.
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The present study makes use of the isolated cell prep-
aration, described in the previous paper (1), to correlate
the changes in spontaneous catecholamine secretion
brought about by exposure to ouabain with the actions
of this drug on the transmembrane movements of sodium,
potassium, rubidium, and calcium ions. The most striking
conclusion from the work is that, although increases in
catecholamine secretion undoubtedly occur under con-
ditions in which the sodium pump is inhibited, they seem
to be related rather more directly to inhibition of the
calcium pump.

Preliminary reports of some of this work have appeared
previously (12, 13).

EXPERIMENTAL PROCEDURES
Materials

Bovine adrenal glands were obtained from a local abattoir and
handled as described in the previous paper (1).

Solutions

The primary solution was a 4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid-buffered sodium-Locke’s solution of composition identical
with that described in the previous paper (1). Unless otherwise stated,
all solutions contained 5 mM glucose and were saturated with 100%
oxygen. All experiments were carried out at 37° unless otherwise stated
in the text.

A 23187 was supplied by Calbiochem-Behring Corporation (San
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Diego, Calif.). Quin 2' was a gift from Dr. Gerry Smith (Cambridge).
All other chemicals were supplied by Sigma Chemical Company Ltd.
(London) or British Drug Houses Ltd. (London) and were of analytical

grade.
All radioisotopes were supplied by Amersham International.

Isolation of Adrenal Medullary Cells

The method of Baker and Knight (14) was used. This was described
in more detail in the previous paper (1).

Measurement of Ion Flux

Influx measurements. The same basic procedure was used to meas-
ure the influx rates of *Na, *Rb, K, and “*Ca. The main problem
encountered during influx measurements is to ensure complete removal
of extracellular isotope from the cells before counting the radioactivity
associated with the pellet. In this series of experiments, the problem
was overcome by filtering 0.5- to 1.0-ml aliquots of cell suspension,
containing routinely 10° cells/ml, through Millipore filters having a
pore diameter of 5 um, and subsequently washing the cells with large
volumes (20-30 ml) of ice-cold, tracer-free solution as they lay trapped
on the filter. A Millipore manifold with 12 filtering positions was used,
and, in the case of the y-emitting isotopes *Na, *Rb, and “K, the
radioactivity remaining on the filter (i.e., that associated with the cells)
was counted using a Nuclear Enterprises Model 8311 counter. When
“*Ca influx was being measured, the washed cells were solubilized in
0.1% Triton X-100 before liquid scintillation counting in a Packard Tri-
Carb spectrometer (Model 3330). In all cases, the amount of radioactiv-
ity present in the extracellular fluid was measured by centrifuging a
separate aliquot of cells and counting samples of the supernatant. Influx
rates were calculated on the assumption that chromaffin cells are
spheres having a mean diameter of 18 um (value obtained using a
Coulter counter) and that they are 100% water. Using *Na as an
example, therefore,

Concentration of isotope in cells (mm)

- (counts in pellet) X [amount of Na in y liters of supernatant (ms)]
[counts in y liters of supernatant] X [pellet volume (liters)]

This method of measuring influxes could be criticized on the grounds
that cells are damaged when subjected to the filtration procedure. For
this reason, a small number of experiments were repeated using two
other methods of washing the cells. The first of these involved simply
centrifuging the cells at low speed and resuspending them several times
in 10-ml aliquots of tracer-free Locke’s solution; the second involved
centrifuging 200-ul aliquots of suspension through 300 ul of an oil
mixture consisting of 10 parts di-n-butylphthalate to 1 part light liquid
paraffin. While the cells will centrifuge down through this mixture, the
supernatant remains above the oil and can be aspirated off. Both of the
alternative methods gave results which were essentially similar to those
obtained using the quicker, less laborious filtration technique.

In each case, the pellet volume was assessed by counting the cells
(hemocytometry) and using a value of 3.05 X 10™*? liters for the volume
of one cell (assuming a sphere of diameter 18 um). Rates of influx could
then be calculated from the amount of radioactivity in the cells at
successive times.

A note on the use of ®*Rb. Owing to the extremely short half-life of
“?K, ®Rb was used as a tracer for potassium in most of the experiments
described. The results shown in Fig. 1A, in which uptake of both ®*Rb
and “K are compared and shown to be equal, support the validity of
the assumption that ®Rb is an adequate substitute for potassium.
Wherever *Rb was used in this way, the isotope was simply added to
cells suspended in a solution containing normal levels of potassium but
no “cold” rubidium, and uptake was then measured assuming that *Rb

! The abbreviations used are: Quin 2, Fluorescent quinoline analogue;
FCCP, carbonylcyanide p-trifluoromethoxyphenylhydrazone; D-600,
methoxyverapamil.

is treated in a way identical with that for potassium in terms of
membrane transport by the cells. The amount of rubidium added to
the solution in the form of *Rb was ignored since it was always much
less than 1 pum.

Efflux measurements. 1. Using isolated cells in suspension. A simple
centrifugation technique was used to measure efflux rates of *Na, *Rb,
and “°Ca from medullary cells in suspension. After an initial loading
period (45 min for ®*Rb and 75 min for #Na and “*Ca) during which
cells, at a density of 3 to 7 X 10%/ml, were incubated at 37° in solution
containing the appropriate isotope (0.5-1.0 uCi/ml), they were washed
free of extracellular isotope. This was accomplished by repeatedly
centrifuging (3 min at 100 X g) and resuspending the cells in fresh
aliquots of tracer-free solution. Routinely the cells were washed and
resuspended three times at a cell density of 2 to 6 X 10° cells/ml, so
that the entire washing period was complete within 12-15 min. The
amount of intracellular isotope lost during this procedure was not
measured. After the final centrifugation the cells were resuspended in
the appropriate experimental solution to give a final density of approx-
imately 10° cells/ml. At various times following resuspension, 300-ul
aliquots of cells were centrifuged (at 8000 X g for 20 sec) and the levels
of radioactivity were determined in 200 ul samples of supernatant. The
activity of the total suspension was also determined and, assuming that
this represents the amount of isotope present inside the cells at zero
time, rate constants of efflux were calculated from the fraction of tracer
remaining in the cells at successive times. True values for efflux could
be obtained only by assuming values for the intracellular ion concen-
trations of the chromaffin cells, and this was done wherever indicated
in the text.

2. Using cells embedded in agar. The technique of embedding cells
in agar slices was described in some detail in the previous paper (1),
and this was used very occasionally to monitor the efflux of *Na and
“Ca from cells whenever it was desirable to make solution changes
without the need for centrifugation. Cells were loaded with isotope and
washed thoroughly before being mixed with the agar to give a final cell
density of approximately 10’/ml. Slices of agar (1 mm thick) containing
cells were then prepared and incubated in tracer-free solution, and the
amount of radioactivity leaving the cells was monitored in the following
way. Solution was flowed past the slices at a rate of 4-6 ml/min by
means of a peristaltic pump and samples of the superfusate were
collected and counted. At the end of the experiment, the total amount
of radioactivity remaining in the cells was measured and efflux was
then expressed as the fraction lost per unit time.

Solution changes could be achieved rapidly and completely with this
method, and the slices could be bubbled continually with gases without
damaging the cells.

Measurement of Secretory Activity

Catecholamine secretion from cells in suspension was measured as
described in the previous paper (1).

Measurement of Intracellular Ion Levels

The major problem encountered in measurements of this kind is
contamination of the cells under investigation by extracellular fluid.
Therefore, it is vital to have an accurate measurement of both the
pellet volume and the extracellular space volume. In these experiments
3H,O was used as a total space marker and ['“Clmannitol was used as
an extracellular space marker. When sodium or chloride ions were the
ions under investigation the extra precaution of washing the cells in
either choline-Locke’s solution or sodium glutamate (as appropriate)
was taken. After washing, *H;0 (2 uCi/ml) and [**C]mannitol (0.6 uCi/
ml) were added to the cell suspension. After 2 min the cells were
centrifuged (1000 X g for 20 sec), and samples of supernatant were
removed for liquid scintillation counting and determination of ion
concentrations. The pellets were then extracted using either 0.1%
Triton X-100 or 5% (w/v) trichloroacetic acid; samples of the extract
were analyzed for radioactivity and ion content. A Pye-Unicam SP6
atomic absorption spectrophotometer was used for determination of
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cellular levels of sodium, potassium, calcium, and magnesium. A Corn-
ing-EEL 920 chloride meter was used for chloride determinations.

Measurement of Membrane Potential Using a Fluorescent Dye

The fluorescent dye 3,3'-diethylthiadicarbocyanine iodide was used
to measure the change in potential brought about by exposing the cells
to ouabain (see 15). Although it is not possible to obtain accurate
quantitative measurements of potential by this technique, the changes
in potential produced by alterations in the extracellular potassium
concentration could easily be measured and compared with those
produced by the glycoside. A dye concentration of 0.3 uM was found to
give optimal responses with a cell density of 5 x 10° cells/ml, and
fluorescence was read using an excitation wavelength of 620 nm and an
analyzing wavelength of 660 nm (Perkin-Elmer fluorescence spectro-
photometer Model 204).

Catecholamine Assay

Total catecholamine was measured against an adrenaline standard
(adrenaline bitartrate in water) by the trihydroxyindole technique of
Von Euler and Floding (16).

RESULTS

Sodium and Potassium Transport in Adrenal Medul-
lary Cells

%Rb influx and “Na efflux. Figure 1A shows the effect
of a high concentration of ouabain (10~ M) on the uptake
of ¥Rb and “K by isolated adrenal medullary cells. Both
of these isotopes appear to be treated identically by the
cells, there being in each case two components of up-
take—an ouabain-sensitive component and a linear, gly-
coside-insensitive comg‘gnent. The similarity between
the rates of uptake of *Rb and “’K justifies the use of
%Rb as a tracer for potassium, a point which was dis-
cussed earlier.

Table 1A presents data compiled from several experi-
ments in which the effects of ouabain on *Rb influx were
investigated. Uptake is expressed here as a transmem-
brane flux, calculated from the initial rates of entry of
8Rb into the cells, assuming that chromaffin cells are
spheres of diameter 18 pm.

Figure 1B and Table 1B illustrate the ouabain sensi-
tivity of *Na efflux from medullary cells. The rate of exit
of #Na is reduced by around 70% in the presence of 10™*
M glycoside, indicating that chromaffin cells extrude so-
dium by an ouabain-sensitive route. Table 1B also pre-
sents values for efflux rates (picomoles per square centi-
meter per second) calculated from the rate constants of
exit on the assumption of a constant intracellular sodium
concentration of 30 mM. This value was chosen on the
basis of the intracellular ion levels shown in Fig. 4A.
However, it should be emphasized that the total intra-
cellular sodium level measured here may be considerably
higher than the exchangeable sodium within the cytosol,
as sodium may be sequestered. within the chromaffin
granules. Indeed, in many tissues examined, cytosolic
sodium concentrations appear to be closer to 10 or 15
mM. If this is so, then all of the calculated efflux values
are likely to be overestimates.

Stoichiometry of the pump. From the data given in
Table 1A and B, the mean values for ouabain-sensitive
%Rb influx and ouabain-sensitive *Na efflux are 0.66 and
1.07 pmoles/cm?. sec, respectively. The ratio of *Rb in-
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flux to #Na efflux, therefore, is 0.677, which corresponds
to an exchange of 2.97 sodium ions for 2 rubidium (or
presumably potassium) ions—a value which compares
very favorably with data obtained for the sodium pumps
of other tissues (17, 18).

Dose dependency of sodium pump inhibition by oua-
bain. The effectiveness of ouabain as an inhibitor of
active sodium and potassium transport by chromaffin
cells was tested over a range of glycoside concentrations
between 10~° M and 10~° M. Figure 1C illustrates the
dose-response curves obtained for the inhibition of both
%Rb influx and *Na efflux. There are two important
points to notice here. First, there is no stimulation of the
sodium pump by low concentrations of ouabain as has
been reported in heart muscle (19, 20). Second, half-
maximal inhibition of both *Rb influx and *¥Na efflux
occurs at a glycoside concentration of around 4 X 107 M.
This value is close to that shown in figure 5A of the
previous paper (1) for half-maximal stimulation of basal
catecholamine secretion by ouabain.

%Na influx and *Rb efflux. Table 2 shows the results
obtained from a small number of experiments in which
the effects of ouabain on both *Rb efflux and *Na influx
were examined. Although *Na influx remains unaltered
when cells are exposed to a concentration of glycoside
which would be expected to inhibit their sodium pumps
completely, ®*Rb efflux appears to be enhanced signifi-
cantly under the same conditions. This suggests that
ouabain increases the permeability of medullary cells to
rubidium (and presumably potassium) without affecting
the resting sodium permeability. This is interesting in
view of the fact that potassium permeability in some cells
is partially controlled by the intracellular free calcium
concentration (21) and raises the possibility that ouabain
enhances rubidium permeability as a consequence of
alterations in the free calcium level, a point which is
discussed in more detail in a later section.

How is Sodium Pumping Influenced by Extracellular
Cations?

Potassium. The stoichiometry of three sodium ions to
two potassium ions for the chromaffin cell sodium pump
suggests that two potassium ions must interact at exter-
nal membrane sites to initiate ion translocation. The
kinetics of pump activation by extracellular potassium
support this suggestion. Figure 2A shows that ouabain-
sensitive *®Rb influx is stimulated by increasing the ex-
tracellular concentration of potassium; furthermore, the
Hanes plots (22)—K/V '/* against K—in Fig. 2B show
that the data most closely approaching a straight line are
obtained when n = 2; i.e., two sites must be occupied by
potassium ions to activate the pump. This is confirmed
by experiments in which *Na efflux was measured over
a range of concentrations of external potassium. Figure
2C shows the activation of ouabain-sensitive efflux by
potassium, and Fig. 2D reinforces the conclusion that the
kinetics of activation fit a two-site model.

Finally, Fig. 2E illustrates the effect of varying the
extracellular potassium concentration on the dose-re-
sponse curve for inhibition of *Rb influx by ouabain.
When extracellular potassium is raised, the dose-re-
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F1c. 1. Effects of ouabain on the sodium pump activity of isolated
adrenal medullary cells

A. The influx of both ®*Rb (¢, ¢) and “K (W, 0) into isolated
medullary cells in the presence (open symbols) and absence (closed
symbols) of 10™* M ouabain. In each case the glycoside was added to
the cells 5 min before the start of the experiment and the tracer was
added at zero time. The amount of ®*Rb or “’K in the cells at each time
was assessed by filtering the cells through Millipore filters (pore di-
ameter 5 um) and counting the radioactivity trapped on the filters. The
similarity of the results obtained for each of the isotopes supports the
use of *Rb as a tracer for potassium. Results from a single experiment
are shown.

B. The efflux of *Na from preloaded cells in the presence (¢) and

sponse curve is shifted to the right, indicating some
degree of competition between potassium and ouabain.
This graph should be compared with Fig. 8b in the
previous paper (1), which shows that the dose-response
curve for the stimulation of catecholamine secretion by
ouabain is also shifted to the right by increasing the
external potassium concentration. This similarity may
support the suggestion that these two effects of the
glycoside (stimulation of secretion and sodium pump
inhibition) are coupled in some way.

Extracellular sodium. Ouabain appears to have an
absolute requirement for external sodium for its secretory
action in adrenal medullary cells [see figure 5B in the
previous paper (1)]. However, ouabain is still capable of
inhibiting the sodium pump in the absence of sodium.
Figure 3A presents dose-response curves for the inhibi-
tion of *Rb influx and *Na efflux in media containing
either sodium or lithium (as a sodium substitute). Half-
maximal inhibition of active transport occurs at the same
glycoside concentration in each case. Magnesium, cho-
line, and (on one occasion) cesium were also used as
sodium replacements but none of these had any effect on
either sodium pumping itself or pump inhibition by oua-
bain, although the apparent lack of effect with cesium is
perhaps surprising in view of its known potassium-like
action on the sodium pumps of other tissues. These
experiments would appear to provide strong evidence
against a direct link between sodium pump inhibition
and catecholamine secretion brought about by the ex-
posure of chromaffin cells to ouabain, although they by
no means exclude a mediatory role for changes in the
intracellular sodium concentration in these events.

Extracellular calcium. Figure 3B shows the results of
a series of experiments in which the effects of varying
the extracellular calcium concentration on ouabain-sen-
sitive >Na efflux were examined. Over the range between
nominally zero and 3.6 mM calcium, there appeared to be
no change in either the rate of sodium efflux of its
inhibition by 10~* M ouabain.

Does Intracellular Sodium Play a Role in the
Stimulation of Secretion by Ouabain?

Effect of ouabain on intracellular ion concentrations.
Any explanation of the secretory effect of ouabain must
be able to account for the striking time course of the
increase in catecholamine output by chromaffin cells.
The new level of secretion, which is approximately twice
that seen in untreated cells, is achieved within a few
minutes of exposing cells to glycoside, and is then sus-
tained unchanged for long periods [see figure 1A in the
previous paper (1)]. Experiments in which the internal
ionic concentrations of medullary cells were measured
before and during exposure to ouabain show that, al-
though sodium and potassium levels change progres-

absence (#) of 107 M ouabain. In this experiment, ouabain was added
to the cells 10 min before the start of measurements but the cells were
rewashed in the appropriate medium at zero time. The amount of *Na
remaining in the cells at each time is calculated as a fraction of the
total radioactivity present (cells plus extracellular fluid) and is plotted
on a log scale. Results from a single experiment are shown.

C. Dose-response curves for the inhibition by ouabain of both *Rb
influx (@) and *Na efflux (O) in isolated adrenal medullary cells. The
means t standard error of the mean of four experiments are shown.
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TABLE 1
Sodium pump activity of isolated chromaffin cells

A. ®Rb influx into control and ouabain-treated cells

Expt. Control 10~ M Ouabain % Inhibition
pmoles/cm?-sec
1 0.65 0.27 59
2 1.35 0.27 80
3 0.15 0.036 76
4 0.25 0.095 76
5 1.08 0.207 81
6 2.16 0.43 80
7 1.02 0.23 78
8 0.7 0.21 70
9 0.81 0.29 64
10 0.56 0.065 88
Mean + SEM 0.87 + 0.58 0.21 £ 0.12 73.8 £ 9.5
B. *Na efflux from control and ouabain-treated cells
Expt. Control 10~* M Ouabain % Inhibition
Rate constant Flux Rate constant Flux
/min pmoles/cm®- sec /min pmoles/cm* - sec
1 0.0099 148 0.00358 0.53 65
2 0.0106 1.59 0.003 0.45 72
3 0.0111 1.66 0.0041 0.62 63
4 0.0104 1.56 0.0028 0.42 73
Mean + SEM 0.0105 + 0.0004 1.57 £ 0.07 0.0034 + 0.0005 0.5 £ 0.085 68.2 £ 5.0

sively throughout the entire experimental period, they
do so only rather slowly. The results of three such exper-
iments are presented in Fig. 4A. The intracellular con-
centrations of magnesium, calcium, and chloride have
also been investigated in control and ouabain-treated
cells. None of these appears to change significantly dur-
ing a 60-min period of incubation with 107 M ouabain,
the total magnesium content being 11.5 + 2.3 mM (n =
15), the total calcium being 0.98 + 0.53 mm (n = 15), and
the total chloride being 34 + 6.5 mM (n = 6).

TABLE 2
Effects of 10~* M ouabain on *Na influx and ®Rb efflux in isolated
adrenal medullary cells
In B, results are expressed as rate constants per minute and as fluxes
calculated on the assumption that intracellular potassium is 130 mm
and that *Rb is treated by the cells in the same way as potassium.

A. *Na influx
Expt. Control cells 10~* M Ouabain
pmoles/cm®. sec pmoles/cm®. sec
1 0.50 048
2 0.43 0.51
3 0.81 0.81
Mean + SEM 0.58 + 0.2 0.6 + 0.18
B. *Rb efflux
Expt. Control cells 10* M Ouabain
Rate constant Flux Rate constant Flux
/min pmoles/cm®. /min pmoles/cm®.
sec sec
1 0.0061 3.95 0.013 84
2 0.0043 2.79 0.0072 4.67
3 0.005 3.4 0.0094 6.09
Mean +
SEM 0.0061 + 0.0009 3.33 £ 0.48 0.0099 £ 0.0029 6.39 + 1.54

Effect of ouabain on membrane potential. The some-
what slow and progressive change in sodium and potas-
sium ion concentrations resulting from exposure of med-
ullary cells to ouabain is reflected by the time course of
the change in membrane potential recorded in the pres-
ence of 10™* M ouabain using a potential-sensitive dye.
Figure 4C shows the effect of prolonged incubation with
glycoside on the fluorescent signal obtained when cells
are incubated with the dye 3,3’-diethylthiadicarbocy-
anine iodide. The potential appears to alter little for the
first 30 min after exposure to glycoside, and then slowly
declines. Although this technique gives no accurate in-
formation concerning the potential difference across the
cell membrane, comparison with the calibration curve in
Fig. 4B indicates that the degree of depolarization ob-
tained after 90 min appears to be roughly equivalent to
that produced by 15 mm external potassium.

Effect of metabolic poisons on sodium pumping and
secretion.

1. Anoxia. Data were presented in the previous paper
(see figure 9A in ref. 1) to indicate that cells deprived of
both oxygen and glucose by being incubated in glucose-
free solutions saturated with 100% nitrogen respond to
ouabain in the normal way, i.e., by increasing their basal
rate of catecholamine secretion, although their secretion
remains unchanged in the absence of glycoside. Cells
rendered anoxic by this treatment, however, quickly lose
their ability to transport sodium and potassium ions
actively. This is illustrated in Fig. 5, in which the effects
of anoxia on both *Rb influx (Fig. 5A) and *Na efflux
(Fig. 5B) are compared with those of ouabain. Active
transport is inhibited rapidly and virtually completely by
oxygen and glucose deprivation, although Fig. 5B shows
that this inhibition is readily reversible as compared with
that produced by ouabain. These findings, coupled with
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F16. 2. Activation of the medullary cell sodium pump by extracellular potassium

A. The stimulation of *Rb influx by extracellular potassium. The means + standard error of the mean of three separate experiments are
shown. Influx was measured (calculated assuming a surface area of 1.02 X 10™° cm? for a single cell) in the presence (©) and absence (#) of 107
M ouabain. The ouabain-sensitive component of influx (A) is also plotted. In each case cells were resuspended in the appropriate potassium-
containing solution 10 min before the start of measurements. Quabain was added at the same time where appropriate, and tracer was added at
zero time. The initial rate of influx was then measured, i.e., the influx over the first 10 min after the addition of *Rb.

B. Hanes Plot (22 (Ks/ V*'") against Ko, where K, is the extracellular potassium concentration and V is the initial rate of ouabain-sensitive *Rb
influx into isolated cells. The kinetics of activation of influx fit a two-site model: Ko/ V*/? is linear (—), and both Ko/ V*/® and Ko/ V are nonlinear
(- - -). The K, for extracellular potassium = 0.51 + 0.23 mMm (n = 3).

C. The stimulation of *Na efflux by extracellular potassium. The means +.standard error of the mean of three separate experiments are
shown. Efflux from cells preloaded with *Na was measured (calculated assuming an intracellular sodium concentration of 30 mm) in control cells
(#) and cells treated with 107 M ouabain (©). Ouabain-sensitive efflux is also shown (A). Cells were resuspended in the appropriate solution 10
min before the start of efflux measurements, which were made over 25 min.

D. Hanes plot (Ko/ V%), where K, is extracellular potassium and V is efflux of #*Na (picomoles per square centimeter per second) measured
over 25 min. The plot is linear, confirming that the activation kinetics fit a two-site model. The K, for extracellular potassium = 0.41 + 0.1 mm,
which is not significantly different from the value obtained from measurements of *Rb influx.

E. Dose-response curves for the inhibition of *Rb influx by ouabain at various concentrations of extracellular potassium. The data have been
normalized so that the degree of inhibition achieved with 10~ M ouabain is always assigned a value of 100%. Extracellular concentrations of
potassium used were 1 mum (O), 2.7 mM (4), and 10 mM (O). The curves were drawn by eye. The degree of inhibition brought about by 10~* M
ouabain is very similar at each level of potassium tested.
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F1G. 3. Effects of sodium and calcium on sodium pumping in
isolated bovine adrenal medullary cells

A. Dose-response curves for the inhibition of *Rb influx (®, O) and
“Na efflux (¢, ¢) in sodium-Locke’s solution (closed symbols) and a
solution in which all of the sodium was replaced by lithium (open
symbols). The data have been normalized so that the degree of inhibi-
tion achieved with 1072 M ouabain is assigned a value of 100%. In these
experiments, the cells deprived of sodium were resuspended in the
lithium-Locke’s solution 10 min before the start of measurements. In
the case of *Rb influx measurements, tracer was added 5 min after the
addition of ouabain, where appropriate. In the efflux experiments,
ouabain was added 10 min before the start of measurements. The
means of three experiments are shown.

B. The effect of variations in the extracellular calcium concentration
on “Na efflux from adrenal medullary cells and its inhibition by
ouabain. #Na efflux from preloaded cells was measured into media
containing either nominally zero (¢, <), 1.8 mM (@, O), or 3.6 mm (W,
) calcium in the presence (open symbols) and abeence (closed sym-
bols) of 10~* M ouabain. Cells were resuspended in the appropriate
solution 10 min before the start of the experiment. The results of a
single experiment are shown.

the results from a single experiment in which anoxia was
shown to bring about changes in intracellular ion levels
very similar to those seen with ouabain (Fig. 5C), indicate
that the intracellular sodium content of isolated chro-
maffin cells increases when the cells are rendered anoxic.
Therefore, the absence of a concomitant increase in the
rate of catecholamine secretion argues strongly against
a simple role for intracellular sodium in mediating the

OUABAIN AND ADRENAL CELL ION FLUXES 687

secretory effect of ouabain. Furthermore, the ability of
ouabain to stimulate secretion in cells whose sodium
pumps are already fully inhibited favors some alternative
mechanism which, although sodium-dependent, is inde-
pendent of sodium pump inhibition per se.

2. Some other metabolic poisons. The secretory be-
havior of cells treated with a variety of metabolic inhib-
itors was described in the previous paper (1). Data are
presented here to illustrate the effects of these same
agents on active sodium and potassium transport by
isolated chromaffin cells. It may be remembered that the
only combination of agents found to block the secretory
response of medullary cells to carbamylcholine was that
of 2 mM sodium cyanide and 3 mMm 2-deoxyglucose,
whereas none had any significant effect on basal cate-
cholamine secretion. The histogram in Fig. 5D shows
that the same combination of poisons brings about com-
plete inhibition of ouabain-sensitive *Rb influx by the
cells. This is consistent with the idea that ATP levels
within the cells have fallen below those required to
activate both catecholamine secretion and sodium pump-
ing. The lack of effect on basal secretion lends further
support to the idea that intracellular sodium levels can
rise without stimulating catecholamine secretion. Finally,
Fig. 5D shows that, although 2-deoxyglucose alone (like
anoxia) partially blocks the sodium pump, it has no effect
on evoked secretion [see previous paper (1)], suggesting
that it is possible to achieve a situation in which ATP
levels have fallen low enough to inhibit or depress the
activity of the sodium pump but not low enough to block
the secretory response to a nicotinic agonist. While it
would certainly be interesting to know how the actual
levels of cellular ATP change during metabolic depriva-
tion, such measurements are very difficult to obtain in
view of the huge amounts of ATP stored within chro-
maffin granules (23). Several attempts have been made
to obtain values for the free ATP concentration within
cells using various methods of lysing the plasma mem-
brane, but none of these has proved to be very satisfac-
tory since lysis of even a very small number of granules
during the procedure grossly distorts the results.

Calcium Transport by Isolated Adrenal Medullary Cells

The results presented so far suggest that the stimula-
tion of secretion seen when cells are exposed to the
cardiac glycoside ouabain is an inevitable consequence
neither of sodium pump inhibition nor of increased intra-
cellular sodium concentration, since both these situations
can be invoked without a subsequent rise in the rate of
catecholamine release. In the following section results
are presented that seem to suggest that ouabain increases
secretion as a direct result of an inhibitory effect on the
efflux of calcium from medullary cells.

Do chromaffin cells have a calcium pump? Many cell
types possess a plasma membrane ATPase which pumps
calcium out of the cell, thereby helping to maintain the
now familiar low level of intracellular ionized calcium
(24). The results shown in Fig. 6A seem to suggest that
chromaffin cells also possess such a pump. Figure 6A
shows the data obtained from a series of experiments in
which the rate of efflux of “°Ca from preloaded cells was
measured under a variety of different conditions. In each
case, the cells were washed in normal sodium-Locke’s
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F1G. 4. Comparison of the effects of prolonged exposure to ouabain
on the ion gradients and membrane potential of isolated chromaffin
cells

A. Changes in the intracellular concentrations of sodium (@, O) and
potassium (4, O) in the presence (closed symbols) and absence (open
symbols) of 10™* M ouabain. The results of three separate experiments
are illustrated. Although the ion gradients of the ouabain-treated cells
did run down during the 100 min of exposure to the glycoside, they did
8o gradually and continuously. The intracellular ion contents of control
cells remained unchanged throughout this period.

B. Use of the dye DiSC; (6) to monitor membrane potential in
chromaffin cells. A calibration experiment is shown in which changes
in fluorescence were measured using cells incubated in increasing

solution at 37° and then resuspended, at zero time, in the
appropriate medium. The rates of **Ca efflux were meas-
ured over the ensuing 45 min. The rate of efflux of
calcium is markedly reduced by lowering the temperature
(to 25° or 0-4°), and enhanced under conditions which
might be expected to raise the level of free calcium inside
the cells, for example, with cyanide or the proton iono-
phore FCCP. Resuspension of the cells in a medium
containing a depolarizing concentration of potassium (70
mM) also stimulates °Ca efflux, at least transiently. This
may reflect a rise in free intracellular calcium (prior to
exocytosis) although it is perhaps more likely to represent
a direct effect of high potassium. The calcium depend-
ence of this effect has not been examined. These results,
together with some of those in Table 3 (which shows rate
constants of **Ca efflux under several of the conditions
just mentioned), seem to argue in favor of the existence
of a membrane pump which actively extrudes calcium
from chromaffin cells.

Effect of ouabain on calcium extrusion. The effect of
ouabain on the efflux of *Ca from chromaffin cells was
examined primarily on the grounds that if it enhances
the rate of catecholamine secretion by producing a rise
in the level of free calcium inside the cells it may, as a
result, increase the rate of efflux of this ion. Figure 6B
and Table 3 show that, on the contrary, calcium efflux is
strikingly depressed by the glycoside. In nine experiments
in which cells were treated with 10™* M ouabain, calcium
efflux was inhibited by 52.4 + 13.1%. This inhibition was
apparent within minutes of administering the drug. The
value quoted for the degree of inhibition is likely to be
an underestimate of the true value for two reasons. First,
the increase in catecholamine secretion (i.e., the rate of
grahule discharge), which occurs at the same time, is
almost certain to increase the apparent efflux of any
isotope associated with the granule fraction, which is
known to contain a large amount of calcium (23). Second,
any rise in intracellular calcium which may result from
the inhibition of efflux will itself tend to stimulate cal-
cium efflux and hence counteract the inhibition to some
extent.

Ionic requirements for the inhibition of **Ca efflux by
ouabain. If the stimulation of secretion by ouabain oc-
curs as a result of inhibition of calcium efflux from
adrenal medullary cells, one might expect the ionic re-
quirements of the two effects to be similar. Figure 7A
and B shows that this is indeed the case. Inhibition of

concentrations of potassium. The fluorescence of a cell-free solution of
the dye always decreased when cells were added but this decrease
lessened progressively as extracellular potassium was raised and the
cells became depolarized. This reduction is plotted as a percentage
change against the potassium concentration, the change occurring at
2.7 mM potassium being taken as zero. These results are from a single
experiment.

C. The effect of 10™* M ouabain on the membrane potential of
chromaffin cells. Glycoside was added at zero time and the fluorescence
was monitored continuously for the ensuing 90 min. Although this
method cannot give a quantitative estimate of potential, it is possible
by comparing this graph with the calibration curve in B to see that
depolarization occurs gradually and slowly, so that by 90 min a degree
of- depolarization equivalent to that seen with 15 mM potassium has
been achieved. These results are from a single experiment.
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F1G. 5. Effects of anoxia and a variety of other metabolic poisons on the sodium pump activity of isolated adrenal medullary cells

A. The effects of oxygen and glucose deprivation on *Rb uptake by chromaffin cells in the presence (open symbols) and absence (closed
symbols) of 10~* M ouabain. The amount of *Rb in the cells was examined over a period of 25 min in healthy cells (®, O) and in cells incubated
in glucose-free solution saturated with 100% nitrogen (V, V). Quabain was added 5 min before the start. Tracer was added at zero time.

B. A comparison of the effects of oxygen and glucose deprivation and of 10~ M ouabain on the efflux of *Na from cells embedded in agar slices.
The cells were preloaded with *Na and then washed free of isotope before being embedded in a 2% (w/v) agar medium as described under
Experimental Procedures. Slices were superfused at a rate of 5 ml/min by means of a peristaltic pump, and samples of superfusate were assayed
for radioactivity at the times indicated. During the times indicated (<), the slices were perfused with glucose-free medium bubbled with 100%
nitrogen. Efflux was inhibited rapidly and completely, but this effect was reversible. The degree of inhibition produced by ouabain (107 M) (O)
was similar, but here the effect was not reversible over the period studied. Efflux is expressed as the fraction of total *Na lost per minute from
the cells.

C. The effect of oxygen and glucose deprivation on the intracellular concentrations (¢, ¢) and potassium (@, O) in isolated adrenal medullary
cells. Cells were kept in either normal Locke’s solution containing 5 mM glucose and saturated with 100% oxygen (closed symbols) or in glucose-
free medium saturated with 100% nitrogen (closed symbols). Comparison with Fig. 4A shows that anoxia promotes changes in the ion gradients
similar to those produced by ouabain, a result which reflects the marked inhibition of sodium pumping by both of these agents. The results
represent the mean values obtained from two experiments.

D. The effects of a variety of metabolic poisons on the influx of *Rb into isolated medullary cells. In each case, the metabolic agents were
administered in both the presence (hatched bars) and absence (open bars) of 10™* M ouabain. The concentration of 2-deoxyglucose (2-DG) used
was 3 mM and that of sodium cyanide was 2 mM. Inhibitors were added to the cells where appropriate 10 min before the addition of *Rb. Influx
was then measured over the ensuing 30-min period. The data have been normalized so that the influx of **Rb into untreated cells is assigned a
value of 100. Means from three experiments are shown. The statistical significance of the differences between groups has been determined using
Student’s ¢-test; O, and 2-DG (controls), p < 0.01%; O; and 2-Dg + CN (controls), p < 0.01%; O: and N, no glucoee (controls), p < 0.01%. The
differences measured in ouabain-treated cells from each group are not significantly different from each other.

“*Ca efflux by ouabain is unaltered in the nominal ab-
sence of extracellular calcium (Fig. 7B) but is completely
abolished if extracellular sodium is replaced by lithium
(Fig. 7A), findings which lend further support to the
possibility that stimulation of basal secretion by ouabain
could be the direct result of depressing calcium efflux.
Dose dependency of the inhibition of calcium efflux

by ouabain. Further evidence in favor of a direct link
between the inhibition of calcium efflux and catechol-
amine secretion is provided by the results of experiments
illustrated in Fig. 7C, in which “*Ca efflux was measured
from cells ex?osed to a range of ouabain concentrations
between 107° M and 10~ M in a variety of external ionic
environments. Plotted on the same graph are the dose-
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FiG. 6. Efflux of “Ca from cells isolated from bovine adrenal
medulla

A. Evidence to suggest that adrenal medullary cells actively extrude
calcium. The effects of a variety of agents on the efflux of “Ca from
preloaded cells were examined. In the case of a reduction in tempera-
ture, the cells were brought to their new temperature 10 min before the
start of measurements (i.e., during the washing period). When drugs
were added, they were added 5 min before the start of measurements.
Cells were resuspended in 70 mM potassium 5 min before the start of
measurements. The fraction of **Ca remaining in the cells at each time
is plotted on a log scale. The following conditions were used: 0-4° (O),
25° (V), 37° (@), 2 mM sodium cyanide (¢), 2 um FCCP (V), and 70 mm
potassium (#). The flux was highly temperature-sensitive and was
stimulated by agents likely to raise intracellular calcium.

B. The efflux of “*Ca from medullary cells incubated in the presence
(O) and absence (@) of 10™* M ouabain. Glycoside was added to the
cells at zero time. Efflux was inhibited virtually immediately by this
drug. The fraction of *Ca remaining in the cells at each time is plotted
on a log scale. These results were obtained from a single experiment.
Additional data are shown in Table 3.

response curves for stimulation of basal catecholamine
secretion by ouabain under the same conditions, and it
is clear that the two sets of data are very similar. Half-
maximal effects occur at the same ouabain dose in each
case (just over 10~ M) in both normal and calcium-free
media, while there are no effects on either calcium efflux
or catecholamine secretion in sodium-free environments.

Further experiments on the role for extracellular so-
dium. Both the stimulation of secretion and the inhibi-
tion of calcium efflux by ouabain are clearly sodium-
dependent processes in adrenal medullary cells. Figure 8
shows the results of single experiments which were car-

TABLE 3

Effects of a variety of agents on calcium efflux from isolated adrenal
medullary cells
These values were obtained by measuring the rate of loss of labeled
calcium from cells loaded with “°Ca over periods ranging between 30
and 60 min. In all cases except that of treatment with ouabain, cells
were washed and resuspended in the appropriate solution 10 min before
the start of measuring efflux. Ouabain was always added at zero time.
Condition Rate constant of “Ca

efflux

/min

0.0212

0.0198

0.0232

0.0300

0.0281

0.0142

0.0190

0.0191

0.0202
0.0216 + 0.0046

0.0200
0.0196
0.0198

0.0161

0.0255

0.0231
0.0216 + 0.0039

0.0191
0.0182
0.0233
0.0199
0.0201 x 0.0019

0.0016
0.0009
0.00125

0.0251
0.0173
0.0212

0.0313
0.0401
0.0357

0.0415
0.0473
0.0444

0.0106
0.0118
0.0200
0.0098
0.0111
0.0112
0.0141
0.0063
0.0104
0.0117 x 0.0035

Control (144 mM Na, 1.8 mMm Ca)

Mean £ SEM
144 mM Li, 0 mM Na, 1.8 mm Ca

Mean

144 mM choline, 0 mM Na, 1.8 mm Ca

Mean + SEM
3.6 mM Mg, 0 mm Ca, 144 mM Na

Mean + SEM
0-4° (ionic medium as in control)
Mean

Anoxia (100% Nj, no glucose), ionic medium as
in controls
Mean

2 mM sodium cyanide

Mean
2 um FCCP

Mean

107* M Ouabain

Mean + SEM

ried out in order to examine this requirement for sodium
in a little more detail. Cells embedded in agar slices were
used for these experiments. Figure 6C in the previous
paper (1) showed that the readministration of sodium to
cells that had previously been exposed to ouabain in
choline-Locke’s solution and then washed free of glyco-
side produced a stimulation of basal secretion. Such a
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F1G. 7. Ionic requirements for the inhibition of “Ca efflux by oua-
bain

A. Removal of extracellular sodium prevents the inhibition of “*Ca
efflux by ouabain. The fraction of total *Ca remaining in the cells is
plotted on a log scale in cells incubated in sodium-Locke’s solution (@,
O) or lithium-Locke’s solution (V, V) in the presence (open symbols)
and absence (closed symbols) of 10~* M ouabain. Quabain was added at
zero time. Although efflux was inhibited by ouabain in the sodium
medium, it remained unchanged when sodium was replaced by lithium.

B. The inhibition of *Ca efflux by ouabain is not dependent upon
extracellular calcium. “°Ca efflux was monitored using cells incubated
in either nominally zero (¢, ¢) or 1.8 mm (@, O) calcium extracellularly,
in the presence (open symbols) and absence (closed symbols) of 107 M
ouabain (added at zero time). The fraction of “’Ca remaining in the
cells at each time is plotted on a log scale.

C. A comparison of the dose-response curves for both the stimulation

OUABAIN AND ADRENAL CELL ION FLUXES 691

stimulation was never seen in control cells that had not
been preexposed to ouabain. Figure 8A of this paper
shows that under exactly the same conditions “*Ca efflux
is also inhibited as soon as sodium is returned to the
extracellular medium. Furthermore, the inhibition of *Ca
efflux by ouabain is not reversed by the removal of
extracellular sodium after the onset of the inhibitory
effect. This finding is illustrated in Fig. 8B and should be
compared with the experiment depicted in figure 6B of
the previous paper (1), which shows similar effects on the
stimulation of secretion.

Does potassium compete with ouabain in the inhibi-
tion of calcium efflux? Increasing the level of potassium
outside the cells has the effect of shifting the dose-re-
sponse curve for stimulation of catecholamine secretion
by ouabain to the right, suggesting a degree of competi-
tion between the two agents [see figure 8B of the previous
paper (1)]. The same effect was seen when the dose-
response curve for the inhibition of “*Ca efflux was ex-
amined under the same conditions. The results of these
experiments, illustrated in Fig. 8C, show that raising the
extracellular potassium concentration also shifts this
curve to the right. The concentration of ouabain that
brings about 50% inhibition of **Ca efflux is increased
from 10™® M in 1 mM potassium to 3 X 107° M in 10 mMm
potassium, a shift which is very similar to that shown for
the stimulation of secretion by ouabain.

Does ouabain modify sodium-calcium exchange? The
experiments described so far demonstrate that ouabain
inhibits the rate of exit of labeled calcium from adrenal
medullary cells. However, there are at least two routes
by which such inhibition could occur. The first possibility
is that ouabain is inhibiting an ATP-dependent calcium
pump which normally operates to extrude calcium from
the intracellular compartment. The second is that the
glycoside modifies a sodium-calcium exchange mecha-
nism similar to that already known to operate in several
tissues (for example, in heart muscle and squid giant
axon), possibly as a result of raising intracellular sodium,
since an absolute requirement for this ion has been
established. Evidence which seems to cast some doubt
on the existence of such a role for sodium has already
been presented, including the finding that ouabain in-
creases intracellular sodium only rather slowly and the
demonstration that anoxia, which also raises intracellular
sodium (and to the same extent as ouabain), has no effect
on catecholamine secretion. In addition to these pieces
of information, however, it has also been possible to show
that isolated adrenal medullary cells do not appear to
possess a significant sodium-calcium countertransport
system under any of the conditions of the experiments
reported in this paper. Some important criteria for the
existence of sodium-calcium exchange may be stated as

of catecholamine secretion (open symbols) and the inhibition of “*Ca
efflux (closed symbols) by ouabain in sodium-Locke’s solution (®, O),
lithium-Locke’s solution (¢, ¢), and nominally calcium-free Locke’s
solution (V, V). The results have been normalized with both the
inhibition of “Ca efflux and the stimulation of secretion by 10™° M
ouabain being assigned values of 100%. In the sodium-Locke’s solution
and calcium-free Locke’s solution the dose-response curves for both
effects are identical; in the absence of sodium neither effect is apparent
(n = 4).
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FiG. 8. Efflux of “*Ca from cells

A. The efflux of “*Ca from cells embedded in agar and superfused at
5 ml/min using a peristaltic pump. The cells were treated with 107 M
ouabain during the period indicated by [}, the superfusing medium was
a sodium-free choline-Locke’s solution. After washing the cells free of
extracellular ouabain, sodium was returned to the bathing medium
(@). “’Ca efflux (expressed as the fraction of total “*Ca lost per minute
from the cells) was inhibited when sodium was replaced.

B. “Ca efflux was monitored from cells embedded in agar and
superfused with various solutions at 5 ml/min. Quabain (107* M) was
administered to the cells during the period indicated (O) and efflux
(expressed as fraction lost per minute) was inhibited. Subsequent
replacement of extracellular sodium by choline had no further effect on
the efflux rate.

C. Dose-response curves for the inhibition of “*Ca efflux by ouabain
in the presence of increasing concentrations of extracellular potassium.
The data have been normalized so that the degree of inhibition achieved
with 10™* M ouabain is assigned a value of 100% in all cases. In each
case, cells were resuspended in the appropriate medium 10 min before
the start of efflux measurements. The potassium concentrations used

follows (see ref. 9): (a) Sodium withdrawal should stim-
ulate catecholamine secretion, should inhibit calcium
efflux, and should stimulate calcium influx. (b) Raising
intracellular sodium should mimic the above effects. (c)
Calcium removal should inhibit ouabain-insensitive so-
dium efflux. None of these criteria are adequately met in
isolated chromaffin cells.

1. Effects of sodium withdrawal. The effects of sodium
withdrawal on secretion were discussed in the previous
paper (1). In isolated cells there was apparently no secre-
tory response whatsoever to the replacement of sodium
by lithium, choline, sucrose, or magnesium. Similarly, in
a single experiment (data not shown) carried out with a
perfused intact adrenal gland, no secretory response to
sodium withdrawal was seen.

“*Ca efflux from isolated cells is also unaffected by the
removal of sodium. Figure 7A shows that replacement of
sodium by lithium has no inhibitory effect on the rate of
efflux of “°Ca. Table 3 gives a series of rate constants
determined from experiments in which both lithium and
choline were used as sodium substitutes. Neither reduced
the rate of efflux to any extent.

“*Ca influx was also investigated in a small number of
experiments. Figure 9A shows the results obtained. The
rate of influx was unaffected by the replacement of
external sodium with lithium, and ouabain had no
measurable effect on influx under any of the conditions
tested.

2. Effect of raising intracellular sodium. Experimental
manipulation of the intracellular environment of adrenal
cells is very difficult to achieve, but several experiments
have been performed which suggest that variations in
intracellular sodium do not necessarily influence the
movements of calcium in these cells. The most important
of these concerns the effects of anoxia. Anoxic cells
quickly lose the ability to drive their sodium pumps (Fig.
5A), and consequently gain sodium in a manner similar
to ouabain-treated cells (Fig. 5C). Although the latter
exhibit a reduced rate of calcium efflux, cells deprived of
oxygen and glucose do not. This finding is illustrated in
Fig. 9B, which also shows that the calcium channel
blocker D-600 is without an inhibitory effect on ‘’Ca
efflux.

The behavior of anoxic cells is interesting for two
reasons. First, the discovery that calcium efflux is not
depressed in anoxic cells which have an elevated intra-
cellular sodium concentration provides strong evidence
against the operation of a sodium-calcium exchange sys-
tem in these cells. Second, these experiments suggest
that, if this calcium extrusion mechanism is indeed ATP-
dependent, its affinity for ATP is probably higher than
that of the sodium pump, whose activity is inhibited very
swiftly under anoxic conditions.

In addition to these results, additional evidence against
the possibility that ouabain modifies sodium-calcium ex-
change by raising intracellular sodium is provided by the
experiment (already discussed) in Fig. 8B. This shows
that ouabain continues to depress the rate of “°Ca efflux

were 1 mMm (O), 2.7 mM (¢), and 10 mMm (<). The curves were drawn by
eye. The inhibition obtained with 10™* M ouabain was similar at all
potassium concentrations used.
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Fi16. 9. Uptake of “Ca by cells and “Ca efflux from isolated med-
ullary cells

A. The uptake of “Ca into control cells (closed symbols) and cells
treated with 10™* M ouabain (open symbols) in sodium-Locke’s solution
(@, O) and lithium-Locke’s solution (¥, V). The amount of “Ca in the
cells was calculated assuming that cells are spheres 18 um in diameter
and are 100% water. Neither ouabain nor sodium removal per se had
any effect on the rate of “Ca entry. The cells were resuspended in the
appropriate solution 10 min before the addition of tracer to the medium.
Tracer was added at zero time. The means of two experiments are
shown.

B. “Ca efflux from isolated medullary cells in the presence (open
symbols) and absence (closed symbols) of 10™* M ouabain under a
variety of conditions. D-600 (10 M) had no effect on “’Ca efflux (W),
and cells deprived of both glucose and oxygen (¢, ©) show efflux rates
identical with those seen in healthy control cells (@, O). Cells were
resuspended in the appropriate medium 10 min before the start of
efflux measurements. The fraction of “*Ca remaining in the cells at each
time is plotted on a log scale. The means from three experiments are
shown.

even after the withdrawal of external sodium from the
cells, a manipulation which will presumably provide a
background of falling intracellular sodium upon which
ouabain is still effective.

3. Effects of calcium removal on sodium efflux. Figure
3B shows that the ouabain-insensitive efflux of *Na from
isolated chromaffin cells is unaffected by the removal of
extracellular calcium. This is further evidence against
the operation of sodium-calcium exchange in this prepa-
ration.
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Does the inhibition of calcium efflux raise intracel-
lular calcium? The experiments described above seem
to rule out quite conclusively the suggestion that the
stimulatory effect of ouabain on basal catecholamine
secretion is mediated by effects on sodium-calcium ex-
change. It seems likely, therefore, that the inhibition of
“*Ca efflux seen when cells are exposed to ouabain rep-
resents a direct effect of the glycoside on an extrusion
mechanism resembling the calcium pump of other tissues
(25). Another possibility must, however, be ruled out: i.e.,
that the observed depression of efflux is a secondary
effect of some other action of ouabain which lowers the
free intracellular calcium concentration. The following
series of experiments was designed to clarify this point
as far as possible.

1. Net loss of calcium from chromaffin cells. If ouabain
produces an increase in free intracellular calcium by
inhibiting calcium efflux in the absence of any change in
influx, then one might expect to be able to detect a
reduction in the net loss of calcium from cells incubated
with ouabain. Two methods were used to measure net
loss of calcium. Both employed nominally calcium-free
solutions to ensure a low baseline upon which to monitor
changes accurately. These methods were continuous
monitoring of net efflux using a calcium electrode in the
extracellular solution and atomic absorption spectropho-
tometric analysis of serial samples of extracellular fluid
from centrifuged cells. Both methods revealed a marked
reduction in the rate of net calcium loss into calcium-
deficient media after exposure to 10~* M ouabain. Table
4 presents the results of several experiments in which net
loss of calcium has been calculated in picomoles per
square centimeter per second. These values are compared
with efflux rates obtained in experiments performed us-
ing *°*Ca to monitor net loss of calcium into calcium-free

TABLE 4
Net loss of calcium from isolated adrenal medullary cells into
solutions containing nominally zero calcium
Values are means + standard error of the mean

A. Measurements carried out using a calcium electrode in the
extracellular medium

Net loss of calcium
pmoles/cm®- sec

Control 0.054 £+ 0.0015 (n = 4)

Treated with 10~ M ouabain 0.019 £ 0.0056° (n = 4)

B. Measurements carried out using atomic absorption
spectrophotometry

Net loss of calcium

Condition

Condition

pmoles/cm*. sec
Control 0.054 £ 0.009 (n = 3)
Treated with 10™* M ouabain 0.023 + 0.0085° (n = 3)

C. Efflux of “Ca into calcium-free medium®

Condition Efflux of “Ca
pmoles/cm?®. sec
Control 0.0986 + 0.0093
Treated with 10~ M ouabain 0.0552 + 0.0165°

® These differences are statistically significant (p < 0.01) according
to Student’s ¢-test.

® Calculated assuming that intracellular calcium is 1 mm and that
“°Ca labels the pool uniformly.
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Fic. 10. Efflux of *Rb from isolated chromaffin cells under a
variety of conditions

A. Evidence that a rise in intracellular calcium stimulates *Rb efflux
from medullary cells. Cells were resuspended in solution containing
either 0.1 mM calcium (@, O) or 1 mM ethylene glycol bis(8-aminoethyl
ether)N,N,N'N'-tetracetic acid (EGTA) (¥, V) and *Rb efflux was
monitored for the next 20 min. After this time, A 23187 (2 uM) was
added to all cells (open symbols). Although the rate of *Rb efflux from
cells in EGTA remained unchanged, that from the cells in calcium was

" increased by 68%.

B. The effects of 10~* M ouabain on the efflux of *Rb from medullary
cells incubated in sodium (@, O) or lithium (V, V). Cells were resus-
pended in the appropriate medium and efflux was measured for 30 min.
Efflux rates were identical in both sodium and lithium. Ouabain was
added after 30 min (open symbols) and stimulated the rate of efflux
from cells incubated in sodium. There was no change in the rate of
efflux from the cells deprived of sodium.

C. The effect of preloading cells with the calcium chelator Quin 2 on

solutions. Values obtained with the isotope (which are
calculated on the assumption that the intracellular cal-
cium concentration of chromaffin cells is 1 mm) are
consistently higher than those arrived at by using either
of the other methods of monitoring net loss. One possible
explanation for this discrepancy could be that much of
the calcium inside the cells is bound or sequestered and
that during the time of **Ca loading the isotope does not
uniformly label the intracellular pool of bound calcium.
2. Potassium permeability of chromaffin cells. Many

animal cells possess a calcium-controlled potassium

transport system (21) such that when free intracellular
calcium is raised potassium permeability is increased.
The system has been studied extensively in red blood
cells (26, 27) and evidence for its existence in adrenal
medullary cells has recently appeared (28). Mention was
made earlier of the finding that ouabain appears to
stimulate *Rb efflux from chromaffin cells (Table 2), and
this phenomenon may now be reexamined in the light of
the results reported here concerning calcium transport in
ouabain-treated cells. Figure 10A presents some data
which suggest that chromaffin cells possess a component
of potassium permeability which is controlled by the
level of cytosolic calcium. *Rb efflux from preloaded
cells was monitored in the presence and absence of
extracellular calcium. In both cases, the rate constant for
%Rb exit was 0.0055/min. After 20 min, the calcium
ionophore A 23187 (2 uM) was added to both sets of cells.
Efflux was stimulated by 68% in the calcium-containing
medium but was unaffected in cells deprived of extracel-
lular calcium.

Figure 10B shows the effect of ouabain on the efflux of
%Rb from cells. Efflux from cells exposed to ouabain in
the presence of extracellular sodium was stimulated by
more than 100% in this experiment. Replacement of
sodium by lithium, however, abolished this stimulation
completely.

These experiments argue rather forcefully in favor of
the idea that ouabain brings about a rise in the free
intracellular calcium concentration of adrenal medullary
cells. Moreover the sodium dependence of secretion, in-
hibition of “Ca efflux, and stimulation of *Rb efflux
indicates that all of these effects of the glycoside may be
linked.

3. Experiments with Quin 2. The experiment illus-
trated in Fig. 10C provides a final piece of evidence to
support a rise in free intracellular calcium in response to
ouabain. In the previous paper (figure 10 in ref. 1) it was
shown that pretreatment of chromaffin cells with the
permeable acetoxymethyl ester of the calcium-chelating
agent Quin 2(29) partially inhibited the secretory re-
sponse of chromaffin cells to both ouabain and acetyl-
choline. Figure 10C shows that the stimulation of *Rb

the stimulation of *Rb efflux by ouabain. Cells were prepared in the
usual way and then resuspended in either normal sodium-Locke’s
solution (@, O) or in sodium-Locke’s solution containing 50 uM Quin 2
(@, ). The cells were loaded with *Rb for 30 min before being washed
thoroughly. All cells were subsequently resuspended in control sodium-
Locke’s solution. *Rb efflux was monitored during the ensuing 30-min
period; efflux was identical in both sets of cells. After 30 min, 10™* M
ouabain was added to all the cells (open symbols). Efflux of **Rb was
stimulated as before in the control cells, but was unchanged in the cells
which had been preexposed to Quin 2.
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efflux produced by ouabain is also inhibited by Quin 2,
presumably as a consequence of its calcium-chelating
properties.

The experiments described here seem to suggest that
ouabain promotes catecholamine secretion from adrenal
medullary cells by producing an increase in the resting
level of cytosolic ionized calcium. It is probable that this
rise is brought about by a direct effect of the glycoside
on the calcium-extrusion mechanism of adrenal medul-

lary cells.

DISCUSSION

The two main aims of this research have been to
characterize the important features of sodium and cal-
cium pump activity in adrenal medullary cells and to
examine the possibility of links between effects on these
pumps and the release of catecholamines evoked by the
exposure of cells to cardiac glycosides such as ouabain.
The use of a preparation of isolated medullary cells has
allowed the first detailed studies of ion fluxes to be
carried out in this tissue. These have shown that chro-
maffin cells possess a sodium pump which is highly
sensitive to ouabain and which, in general terms, seems
to behave in a fashion similar to the sodium pumps of
invertebrate nerve and erythrocytes.

From values of ouabain-sensitive fluxes it is possible
to show that the sodium pump drives an exchange of
roughly three sodium ions to two potassium ions, a
stoichiometry similar to that observed in nerve (18),
muscle (30), and erythrocytes (17). Further evidence to
suggest that two potassium ions interact at the external
sites comes from kinetic analysis of the activation of %Rb
influx and *Na efflux by external potassium. There is no
evidence to indicate that very low concentrations of
ouabain stimulate sodium pump activity in this tissue, as
has been reported in heart by some authors (19, 20).

One of the most important findings to emerge from
this study of sodium pump activity is that ouabain in-
hibits the pump quite normally in the complete absence
of extracellular sodium. This finding requires some dis-
cussion in the light of certain other work; for instance,
the rate of [*H]ouabain binding to squid axons is sodium-
dependent. If this also applied to adrenal medullary cells,
one might expect to see impaired pump inhibition in cells
exposed to ouabain in sodium-deficient media. The re-
sults of Fig. 3A show that this is not the case. However,
it is possible that the time course of binding is somewhat
altered by the omission of sodium, but this has not been
studied in detail because in all of these experiments the
cells were preincubated with ouabain for several minutes
prior to starting the flux measurements.

The data obtained from the study of glycoside action
on the chromaffin cell sodium pump enable us to examine
critically some of the hypotheses which have been sug-
gested to explain the enhanced release of secretory prod-
uct elicited by this drug. It has been suggested that there
is a direct link between sodium pump inhibition and
secretion (5, 6). In view of the results reported here this
now seems highly unlikely because (at least in medullary
cells) sodium pump inhibition can be dissociated from
catecholamine release by the removal of extracellular
sodium.

Doubt is also cast upon the hypothesis that a rise in
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intracellular sodium is responsible for bringing about
secretion, either directly, or by increasing intracellular
calcium in accordance with a conventional sodium-cal-
cium exchange system. The time course of the rise in
intracellular sodium, which is rather slow and progres-
give, is difficult to reconcile with the virtually instanta-
neous and subsequently stable stimulation of secretion.
Furthermore, the present study provides no evidence for
the operation of sodium-calcium exchange in chromaffin
cells. Both “°Ca efflux and catecholamine secretion re-
main unchanged when either sodium or calcium is re-
moved from the extracellular medium and “*Ca efflux is
not inhibited by the rise in intracellular sodium associ-
ated with anoxia. “*Ca influx is unaffected by sodium-
removal, and ouabain-insensitive sodium efflux is un-
changed by the removal of extracellular calcium. These
results might suggest not only that Na/Ca exchange is
absent but also that Ca/Ca exchange is insignificant
under normal conditions in these cells. These results are
in sharp contrast with those of Sorimachi et al. (32), who
report an increase in *°Ca influx in response to ouabain.
This discrepancy is difficult to explain at present.

However, the absence of sodium-calcium exchange
does not completely rule out a role for intracellular
sodium in the mechanism of glycoside action. An in-
creased intracellular sodium concentration might bring
about the release of calcium from mitochondria or other
intracellular stores, as has been reported by Crompton et
al. (33). Although it has not been possible to test this
directly, the behavior of anoxic cells would seem to argue
against a mediatory role of this kind for sodium. In the
presence of full extracellular sodium anoxia causes no
increase in the resting level of catecholamine secretion
even though the sodium pump is completely blocked and
intracellular sodium is elevated. Furthermore, the addi-
tion of ouabain to anoxic cells stimulates basal secretion
in the usual way, although the pump is not inhibited
further. In addition to anoxia, the combination of 2-
deoxyglucose and cyanide, which inhibits both the so-
dium pump and the secretory response of the cells to
carbamylcholine, is also apparently unable to stimulate
basal secretion.

It appears, therefore, that a rise in intracellular sodium
may be dissociated from an increase in the rate of cate-
cholamine secretion from chromaffin cells, rendering it
extremely unlikely that there is a simple link between
pump inhibition (or raised intracellular sodium) and cat-
echolamine secretion.

Instead, there seems to be a good correlation between
the effects of ouabain on secretion and the inhibition of
calcium efflux by the glycoside. This is illustrated in Fig.
11, which shows data compiled from several of the ex-
periments described in this paper to show the temporal
relationships between secretion, **Ca efflux, membrane
potential, and changes in intracellular sodium and potas-
sium concentrations. Although both internal ion levels
and potential change slowly and progressively, the inhi-
bition of “*Ca efflux by ouabain has a time course very
similar to that of the stimulation of secretion.

Flux data are often difficult to interpret accurately.
For example, an increase in the rate of efflux of an ion
need not necessarily reflect a rise in its intracellular
concentration. Indeed, it may be the result of direct

2102 ‘9 JaquiadaQ Uo ollduer ap Oy Op OpeIST Op apepisianiun e Bio sjeuinofadse wieydjow woiy papeojumoq


http://molpharm.aspetjournals.org/

PHARM

aspet

696  GILLIAN POCOCK

o/o 100 +—¢ o—oO o o
\
50 ._./ o—0 3 o
oV
v — a
—v—v /a/
OA—aa 4
(o} 20 40 60 80
Minutes

Fi1c. 11. Comparison of the time-courses of the effects of ouabain
on “Ca efflux (¢, ©), catecholamine secretion (®, O), intracellular
sodium (V, V), and the fluorescent signal from the dye DiSC; (6) (A,
A) in isolated adrenal medullary cells

The data have been compiled from a number of different experi-
ments and normalized in the following way. The rate of “*Ca efflux
under control conditions is assigned a value of 100%. Ouabain reduces
the rate to 48% of this value. The rate of catecholamine secretion seen
after the addition of ouabain to the cells is assigned a value of 100%.
The secretion of untreated cells is 42% of this value. The fluorescence
of the cells before the addition of glycoside is assigned a value of zero.
Ouabain then induces an increase in the fluorescence corresponding to
a gradual depolarization of the cells. After 60 min of ouabain treatment,
the fluorescence has increased by 16%. The level of intracellular sodium
in untreated control cells has been called 10%. Ouabain then raises
internal sodium 2.6-fold over the next 60 min. Glycoside is added at 20
min as indicated by the open symbols.

activation of the efflux mechanism which could then
reduce the intracellular concentration. Influx rates may
also change. Fortunately, the results obtained in the
present study are relatively straightforward since, in
association with the clear-cut fall in efflux rate following
ouabain treatment, there is no corresponding change in
influx. We may assume, therefore, that unless ouabain
also enhances the sequestration of calcium by intracel-
lular organelles (a possibility rendered unlikely by the
experiments on *Rb efflux and those involving Quin 2)
the net result of these changes will be a rise in intracel-
lular calcium (consistent with the observed increase in
secretory activity). Moreover, this rise is brought about
without the need for extracellular calcium, a discovery
which is also consistent with the data on secretion.

The inhibitory action of ouabain seems clearly estab-
lished and, since sodium-calcium exchange is virtually
ruled out, it is reasonable to assume that the glycoside
exerts its action on a membrane ATPase system which
pumps calcium out of the cell. This is a very surprising
finding in view of the apparent absence of glycoside-
sensitivity in any other calcium ATPase system previ-
ously studied. It must be pointed out that calcium pump-
mg has not generally been the subject of detailed study
in mammalian secretory cells (red cells and squid axon
being the most popular), and the intriguing possibility
that ouabain-sensitive calcium efflux is a property pecu-
liar to such tissue cannot be excluded.

The major problem now lies in elucidating the mech-
anism of this inhibitory action of ouabain. Any hypoth-
esis must be able to explain the sodium dependence of
inhibition. The close parallel between the glycoside con-

centrations which bring about half-maximal inhibition of
both sodium pumping and calcium pumping (as well as
enhancement of secretion) raises the possibility that the
interaction between ouabain and the sodium-potassium
ATPase receptor may somehow influence the calcium
ATPase. Perhaps the two enzymes are spatially arranged
in the chromaffin cell membrane so as to permit such an
interaction when sodium is also present. Interaction of
this kind has been reported recently for the (Na*-K*)-
ATPase and lysolecithin acyltransferase systems of mi-
togen-stimulated rabbit thymocytes (34).

The findings reported in this paper suggest strongly
that there might be a rise in free intracellular calcium
when glycosides are administered to adrenal medullary
cells. The finding that ouabain stimulates *Rb efflux in
a fashion similar to the calcium ionophore A 23187 and
that the calcium chelator Quin 2 blocks this stimulation
lends further support to this conclusion. One aspect of
the data that is less easily explained is the ability of D-
600 (the calcium-channel blocker) to reduce the secretory
effect of ouabain. D-600 has no effects of its own on “Ca
efflux but might be expected to reduce any inward leak
of calcium ions through D-600-sensitive channels and the
secretory effect of ouabain, were this dependent upon a
continuous inward leak of calcium. The insensitivity of
the ouabain effect to external calcium makes this seem
unlikely and we must assume that D-600 is having some
other nonspecific effect on either the calcium metabolism
or the secretory mechanism of the cells.

Although the findings reported here concern the effects
of ouabain on a secretory tissue, it must not be forgotten
that the most well-known effect of cardioactive drugs is
their ability to increase the force of contraction of failing
heart muscle. There has been considerable argument
concerning the mechanism of this effect. Although it is
unwise to extrapolate too freely between widely differing
tissues, the present findings raise the exciting possibility
that the positive inotropicity of digitalis-glycosides may
also be a consequence of alterations in calcium pump
activity either independently of or, as in the present case,
in conjunction with sodium pump inhibition. Neverthe-
less, it is important to remember that although the
chromaffin cell appears to lack a significant sodium-cal-
cium exchange system, such a system is well character-
ized in heart muscle and other tissues. Therefore, it is
possible that cardiac glycosides are able to exert their
secretory or contractile effects via sodium-calcium ex-
change in such tissues and that any additional effect on
the calcium pump resembling that in the adrenal medulla
may be masked or absent.
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