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Summary. Energy depleted human red cells subsequently exposed to iodoacetate
(IAA) develop, upon the addition of Ca, a marked increase in K permeability, while
Na permeability is unaltered. The kinetic characteristics of this augmented K permeability
indicate that the transport process is membrane mediated. Thus, the inward and outward
rate constants for K increase as the concentration of external K is increased reaching
maximum values between 2 to 5 mm; further increases in external K results in a partial
reduction of the rate constants. In addition, the Ca-stimulated K transport system
displays counterflow of 42K during its influx when a large gradient of 3°K exists (inside
high, outside low). Furthermore, the Ca-induced K transport is inhibited by ouabain.
The sensitivity of the Ca-induced system to ouabain parallels the action of ouabain on
the Na-K pump. At least part of the increased K transport occurs through a preexisting
pathway since ouabain bound to cells before exposure to Ca and IAA results in an
inhibition of K outflux. Since ouabain does not alter the affinity of the cells for Ca, it
is concluded that at least a portion of the increased K transport results from Ca acting
to increase the turnover rate of the same systern which serves as the Na-K pump in
normal red cells.

This paper is concerned with the action of Ca on the K permeability of
human red cells, as described by Gardos [4, 5]. This action of Ca in increasing
the K permeability is not seen under normal circumstances but only after
metabolic alteration of the cells and is, in addition, specific in that Ca
affects only K and not Na permeability. Thus, Gardos [4] showed that
cells suspended in their own plasma become highly permeable to K after the
addition of adenosine and iodoacetic acid (IAA). The addition of EDTA
to the plasma protects the cells from the large change in K permeability [5]
and EDTA can immediately reverse the change if added after the stimula-
tion in K outflux has begun [11]. These changes in K permeability are
known to be due to the specific action of Ca present in plasma and can be
duplicated completely using washed cells incubated in Ringer’s-type solu-
tions containing Ca, IAA and adenosine [11, 18]. Furthermore, in the pres-
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ence of TAA and adenosine, there is no effect of Ca on the cutflux of Na
beyond the reduction that results from the inhibition of the pump in cells
incubated with only TAA and adenosine [16]. This specific change in K
permeability can also be brought about by Ca alone in cells depleted of
their endogenous energy stores. Thus, in red cells incubated without sub-
strate for 24 hr, Ca acts by itself to increase the K outflux {11, 16] although
the addition of TAA will produce a further increase in the K permeability.
The role of the TAA and adenosine in acting on fresh cells is thought to be
to remove a permeability regulating substance which normally protects the
cell from the action of Ca [11, 18]. Since this substance also appears to
be removed by starvation, energy-depleted cells were studied exclusively
in the present work in order to by-pass the metabolic protective mechanism
[see 11].

The experiments described below have been undertaken to characterize
the membrane site at which Ca acts to induce the changes in K permeability.
The results indicate that Ca acts on an altered form of the same mechanism
which is normally used in the active transport of K. A brief account of
this work has been previously presented [1].

Materials and Methods

Fresh human blood drawn into heparin (0.15 mg/ml) from normal young adults
was centrifuged within one hr after collection at approximately 25,000x g for 2 min
at 4 °C. After removal of the buffy coat by aspiration, the red cells were washed three
times (1 vol cells to 4 vol medium) with a standard medium containing 153 mm NaCl+
20 mM glycylglycine (pH 7.15 at 37 °C). The cells were then suspended in this medium
(also containing 0.1 mg % chloramphenicol) at a hematocrit of 40 % and incubated without
added substrate at 37 °C for 24 hr to deplete them of their endogenous energy stores.
In those instances where the unidirectional outflux was to be measured, the desired
isotope (2K or Na) was present during the entire depletion period. At the end of the
depletion period the cells were again washed three times with the standard medium
and packed ready for use in the flux experiments. Analysis of the packed cells at the
end of the depletion and washing periods showed that the cells contained about 25 mm Na
and 70 mm K/liter cells and 73 % H,0. These values of intracellular Na and K represent
the cellular content at the beginning of the flux estimations.

The outflux was measured by the methods outlined by Hoffman [10] and adapted
for use with intact cells. Thus, approximately 0.2 ml labeled packed celis were added to
flasks containing 30 ml of the final incubation medium and allowed to equilibrate for
10 min at 37 °C in a shaker bath before the zero time sample was removed. The zero
and subsequent time samples (usually 15-min intervals) were centrifuged at 15,000 x g for
2 min and the supernatants pipetted for determination of radioactivity. A sample of the
whole suspension was also counted. The outward rate constant, %y or %y, , was calculated
from the fractional loss of the cellular radioactivity appearing in the medium per unit
time. Since the cells in most cases were in an unsteady state due to the loss of KCl with
concomitant cell shrinkage, the use of the rate constant provides the most direct way of
comparing relative permeabilities.
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The K influx was measured using packed cells which had been depleted and washed
as described above, but which had not been previously exposed to isotope. The packed
cells were treated in the same fashion as described for outflux but were incubated in the
final medium at a hematocrit of 16 to 20%. After temperature equilibration, a trace
amount of K was added and samples taken at different time intervals were centrifuged
at 25,000x g for 10 min in lucite tubes. The lucite tubes were so designed that the cells
during centrifugation were funneled into a narrow constriction where, after removal of
the supernatant, they could be easily pipetted for analysis. The inward rate constant,
ek, could be calculated from the 2K which entered the cell per unit time. All influx
measurements were corrected for the small amount of medium radioactivity trapped
with the packed cells and for the decrease in cell volume which resulted from the net loss
of KCl. This latter correction was determined by the change in hemoglobin concentration
measured by the cyanmethemoglobin method of Drabkin and Austin [2]. The influx of
K, ‘Mg, in mm/(liter original cell volx hr), was calculated from the relation, ‘Mg =
g - (K), - t, where (K), is the average external concentration of K during the time
period, t, in which %y was measured, usually in 15-min intervals.

The binding of tritium-labeled or unlabeled ouabain was performed by exposing
the red cells to ouabain during the last 60 min of the 24-hr depletion period. Before expo-
sure, the cells were washed three times in the cold with the standard medium so that
cells bound ouabain in a K-free medium. In some experiments, 50 mMm of CsCl replaced
an equal amount of NaCl in the standard medium. It should be emphasized that the
washes of the cells which were routinely performed at the end of the depletion period
also removed all unbound *H-ouabain. The methods used for analyzing tritiated-ouabain
bound to red cells have been described previously [12, 13].

Unless otherwise specified, the general procedure used for testing the effects of
various conditions on the cation permeability was to place the packed red cells in the
standard medium containing 1 mMm NaIAA (Sigma Chemical Co.). At the end of tem-
perature equilibration but just before the zero time sample was taken for analysis,
sufficient CaCl, was added to each flask, in quantities of either 0.1 ml or 1.0 ml, to
give the desired final concentration of CaCl,, which, in most cases, was 10 mM. Since
the change in the K permeability induced by Ca was generally rather large, this procedure
insured accurate exposure times and flux periods.

When KCI was added to the standard medium it was substituted for an equal con-
centration of NaCl, The osmolality of all solutions was 306-+1% mOsm and the pH
was kept at 7.154+0.02 at 37 °C. Tritiated-ouabain was obtained from New England
Nuclear Corp. Neutralized solutions of *KCl and 2*NaCl were obtained from Cambridge
Nuclear Corp. Ca was measured in a Perkins Elmer atomic absorption spectrometer
(Model 303, Standard Ca holiow cathode lamp) according to the manufacturer’s direc-
tions. Na and K were determined by flame photometry using Li as an internal standard.

Results

We will consider two experimental approaches to identifying the locus
of the membrane site at which Ca acts to alter K permeability: The first
type is concerned with certain kinetic characteristics of the process; the
second type is concerned with the effect of ouabain.

Fig. 1 shows the effect of external K on the Ca-induced change in K
permeability of depleted cells exposed to IAA. This experiment was carried
out by incubating washed cells, labeled with **K, in different media contain-
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Fig. 1. The change in the Ca-induced K permeability as influenced by the external
concentration of K. The K permeability is expressed in terms of the outward rate constant,
%%y , in units of reciprocal hr. The K concentration in the medium was varied by replacing
Na with K. The external medium also contained 20 mm glycylglycine at pH 7.15. The
flux was measured, at 37 °C using labeled depleted cells exposed to 1 mM TAA, over a
30-min period after 10-min equilibration (control cells) and upon the addition of 10 mm
CaCl,. See text for details of measurement. Note the logarithmic scale of the abscissa

ing TAA and various concentrations of K. After 10-min equilibration at
37 °C (control cells) and upon the addition of 10 mm CaCl,, the rate of
appearance of *?K in the medium was measured during the next 30 min.
It is apparent that after Ca addition there is a marked stimulation in the K
outflux at all concentrations of external K. The increase in K permeability
induced by Ca is about eightfold in K-free media rising to approximately
25-fold at 2 mM K. At K concentrations above 2 mM the K outflux decreases
somewhat but still remains considerably above controls levels. As known
from previous studies [16, 18], the change in K permeability produced by
Ca is specific for K and is without effect on Na permeability. Thus, Na
outflux, measured under the same conditions as described above for K,
was unaffected by Ca or by changes in the concentration of K in the medium.
It seems then, from the results presented in Fig. 1, that the transport of K
in the Ca-induced situation cannot be characterized by a mechanism based
on simple diffusion. If transport occurred by simple diffusion, **K leaving
the cell would do so at a rate independent of the K concentration on the
outside of the membrane. In addition, at K concentrations below 2 mM the
Ca-stimulated cells increase their K permeability with increasing concentra-
tions of K, similar to the behavior expected if the transport occurred by a
mediated process such as a K-K exchange mechanism [7, 8].
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Fig. 2. The change in the influx of K, as induced by Ca, as a function of the external

concentration of K. The influx, My [in mm K/(liter x hr)] was measured, at 37 °C using

depleted cells exposed to 1 mm JAA, over a 30-min period after 10-min equilibration

(control cells) and upon the addition of 10 mMm CaCl,. The medium was buffered to

pH 7.15 with 20 mm glycylglycine and the K in the medium was varied by substitution
for Na. See text for details of measurement

Measurements of K influx at increasing concentrations of medium K
provide additional support that the Ca-induced change in K permeability
is a membrane mediated process. The results of this type of experiment are
shown in Fig. 2 where the unidirectional influx of K is plotted against the
external concentration of K. It is apparent that K entry increases in a non-
linear fashion as medium X is increased to a point where further addition
of K results in an inhibition. Thus, the influx appears to behave as if it has
a saturable component but this interpretation is complicated by the effects
of high K. Even so, the similarity in the change in the Ca-induced K perme-
ability as presented in Figs. 1 and 2 suggests that there is an interaction between
the influx and outflux of K.

Fig. 3 shows that coupling between flows can occur since the system
exhibits the kinetics of counter-transport; that is, where the uphill move-
ment of one ion species is driven by the downhill movement of another
[9, 20]. The experiment presented in Fig. 3 was carried out by incubating
depleted cells in low (0.7 mm) and high (135 mMm) concentrations of medium
K. Since the cells were incubated at a hematocrit of about 20%, changes
in the K concentration in the low K medium could not be avoided and the
0.7mM K value represents the initial K concentration which increased to
3 mM by 50 min and to approximately 12 mm K by the end of the experiment.
Atzero time, Ca and #?K are added and the cellular uptake of **K is measured
as a function of time. It should be understood that the cells incubating in
low K medium shrink with time as a result of the net loss of KCl induced by
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Fig. 3. The Ca-induced rate of uptake of 42K by depleted cells incubated in 1 mMm JAA
in low (0.7 mM) and high (135 mm) K media. The medium was buffered to pH 7.15 with
20 mm glycylglycine and the K in the medium replaced an equal concentration of Na.
The measurements were begun after 10-min equilibration by the addition of 10 mm CaCl,
and a trace amount of KCl. Analysis of the cells and media were carried out at the
indicated times. The left ordinate represents the cellular uptake of 4°K in counts per
minute (cpm) in one m! of the original cells, i.e., after correction for volume changes resuit-
ing from the loss of K. The right ordinate is the ratio of the cellular to the medium specific
activity (cpm/mm) x 100

Ca. Since no such gradient for K exists for the cells in high K medium
only minimum changes in volume occur during incubation. It is apparent
that the rate at which the cells approach specific activity equilibrium is the
same and independent of the medium K. In contrast, the time course of
42K uptake and content differs in the two instances dependent on the medium
K. Thus, for cells placed in a low K medium, the #?K content goes through
a maximum, a type of behavior that is expected in a counterflow type of
transport. In this instance the net loss of *°K from the cell drives “?K into
the cell against its concentration gradient. Since the driving force necessary
for the uphill movement is derived from the *°K loss there would be no
counterflow in the absence of a K gradient as is the case for the cells incubat-
ing in high K medium. It should be mentioned that in other experiments
the peak of the cellular “?K increases with increasing concentrations of
medium K reaching a maximum at approximately 5 mm K. The time interval
taken to reach the peak activity increases slightly with increasing concentra-
tions of K.

Having demonstrated that the Ca-induced increase in K permeability
appeared to be a mediated process it became of interest to determine
whether this type of transport of K could be driven by the same membrane
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Table 1. The effect of ouabain on the Ca-stimulated K permeability in depleted red cells®

Exp. Control  Ouabain % inhibition
Oy (hr=1) %y (hr—1)
12-24 0.21 0.17 16
1-14 0.46 041 11
1-16 0.32 0.23 29
2-3 0.30 0.20 33
6-26A 0.52 0.40 24
6-26B 0.41 0.22 46
Mean 0.37 0.27 26

a Control cells and cells exposed to 1x 10—% M ouabain during the last hr of their
energy depletion, were washed in the standard medium which contained 153 mm NaCl
and 20 mm glycylglycine (pH 7.15). The outward rate constant of K, %y, in units of
reciprocal hr, was measured in both control and ouabain-exposed cells during incubation,
at 37 °C, in the standard medium (in the absence of added ouabain) in the presence of
1 mM JAA and 10 mm CaCl,. (See text for details.)

system that controls K transport in normal cells. One approach to the
localization of the membrane site would be to see if the Ca-stimulated trans-
port system was sensitive to cardiac glycosides such as ouabain. From the
results presented in Table 1, it is clear that the Ca-stimulated K transport
system is inhibited by ouabain. While the inhibition is not complete, the
absolute increase in the average ouabain-sensitive K outflux is more than
15 times the ouabain-sensitive K outflux observed in normal cells. The
average value for the latter is about 0.4 mm K/(liter cells x hr) [7]. Assuming
a mean intracellular concentration of 70 mM K/liter cells, for the experi-
ments listed in Table 1, the mean ouabain-sensitive flux is 6.7 mm K/(liter
cells x hr). The question can be asked whether, in these circumstances, Ca
acts at or creates new ouabain-sensitive sites or whether Ca acts at the locus
of the naturally occurring ouabain-binding sites on the membrane.

The question just raised is answered indirectly by the experimental
protocol used to test the effects of ouabain. Thus, for the experiments
given in Table 1, the cells were exposed to ouabain (1 x 10™* M) only during
the last hr of the depletion period with subsequent washing to remove any
traces of free glycoside. Since the “*K outflux was measured in glycoside-free
solutions, the observed inhibition by ouabain must have been due to ouabain
that was bound to the cells during depletion (that is, before exposure of the
cells to Ca) and remained bound throughout the washes and the flux period.
The available evidence [12] suggests that ouabain bound to the cells under
these conditions is bound primarily at sites associated with the Na-K pump.

The experiment presented in Table 2 was done to compare the extent of
ouabain inhibition of the Ca-induced K outflux with the inhibition of the
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Table 2. Comparison of the percent inhibition of the Ca-stimulated K outflux with Na
outflux as a function of the amount of bound ouabain®

Labeling conditions Ca-induced K outflux Na outflux
Medium 3H-Ouabain % I no.ouab no. ouab % I no.ouab no. ouab
(m/liter) per cell per cell per cell  per cell

at 100% I at 100 %1

Na 2x10-8 52 178 340 — — —

Na 7x 108 91 342 375 - — —

Na+Cs 2% 108 34 87* 255 24 87% 209

Na+Cs 7% 108 65 127* 195 51 127% 249

a Cells were exposed to the indicated concentrations of 3H-ouabain during the last
60 min of the 24 hr depletion period. Exposure of the cells to *H-ouabain was carried
out in two different media: the standard Na medium contained 153 mm NaCl + 20 mm
glycylglycine (pH 7.15); the Na+ Cs medium was the same except that 51 mm CsCl
replaced an equal amount of NaCl. Portions of control and 3H-ouabain exposed cells were
also labeled during depletion with either K or 2*Na for subsequent outflux determina-
tions. At the termination of depletion the cells were washed in the standard Na medium
to remove all traces of labeling radioactivity. Thus, the number of molecules of ouabain
bound per cell (no. cuab/cell) was determined on cells exposed only to 3H-ouabain and
not exposed to 2K or 2Na. Therefore, the number of ouabain molecules bound per cell
for the cells labeled in the Na+ Cs medium was the same (values indicated with an *)
whether their counterparts were to be used in K or Na outflux determinations. The
outflux measurements were carried out at 37 °C, with control and 3H-labeled cells incu-
bated in the presence and absence of 1x 10~* M ouabain in order to evaluate the percent
inhibition (% I). Thus, % I, in this Table, refers only to the ouabain-sensitive flux and
not to the percent of the total flux inhibited by ouabain. The Ca-induced K outflux was
measured in a medium which contained 153 mm NaCl+20 mMm glycylglycine +1 mm
IAA+10mm CaCl,. The medium used in the Na outflux determination contained
17mMm KCl+136 mm NaCl+20 mM glycylglycine + 10 mM adenosine (to replete the
cells and activate the Na pump). All final incubations were carried out in duplicate
with duplicate analyses. The quantity, no. ouab/cell at 100% I, was calculated from
the no. ouab/cell for each % 1.

pump outflux of Na under conditions where the number of bound ouabain
molecules per cell was known. As described in the legend to Table 2, either
the outflux of 2*Na and/or **K was measured from cells that had been
previously labeled with tritiated ouabain. Other than the type of outflux
to be measured, the cells were treated in a fashion as identical as possible
for each assay condition. The portion of the Ca-induced K outflux and the
Na outflux that was ouabain-sensitive as presented in Table 2, was 279,
and 34 9%, respectively, of the total outflux. With regard to cells labeled in
the Na +Cs medium, it is apparent that the percent inhibition of Ca-stimu-
lated K outflux is nearly the same as the percent inhibition of the Na
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Fig. 4. Comparison of the ouabain-sensitivity of the Ca-stimulated K outflux with the
pump outflux of Na. Cells suspended in the standard medium, were exposed to the indi-
cated concentrations of ouabain during the last 30 min of the 24 hr depletion period
(37 °C). The standard medium was 153 mMm NaCl or 20 mM glycylglycine at pH 7.15.
Portions of control and ouabain exposed cells were also labeled with 2K or Na during
depletion for the subsequent outflux measurements. After depletion the cells were washed
in this standard medium to remove any free ouabain or radioactivity. The outflux measure-
ments were carried out, at 37 °C, with control and ouabain exposed cells also incubated
in the presence and absence of 1x 104 M ouabain in order to evaluate the percent
inhibition. Thus, the percent inhibition given in Fig. 5 refers only to the ouabain-sensitive
flux and not to the percent inhibition of the total flux. The Ca-induced K outflux was
measured in a medium which contained 153 mM NaCl+420 mM glycylglycine 41 mm
TAA +10 mM CaCl,. The medium used in the Na outflux determination contained
17 mm KCI+136 mMm NaCl 420 mMm glycylglycine 4+ 10 mM adenosine (to energy replete
the cells and activate the Na pump)

pump flux for either concentration of tritiated ouabain. The fact that the
calculated numbers of ouabain molecules bound per cell at 1009, inhibition
are so close supports the idea that the molecules of ouabain which prevent
Ca from acting are bound at pump-associated sites. It should be mentioned
that ouabain once bound is not eluted during the outflux measurements
described in Table 2. Analysis of the cells for their *H-ouabain content
after incubation for 30 min (using cells which did not contain *?K or 2*Na)
showed that less than 59, was lost during any of the flux assay conditions.
The reason Cs was included in the labeling medium was to reduce the extent
of non-specific binding of glycoside; that is, glycoside that is bound to sites
that are not involved in transport [12]. This effect of Cs can be seen in
Table 2 in the Ca-induced K outflux experiments as the difference in the
number of ouabain molecules bound per cell at 1009, inhibition obtained
by labeling in the Na medium compared to the medium containing Cs.
These results eliminate the possibility that Ca might be interacting with the
membrane at the non-specific binding sites of glycoside. The results presented
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Fig. 5. The effect of different concentrations of Ca on the ouabain inhibition of the
Ca-stimulated outflux of K. Cells, suspended in the standard medium, were incubated
in the presence and absence of 1 x 10— M ouabain during the last hr of the 24-hr depletion
period (37 °C). After depletion both batches of cells were washed in the standard medium
(153 mmM NaCl + 20 mm glycylglycine, pH 7.15) which, in the case of the ouabain-exposed
cells, served to remove any remaining free ouabain. The outflux determinations (V)
were carried out at 37 °C by incubating control (no ouabain) and ouabain-exposed cells
in the standard medium which also contained 1 mM IAA and the indicated concentrations
of CaCl,, ranging from 2 to 10 mM. Each point is bracketed by +1 se. The curves are
fitted by the method of least squares

in Table 2 also support the conclusion that Ca can act at naturally occurring
sites in the membrane.

The results of another experiment, similar in design to the one presented
in Table 2, are shown in Fig. 4 where a comparison is made between the
ouabain-sensitivities of the Ca-activated system and the Na pump. As
before, different portions of the same cells were exposed to ouabain and
washed prior to the flux determinations in such a way that all conditions
were the same except for the type of flux to be measured. From the similarity
in the ouabain-sensitivities of the two types of measurements these results
indicate again that the ouabain bound to the cell is inhibitory for both
processes. The concentration of ouabain which gave 50%, inhibition of the
Ca-stimulated K outflux was 0.9 x 1078 M compared to 1.2x 1072 m for
the pump component of the Na outflux. A similar comparison was also
made between ouabain and the less potent cardiotonic steroid, dihydro-
ouabain (kindly provided by Dr. Elwood Titus), evaluating their relative
effectiveness in inhibiting the Ca-stimulated K outflux. The concentration of
dihydroouabain which gave 40 % inhibition was approximately 2.2 x 107% M;
that is, about three times less effective than ouabain.

Since the magnitude of the Ca-stimulated outflux of K has been found
to be dependent on the concentration of Ca [see 11, 18] it is possible that
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the mechanism of the inhibition attained with ouabain is due to ouabain
decreasing the affinity of the membrane for Ca. As shown in the double
reciprocal plot of K permeability against the Ca concentration (Fig. 5),
the apparent affinity of the transport locus for Ca is not affected by ouabain.

Discussion

The work presented in this paper has been carried out in an attempt to
define more clearly the membrane mechanism responsible for the increase
in the K permeability induced by Ca. On the basis of the kinetic characteristics
of the change in K transport and its inhibition by ouabain it appears that
at least one domain for the action of Ca is the Na-K pump complex. Thus,
the kinetic behavior already discussed in connection with the first three
figures indicated that in the Ca-induced system, K transport is a membrane
mediated process. The inhibition of this process by ouabain (Table 1),
under circumstances where ouabain is evidently bound only to pump-
associated sites (Table 2), served to identify this locus of action of Ca.

It should be mentioned that counterflow of K, as seen for instance in
Fig. 3, is not a property that can be demonstrated in normal human red
cells presumably because the cells are in the steady state with regard to net
cation movements. Unsteady state conditions must be accompanied by
rather large changes in unidirectional fluxes (compared to normal) if the
phenomenon of counter-transport is to be seen at all. This is the case for
the experiment presented in Fig. 3. The ability to detect counter-transport
in this circumstance decreases with decreasing Ca since the change in the K
permeability depends upon the concentration of Ca. Counterflow of K has
been previously demonstrated in human red cells poisoned with Pb [14, 19].
Similar observations have also been made on human red cells treated with
propranolol [3]. The interrelationship between these two agents and the
Ca-induced system and whether they share a common membrane mechanism
has yet to be established.

Let us consider now in more detail the interaction of Ca with the mem-
brane and its inhibition by ouabain. Dr. V.L. Lew has suggested (personal
communication) that the primary action of ouabain would, in this situation,
be to spare intracellular ATP. This means that cells exposed to ouabain
would contain more ATP than unexposed or control cells. ATP would
afford protection against Ca by activating the outwardly oriented Ca pump
[17, 21] ridding the cell (or membrane compartment) at least momentarily
of any Ca that has entered. It follows then that since the Ca pump is not
inhibited by ouabain [21] the higher the cellular ATP the greater would
be the protection against Ca.
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There are several reasons for suspecting that the Ca pump per se is not
involved in the Ca-induced system and that ouabain does not act by protect-
ing ATP breakdown. One reason concerns the time element in the exposure
of the cells to ouabain. While it is true that exposure of the cells to ouabain
during depletion (as in Table 1) would favor the ATP hypothesis, the same
degree of inhibition is obtained when ouabain (1 x 107* ™) is added only
in the final incubation medium ; that is, at the time of the flux determination.
Thus, any differences in ATP content between the control and ouabain
exposed cells would be minimized in this situation. In addition, since the
half time for Ca transport is about 5 min [17, 21] it is also of interest that
the effectiveness of ouabain in inhibiting the Ca-induced system, in K-free
media as in Table 1, is only slightly less during the second 15-min flux period
than it is in the first. The effectiveness of ouabain has also been studied as a
function of the length of the depletion period. The time-course for the
fall in ATP content during depletion (determined by Dr. F. Proverbio)
averages 62, 24, 13 and 9 pumoles ATP/liter cells at 18, 24, 30 and 36 hr,
respectively. In two different experiments (carried out with 1x107*M
ouabain added only in the medium at the time of the flux determination
but otherwise in the same way as described for those presented in Table 1)
the percent inhibition with ouabain was, in one, 34, 42 and 42%, after 19,
24 and 27 hr depletion, respectively; and, in the other, 16, 26 and 39%
after 18, 33 and 39 hr depletion, respectively. These results strongly imply
that the effect of ouabain in this system is independent of the cellular ATP
and the Ca pump. Another reason for thinking that the inhibitory action
of ouabain is direct rather than indirect is connected with the effects of
inhibitors such as furosemide and oligomycin, which help to pinpoint the
membrane locus of Ca action (see below).

The foregoing discussion supports the view that the molecular mechanism
of the Na-K pump complex underlies, at least in part, the action of Ca.
This is to say that the mechanism responsible in the normal cell for carrying
out K-K exchange could be the system stimulated by Ca. Since this mech-
anism is inhibited by ouabain and since the number of ouabain binding
sites is fixed, Ca would then act by increasing the turnover rate of the K-K
exchange mechanism. But it should be remembered that this stimulation
by Ca occurs only in energy-depleted cells (conditions incidentally, in which
there is no K-K exchange in the absence of Ca) and the characteristics of
the K transport in this situation, as influenced by Ca, may not reflect the
characteristics of this mode of the pump in normal cells.

Since only partial inhibition of the system is obtained with ouabain, it
is possible that Ca interacts with loci on the membrane separate from the
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Na-K pump. While other loci cannot be excluded, it seems likely from the
action of furosemide and oligomycin that the Na-K pump complex is the
primary target for Ca. Thus, the Ca-induced K transport system is also
inhibited by furosemide [1] and by oligomycin (details to be published in a
separate paper). Furosemide (I x1073M), in the absence of ouabain,
inhibits in K-free media to about the same extent as seen with ouabain in
Table 1. The extent of the inhibition obtained with the combination furo-
semide +ouabain is almost double the effect of either agent acting alone
indicating that while there is some overlap in their effects, they differ mainly
either in their efficiency in inhibiting the same sites or that they inhibit
different sites. In marked contrast, oligomycin (6.7 pg/ml) has been found
to inhibit the total Ca-induced change in permeability by more than 909,
(All of the effects of furosemide and oligomycin were obtained by adding
these agents directly to the medium at the time of the flux determination.)
Furosemide [20] and oligomycin [6, 22] are both known to be inhibitors of
the Na-K pump; in addition, it is also known (umpublished studies) that
neither compound competes with ouabain for binding to the membrane;
so, presumably, they inhibit the same process in different ways. If this is
s0, it would imply that when the observed inhibition is only partial (as is
the case with ouabain or furosemide) each site becomes only partially
inactivated. It is not worthwhile to speculate further about this aspect of
the inhibition without additional experimental information.

It should be remembered that all of the effects of Ca, as described in
this paper, have been studied under conditions where TAA is present. The
presence of IAA is not obligatory for the effects to be seen but the respon-
siveness or sensitivity of the system to Ca is considerably enhanced by IAA.
Thus, it is possible that IAA, acting say by virtue of its sulfhydryl activity,
alters the tertiary structure of the protein in the region of pump complex
such that the K-K exchange mechanism can turn over more easily.

This work was supported by U.S. Public Health Service Grants HE-09906 and AM-
05644 and by the National Science Foundation Grant GB-18924.

Note Added in Proof, December 21, 1971 : It has recently been proposed [Glynn, 1. M.,
Warner, A. E., Brit. J. Pharmacol. Chemother. (In press)] that fluxes of the sort that
are presented in Fig. 3 which are interpreted as showing counfertransport can also
be interpreted in terms of a model in which the ion flows are independent of each
other but are influenced by the changes in the membrane potential that resuit from
the increased K permeability. Conclusions concerning the membrane locus for Ca

action, however, are independent of the model chosen for explaining “counterflow”
phenomena.
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