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SUMMARY

1. A study has been made to see whether active and passive movements
of sodium and potassium in human red blood cells are influenced by
changing the chloride gradient and hence the potential difference across
the cell membrane.

2. Chloride distribution was measured between red cells and isotonic
solutions with a range of concentrations of chloride and non-penetrating
anions (EDTA, citrate, gluconate). The cell chloride concentration was
greater than that outside with low external chloride, suggesting that the
sign of the membrane potential was reversed. The chloride ratio (internal/
external) was approximately equal to the inverse of the hydrogen ion ratio
at normal and low external chloride, and inversely proportional to
external pH. These results show that chloride is passively distributed,
making it valid to calculate the membrane potential from the chloride
ratio.

3. Ouabain-sensitive (pump) potassium influx and sodium eflux were
decreased by not more than 20 and 409, respectively on reversing the
chloride gradient, corresponding to a change in membrane potential from
—9 to +30mV. In contrast, passive (ouabain-insensitive) movements
were reversibly altered — potassium influx was decreased about 609, and
potassium efflux was increased some tenfold. Sodium influx was un-
affected by the nature of the anion and depended only on the external
sodium concentration, whereas ouabain-insensitive sodium efflux was
increased about threefold. When external sodium was replaced by potas-
sium there was a decrease in ouabain-insensitive sodium eflux with normal
chloride, but an increase in low-chloride medium.

4. Net movements of sodium and potassium were roughly in accord with
the unidirectional fluxes.

5. The results suggest that reversing the chloride gradient and,
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therefore, the sign of the membrane potential, had little effect on the
sodium pump, but caused a marked increase in passive outward movements
of both sodium and potassium ions.

INTRODUCTION

Passive movements of sodium and potassium in red cells are increased
when external electrolyte is replaced by non-penetrating non-electrolytes
such as sucrose (Maizels, 1935; Davson, 1939). These findings have been
interpreted as an effect on permeability of a change in membrane potential
(p.d.) although the p.d. was not directly measured (Wilbrandt & Schatz-
mann, 1960; LaCelle & Rothstein, 1966). Measurements of the p.d. when
cells are in plasma or Ringer solution have shown that the value (about
—9 mV) is in accord with that predicted from the chloride distribution by
applying the Nernst equation (Lassen & Sten-Knudsen, 1968; Jay &
Burton, 1969). This relationship holds because chloride is passively distri-
buted; the ratio of internal/external concentrations for chloride depends
only on pH and agrees closely with the inverse of the same ratio for
hydrogen ions (Van Slyke, Wu & McLean, 1923; Harris & Maizels, 1952).

Little is known of the effect on sodium and potassium movements of
replacing external chloride with non-penetrating anions or of a change in
chloride distribution across the membrane. Substitution of external
sodium chloride with non-electrolytes or foreign salts, such as sodium
mucate and toluene di-sulphonate, causes the chloride gradient across the
membrane to be reversed (Vidaver, 1964a; Donlon & Rothstein, 1969).
In view of the effects of non-electrolytes a study has been made of the
permeability changes accompanying the replacement of chloride with
foreign anions. The distribution of chloride and hydrogen ions has been
measured between human red cells and media with a range of chloride
concentrations, in order to see how alterations in the chloride distribution
influence active and passive sodium and potassium movements. The results
show a marked increase in the passive efflux of sodium and potassium with a
smaller (potassium) or no (sodium) effect on passive influx. Activity of the
sodium pump was somewhat decreased, but not by more than 20-409,.
A preliminary account of this work has been given (Cotterrell & Whittam,
1970).

METHODS

Procedure. Human blood (supplied by the Sheffield Regional Blood Transfusion
Service) was stored for 3-4 weeks in ‘acid-citrate-dextrose’ at 4° C. The cells were
adjusted to pH 7-6 with unbuffered 1-0 M-Tris (pH 13-0) before being washed at least
3 times in ice-cold medium (150 mm sodium chloride, 5§ mmM Na phosphate, pH 7-6).
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Chloride estimations. The chloride distribution between cells and medium was
determined after incubation at 37° C in various isotonic solutions. A sample (4-0 ml.)
of cell suspension (haematocrit 20-259,) was centrifuged for 5 min, and 3-0 ml. of
clear supernatant were carefully removed. The sediment of cells and small amount
of medium was made up to 9 ml. with 0-2 N-H,SO,, 1 ml. of 209, (w/v) sodium
tungstate was added and the mixture was centrifuged. Chloride was then deter-
mined in the deproteinized mixture of cells plus medium (Sanderson, 1952). From
the volume of packed cells determined by haematocrit, an allowance was made for
chloride in the medium in calculating the cell content, but no allowance was made
for the small amount of chloride trapped in the extracellular fluid of packed cells.
The chloride distribution is expressed as the ratio of chloride concentration in cell
water (assuming 65 9, cell water) to the external concentration.

Hydrogen ion distribution. Cells were separated from media by centrifugation and
lysed in 5 ml. distilled water for pH measurements (Harris & Maizels, 1952). The pH
of the haemolysate and medium was measured at room temperature (20° C) with a
glass electrode and Vibron 39 A millivoltometer (E.I.L., Richmond, Surrey).

Tracer studies. ¥NaCl and 42KCl were obtained as sterile isotonic solutions from
the Radiochemical Centre, Amersham, Bucks. Both isotopes were counted without
organic scintillants, either on an IDL Tritomat model 6020 liquid scintillation counter
(Isotope Developments Ltd, Reading), or in later experiments, a Packard Tricarb
3020 liquid scintillation counter (Packard Instruments Ltd, Wembley, Middx.),
making use of the Cerenkov phenomenon (Braunsberg & Guyver, 1965; Garrahan &
Glynn, 1966).

Sodium and potassium efflux. The method and calculations were as described by
Lubowitz & Whittam (1969). Washed cells were loaded with 2#Na for 3 hr at 37° C
in a medium containing (mm): NaCl, 150, and sodium phosphate, 5 at pH 7-6.
Inosine (10 mM) and adenine (5 mM) were also added to restore the ATP level to that
in fresh cells (Whittam & Wiley, 1967). After at least five washes in non-radioactive
medium, cells were packed, warmed to 37° C and added to 10 ml. of incubation
medium to give a final haematocrit of about 5 9%,. They were shaken in a water-bath
at 37° C. Some cell suspension was taken at 10, 30 or 40 min, rapidly cooled for } min
in an ice-water bath and centrifuged for 2 min. Samples of supernatant (2 ml.) were
added to 8 ml. of ice-cold 6 9, (w/v) trichloroacetic acid and counted.

Potassium influx. This was measured as described by Glynn (1956). Samples of
haemolysed cells were deproteinized and prepared for counting in & manner similar
to that described above.

Sodium influx. The method was essentially the same as for potassium influx,
except that, in order to avoid possible back-diffusion of tracer into the medium, the
incubation time was decreased as much as possible (to 15 min). The tracer uptake by
cells (haematocrit of 20 9,) was linear with time up to 30 min, and it was therefore
concluded that back-diffusion was negligible over this period. The incubation volume
was 2:5 ml., and influx was stopped quickly by diluting the cell suspension with
7-5 ml. of ice-cold non-radioactive medium. The cells were then washed, haemolysed
and counted.

Cellular sodium and potassium content. Cells were washed three times in 150 mm
choline chloride, 10 mm-Tris Cl, pH 7-6, and lysed in ammonium hydroxide (6-7 mm).
Samples were diluted for estimation of haemoglobin and of sodium and potassium
with either a Unicam SP 90 spectrophotometer (Unicam Instruments Ltd, Cam-
bridge) or an EEL 227 integrating flame photometer with lithium internal standard
(Evans Electroselenium Ltd, Halstead, Essex) (Lubowitz & Whittam, 1969).

Incubation media, in which chloride was replaced by foreign anions, were adjusted
to have the same depression of freezing point as chloride medium, as determined by a
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Knauer freezing-point osmometer (Knauer, Holstweg 18, Berlin). Media were pre-
pared as follows: chloride medium, 150 mm sodium chloride, 5 mm sodium phosphate,
PpH 7-6; 290 m-osmole/l. Media with monovalent anion replacements for chloride,
where X~ is the monovalent anion: 150 mm-NaX—, 10 mm-Tris Cl, pH 7-6, range
280-310 m-osmole/l. Media with polyvalent anion replacements for Cl: 125 mm
sodium sulphate, 10 mm-Tris Cl, pH 7-6, 300 m-osmole/l.; 100 mm sodium citrate,
pH 7-6, 283 m-osmole/l.; 94 mm sodium EDTA (ethylenediamine tetra-acetic acid),
5 mum sodium phosphate, pH 7-6, 300 m-osmole/l. Potassium replacement media,
100 mM potassium citrate, pH 7-6, 288 m-osmole/l.; 91 mm potassium EDTA, 5 mm
potassium phosphate, pH 7-6, 290 m-osmole/l.

Materials. All chemicals were Analar grade where possible and all solutions were
made in glass-distilled water.

RESULTS
The passive distribution of chloride as an indication
of membrane potential

In order to assess the validity of calculating the membrane potential
from the Nernst equation, it was important to check that chloride was
passively distributed between red cells and medium under a variety of
conditions in which changes were made in the external chloride concen-
tration and pH.

Dependence of chloride ratio on external chloride. Tests have been made
to see whether replacement of chloride with non-penetrating anions affects
the chloride distribution between cell water and medium at equilibrium.
The chloride distribution (cell water/medium) was 0-71 (Table 1) with
150 mm external chloride in agreement with earlier work (Harris & Maizels,
1952), but when external chloride was reduced to 10-30 mm by replace-
ment with citrate or EDTA, there was more chloride in the cells (90-110
p-equiv/ml. cell water) than in the medium, giving a distribution ratio of
about 3:0. The reversed concentration gradient was established during
1 hr and then stayed constant, suggesting that citrate and EDTA pene-
trate into the red cell very little, if at all, and that chloride is retained in the
cell to act as a gegenion for internal cations. Cell chloride remained con-
stant during incubation with 150 mm external chloride, but there was
chloride loss from cells during 1 hr with low external chloride. The loss
was only some 10 g-equiv/ml. cells, which is quantitatively comparable
with the net potassium loss (Table 6) and with the excess of potassium
efflux over influx (Fig. 2 and Table 3), suggesting that there was a net loss of
KCl from the cells. External chloride was also replaced by the monovalent
anion, gluconate, which seemed to us likely not to penetrate because of its
hydrophilic nature. A reversed chloride gradient of similar magnitude to
that found with EDTA and citrate was maintained (Table 1), showing that
the human red cell membrane is impermeable to gluconate. When sulphate
was substituted for external chloride, there was a change in the chloride
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distribution ratio with time; starting initially at about 4-2, the ratio fell
to 1-0 after 15 min and then remained at about this value. The fall was
accompanied by a net loss of internal chloride from 64 to 15 x-equiv/ml.
cells, showing that chloride reached an approximately even distribution
between cells and medium, consistent with entry of sulphate into the cells
(Luckner, 1939). This result shows that sulphate is not suitable for use as
an impermeant anion with human red cells.

Dependence of chloride distribution ratio on external pH. There is good
evidence with cells under physiological conditions for the passive distri-
bution of chloride and hydrogen ions. There was a linear relationship
between the chloride ratio and external pH, and also the ratio [H]o/[H]
agreed closely with the chloride ratio (Harris & Maizels, 1952). It seemed
important to establish whether this held in cells with low external chloride.

Cell suspensions in normal chloride medium were divided into five lots
and adjusted to five pH values between pH 6-0 and 8:0. Each lot of sus-
pension was washed three times in chloride medium at the appropriate pH
value and the cells were sedimented. The packed cells were resuspended in
either chloride or EDTA media at the various pH values, incubated for
15 min at 37° C and the chloride distribution was determined as a function
of pH with low and normal external chloride. The chloride ratio was in-
versely proportional to external pH in both chloride and EDTA media
(Fig. 1). It fell from 1-04 to 0-56 as pH was increased from 6-0 to 8-:0 with
150 mm chloride, the slope of the line, ACl ratio/ApH being 0-34, in agree-
ment with the value of 0-35 found by Harris & Maizels (1952). For cells
in EDTA medium containing 20-30 mM chloride the ratio fell from 5-50 to
2-04 between pH 6-0 and 80, with a slope of 0-45. These results show that
the chloride distribution varied in a similar manner on altering pH whether
external chloride was in high or low concentration. The findings are con-
sistent with a passive distribution of chloride in low-chloride medium.

The interdependence of chloride and hydrogen ton distributions. A more
critical test to verify that chloride is passively distributed is to see whether
the chloride ratio, [Cl];/[Cl]o, is equal to the inverse of the hydrogen ion
ratio, [H]o/[H]i, under conditions of low and high external chloride and at
various pH values. Two sets of five flasks were set up, at pH values over
the range pH 6-0-8-0, one set for chloride estimations and the other for pH
measurements. The internal pH of cells after incubation was taken to be
the pH of a haemolysate prepared by lysing packed cells with 5 volumes
of water (Harris & Maizels, 1952). The mean values of three experiments
(Table 2) show three features. First, the ratio, [H]o/[H]; fell from 3-08 to
2-40 in EDTA medium as external pH was increased from 65 to 8-:0. No
significant fall was seen in the same ratio for cells in chloride medium,
however, probably due to errors in measuring the small pH differences
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involved. Secondly, reversing the chloride gradient by suspending cells in
low external chloride solutions containing an impermeant anion also
reversed the hydrogen ion gradient, so that internal pH was greater than
external pH (Table 2). In contrast, for cells with normal external chloride
the pH inside the cells was always less than that outside. Thirdly, there
was approximate agreement between the chloride and hydrogen ion ratios
for pH values of 7-0, 7-5 and 8-0 with normal and low external chloride.There

60~
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40 \A

30 \

20 a

[cn,/icn,

03 : ] 1 1 1

60 65 70 75 80
External pH
Fig. 1. Chloride distribution between cells and medium at various external
PH values. Cells, 3—4 weeks old were prepared as described in Methods and
adjusted to the various pH values in sodium chloride medium. Chloride
distribution was measured with cells suspended in normal external chloride
medium (Q) or sodium-EDTA medium ( A). [Cl], and [Cl], are the con-
centrations of chloride in cell water and medium respectively. Mean values
of duplicate incubations of a typical experiment are shown.

was some deviation at lower pH, a possible explanation being that the
glass electrode underestimated internal pH at the low internal pH values
(Table 2). Gary-Bobo & Solomon (1968) found a similar discrepancy when
measuring chloride and hydroxyl movements, and as with our results, the
disparity increased as pH was decreased.

As a consequence of the redistribution of chloride there was an acidi-
fication of the low external chloride media. The pH of a cell suspension
(initially at pH 7-6) added to EDTA medium was decreased to and main-
tained at pH 7-4, which is consistent with the findings of Funder & Wieth
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(1966) using citrate as anion. There was a similar initial acidification of
sulphate medium (to pH 7-2), but this returned to the original pH of 7-6
(after about 10 min) as sulphate exchanged with internal chloride.
Relationship between chloride ratio and membrane potential. Since
chloride and hydrogen ions appear to be passively distributed under con-
ditions of normal or low external chloride, the membrane p.d. can be cal-
culated where p.d. = 61-5 log [C]]i/[Cl]o mV at 37° C. Our value for cells
in 150 mM external chloride is 9 mV with the inside negative, whereas with

TaBLE 2. Chloride and hydrogen ion distributions between cells
and normal or low external chloride medium

RingerpH  [Cl]; [cj, PH; pH, [C1)y/[ClL, [H],/[H]

NaCl
6-0 174 167 5-83 6-06 1-06 > 0-65
6-5 155 161 6-31 6-48 0-96 > 0-67
7-0 124 158 6-78 6-95 0-78 = 0-71
7-5 105 155 7-33 7-45 0-68 = 0-75
80 85 153 7-60 777 0-56 = 0-66

Ringer pH

EDTA
6-0 136 33 6-35 5-90 4-37 > 2-90
6-5 122 31 6-86 6-37 4-00 > 3-08
7-0 99 29 7-28 6-81 3-48 = 2-98
75 75 27 7-66 7-23 2-79 = 2-72
80 49 26 8-08 7-70 1-97 = 2-40

Cells, 3-4 weeks old, were incubated for 15 min at 37° C. Cl and pH estimations
were performed as described in Methods. [Cl], and [Cl], are the chloride concentra-
tions in cell water and medium respectively, pH, and pH, are cell and medium pH,
respectively.

low external chloride the p.d. rose to about 30 mV, with the inside positive.
Cells equilibrated in solutions with a range of chloride concentrations are
effectively maintained under voltage clamp conditions, where the p.d. is a
constant value according to the nature of the external anion and the
chloride ratio.

Operation of the sodium pump with low external chloride. To investigate
whether the nature of the predominant external anion affects the sodium
pump, the ouabain-sensitive (pump) components of sodium efflux and
potassium influx have been measured in Ringer with modified anion com-
position. Potassium chloride (10 mm) was always included to activate the
sodium pump. Replacement of up to 90 9, of external sodium chloride was
first made with isotonic solutions of sodium EDTA, sodium citrate or sodium
gluconate because these anions are non-penetrating. Similar results were
obtained with each substituent and in most experiments EDTA was used.
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Potassium influx. The pump potassium influx (in g-equiv/ml. cells x hr)
in EDTA medium was somewhat less than in normal-chloride medium,
although there was a considerable spread of absolute values ranging from
1-79 to 3-50 with normal external chloride and from 0-90 to 3-19 in EDTA
medium (Table 3). The decrease in influx was found in nine out of eleven
experiments, and the mean values fell 20 9, from 2-82 to 2-24. The magni-
tude of the decrease (0-58 + 0-14 s.E. of mean) was not associated with the
absolute values. When citrate was substituted for chloride, the pump
potassium influx was not significantly decreased ; the mean difference was
0-11 + 0-13 (s.E. of mean; four experiments).

Sodium efflux. The pump component of sodium efflux showed a con-
siderable spread of results between five experiments, values ranging from
3-09 to 6-17 (mean 4-74) with normal external chloride and from 1-44 to
4-13 (mean 2-76) in EDTA medium (Table 4). The fall in sodium efflux with
low external chloride was greater than the fall in potassium influx, the
mean decrease with EDTA being 1-97 + 0-25 and with citrate 0-86 + 0-27
(s.E. of mean). Comparison of the results shows that the ratio of sodium
efflux/potassium influx for the pump components was 1-6 + 0-3 (s.E. of
mean) for cells in normal-chloride medium, in agreement with a stoichio-
metry of three sodium ions extruded per two potassium taken up (Post
& Jolly, 1957 ; see Whittam, 1964). In low chloride medium the ratios were
1-2 + 0-3 with EDTA and 1-4 + 0-2 with citrate; these values are not signi-
ficantly different from 1-5, and are within the range found by other authors
with normal external chloride. It seems that the stoichiometry of the
sodium pump was not materially altered by changing the external anion
so as to reverse the sign of the membrane potential.

Decrease in pump potassium influx with 10-50 mm external potassium.
There would seem to be three possibilities to account for the apparent fall
in pump fluxes with low external chloride. First, since activation of the
sodium pump depends on external potassium, a concentration of 10 mm
potassium was perhaps insufficient to activate the pump fully with low
external chloride. Potassium influx was therefore measured at external
potassium concentrations of 10, 20 and 50 mM. There was still a fall in the
ouabain-sensitive potassium influx from 3-11 to 2-14 at 20 mm external
potassium, and from 3-41 to 2-64 with 50 mm potassium (Table 3). The fall
in potassium influx was thus independent of the external potassium con-
centration, as shown by the similar values for the ratio of potassium influx
for normal chloride/EDTA medium (1-31, 1-47 and 1:29, at 10, 20 and 50
mM external K). Increasing external potassium from 10 to 50 mm did not
raise the sodium pump activity in low chloride conditions to that of the
control normal chloride medium, suggesting that 10 mm potassium was
sufficient for activation.
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Influence of external sodium on potassium influx. The second possible
reason for the decreased pump fluxes arises from the higher external
sodium concentration which is necessary when chloride is replaced by the
polyvalent anions EDTA or citrate (an increase from 150 to 350 mm).
External sodium in the range 0-150 mm competitively inhibits potassium
influx (Post & Jolly, 1957; Garrahan & Glynn, 1967 ; Priestland & Whittam,
1968), making it possible that a further increase to 350 mm might explain
the decrease found with low external chloride. The magnitude of the effect
can be estimated if kinetics for purely competitive inhibition are assumed.
Values for half-maximal activation of potassium influx are about 0-16 mm
and 0-4 mM in sodium free Ringer (Kpy) and 1-4 mym and 1-5 mM in 150 mm
sodium-Ringer (K,) (Garrahan & Glynn, 1967; Priestland & Whittam,
1968, respectively). Ki and K, are related by K, = Kn(1+1/K;) (Dixon
& Webb, 1964) where K is the inhibitor constant for sodium and I the
concentration of inhibitor (sodium). From this equation an approximate
value of K of between 20 and 55 mm is obtained. It can thus be predicted
that raising the sodium concentration from 150 to 350 mm at 10 mm
external potassium would lower potassium influx by some 12 9,. Although
this effect would partly explain the fall which was found, it cannot be the
sole explanation because raising external potassium to 50 mm did not
relieve the inhibition (Table 3).

The third factor which may contribute to the reduction of active tran-
sport concerns the method of measurement. There is a net potassium loss
and sodium gain when cells are in low chloride medium (Table 6). Thus,
internal #Na will be diluted by #Na gained during measurement of sodium
efflux, which would thus be underestimated since the initial specific
activity was used in the calculation. Attempts were made to allow quanti-
tatively for a fall in specific activity from the net changes in 3 hr because
the measured net changes in 15 min were within experimental error. Cal-
culations show that a small entry of #Na could cause a reduction of sodium
efflux by some 10-209%,. For comparable reasons, K influx would be
underestimated as counts gained by the cell would be lost due to the net
loss of potassium into the low chloride media.

It may be concluded that although both the active potassium influx and
sodium efflux are somewhat reduced with low external chloride the changes
may be adequately accounted for. There would seem to be little or no
effect of reversing the sign of the membrane potential by changing the
chloride distribution on the activity and stoichiometry of the sodium
pump.



522 D. COTTERRELL AND R. WHITTAM

The dependence of passive movements of sodium and
potassium on chloride distribution between cells and medium

When measuring transport by the sodium pump, values were also
obtained for ouabain-insensitive (passive) potassium influx and sodium
efflux. Reduction of external chloride had a considerable effect which has
been investigated in detail.

Potassium influx. Passive potassium influx with 10 mM external
potassium was reduced (Table 3) from a mean of 0-80 (in g-equiv/ml.
cells x hr) with 150 mm external chloride (range 0-55-1-06) to a mean of
0-35 in low chloride (10 mm) EDTA solution (range 0-22-0-52), the fall
being 0-44 + 0-05 (s.E. of mean). A similar feature was found with citrate
replacement when potassium influx was reduced from 0-84 to 0-23, a
decrease of 0-61+0-11 (s.E. of mean). These values show that passive
potassium influx was decreased about 609, when external chloride was
reduced to about 10 mm. The effect of higher external potassium con-
centrations (20, 50 and 100 mM) on ouabain-insensitive potassium influx
was measured with normal and low external chloride. The results in Table
3 show that potassium influx was raised by increasing [K], under both
conditions, the increase being greater with chloride than EDTA. Thus, the
values with 150 mm chloride were 0-80, 1-32, 3-2 and 5-0, compared with
values with 10 mm chloride in EDTA of 0-36, 0-88, 2:2 and 29 when
external potassium was 10, 20, 60, and 100 mM. These results show that
whatever the level of external potassium the value of potassium influx was
always higher with chloride as anion than with EDTA. Furthermore, the
ratio of potassium influx in normal chloride/EDTA solutions was com-
parable for all levels of external potassium.

When external chloride was almost completely replaced by other anions
to which the membrane is only slightly permeable, the passive potassium
influx fell, e.g. from 0-9 with chloride to 0-3 with acetate, 0-3 with nitrate
and 0-2 with lactate, pyruvate and iodide. There was no change with
bromide. Partial replacement of chloride by non-penetrating anions gave
progressive changes in the passive fluxes between the two extreme con-
ditions given above. These results show that lactate, pyruvate and iodide
act in a similar manner to EDTA and citrate in causing a fall in potassium
influx.

Potassium efflux. Potassium efflux was also measured to see whether it
was affected like potassium influx. External potassium (10 mm) was always
added to the Ringer solutions. Preliminary experiments showed that the
response of potassium efflux to chloride substitution was uninfluenced by
ouabain, which was not routinely added. The results showed little change
in potassium efflux until 409, of the chloride had been replaced, but on
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further reduction (to about 50 mm chloride) potassium efflux was approxi-
mately doubled with citrate and trebled with EDTA (Fig. 2). When
external chloride was 10-15 mM there was a rise in potassium efflux (in
p-equiv/ml. cells x hr) from the control of 1-4 in chloride to 15 with EDTA
and to 8-0 with citrate. Potassium efflux was therefore raised in a most
striking manner, the low-chloride medium producing a tenfold increase in
efflux when EDTA replaced chloride.

150 -

100 -

K efflux (z-equiv/ml. cells x hr)

50
&/ e
0 1 1 1 "
160 120 80 40 0 150

External Cl concentration (mM)

Fig. 2. Potassium efflux from cells in low external chloride media in which
chloride was replaced by citrate (@) or EDTA (A) anions. Cells, 3-4 weeks
old were pre-incubated in sodium chloride medium containing inosine
(10 mm), adenine (5 mm) and 42KCl. K efflux was measured over 30 min at
37° C and also in a parallel lot of cells which were treated with low external
chloride medium and returned to normal chloride conditions. Mean values
of duplicate incubations of a typical experiment are shown.

Dependence of potassium efflux on external pH. Since the chloride distri-
bution ratio is inversely proportional to external pH in both normal and
low external chloride solutions, experiments were designed to see whether
potassium eflux depended on external pH in a way related to changes in
the chloride ratio. Previous work has established that varying the pH of
isotonic sodium chloride solutions has little effect on the loss of potassium
from cells (Flynn & Maizels, 1949; Romero & Whittam, 1971). This was
confirmed in the experiments shown in Fig. 3. In contrast, potassium eflux
from cells in EDTA medium increased steeply from 3-2 (u-equiv/ml. cells x
hr) at pH 6-0 to 16-5 at pH 8:0. Two points arise from this result, first,

18 PHY 214
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that at all pH values with low external chloride, potassium efflux was
always greater (two to tenfold) than the normal-chloride control, but
secondly, that the raised potassium eflux which occurred with increased
external pH did not appear to be related to the chloride ratio, which must
have decreased under these conditions. Although reversing the chloride
gradient increases potassium efflux the permeability of the cell membrane
is also independently influenced by the external pH.

18

16 |-
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Fig. 3. Potassium efflux as a function of external pH in normal and low
external chloride media. Cells, 3-4 weeks old were prepared as described
in Fig. 2. After pH adjustment, cells were incubated in normal chloride
(O) or EDTA medium (A) at the pH values shown. Mean values are
shown from triplicate incubations in a typical experiment.

Reversibility of potassium efflux on altering the external chloride con-
centration. The increase in potassium efflux might arise from irreparable
damage to the cell membrane, in which case it would not be reversible, or
it may be associated with the change in membrane p.d. associated with the
low external chloride. Two sets of cell suspensions were loaded with 42K.
In the first lot of cells, potassium efflux was measured with normal external
chloride and in the modified media in which chloride had been largely
replaced by EDTA or citrate anions. The results were in line with the
experiments described above, in showing that large increases in potassium
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efflux occurred when cells were suspended in low-chloride solutions (Fig. 2).
The other lot of cells was treated in exactly the same way except that at
the end the cells were washed briefly, and suspended in chloride medium.
Efflux was then measured. In each instance, whatever the anion in the
Ringer during the pre-treatment, the efflux was the same low value of
about 2-0 in spite of the increase which must have occurred during exposure
to the low-chloride medium. The increase in potassium efflux was there-
fore reversible, not due to damage of the cell membranes, and apparently
related to the chloride distribution and hence to p.d.

TABLE 5. Sodium influx with 150 mM external sodium in
normal or low chloride media

Na influx
(u-equiv/ml.
mMm-[Na], mmM-[Cl], cells x hr)
150 150 2-81
150 100 2-37
150 50 277
150 10 2:78

Sodium influx was measured as described in Fig. 4, with media in which EDTA
was substituted for chloride and potassium for sodium to keep external sodium at
150 mm. Mean values shown are from five incubations in a typical experiment.

Sodium influx. Sodium influx is passive, proportional to external sodium
and uninfluenced by ouabain in the presence of 10 mum external potassium
(Glynn, Lew & Liithi, 1970; Lant, Priestland & Whittam, 1970). Sodium
influx was therefore measured to see if it was like potassium efflux in being
affected by chloride replacement with impermeant anions. Such chloride
substitution inevitably requires a higher external sodium concentration
and a higher influx is to be expected. The specific activity of external
sodium was calculated by dividing the radioactivity by the sodium con-
centration, and on this basis, the sodium influx (in g-equiv/ml. cells x hr)
was increased from 2-1+0-2 (s.E. of mean; six experiments) in 150 mm
chloride to 10-2 + 1-1 (s.E. of mean; five experiments) in EDTA (350 mm
sodium). The influx was raised to this maximum value as chloride was pro-
gressively decreased to about 10 mM by the polyvalent anions. Because
sodium influx depends on external sodium it was necessary to change the
anion whilst keeping external sodium constant. This was done by mixing
isotonic sodium and potassium salts of EDTA so that the sodium con-
centration was 150 mm (Table 5). Sodium influx was 2-8 at an external
chloride concentration of 150 mM and 2-7 when chloride was reduced to
10 mm by EDTA replacement, showing that influx was not affected by
substituting EDTA for chloride. When external sodium was varied, by

18-2
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replacement with potassium, sodium influx was increased linearly with
external sodium whether the anion was chloride or EDTA (Fig. 4). Both
sets of points fell on the same line.

In other experiments almost complete replacement of chloride by mono-
valent ions (bromide, nitrate, acetate, lactate, pyruvate) had little effect
on sodium influx. It can be concluded that sodium influx was independent
of the nature of the anion and was a linear function of external sodium.
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Fig. 4. Sodium influx and ouabain-insensitive sodium efflux as a function
of external sodium concentration in normal chloride or EDTA medium.
To give a range of external sodium concentrations the sodium salt was
partly replaced by the potassium salt. Cells, 3-4 weeks old, were pre-
incubated in sodium chloride medium containing inosine (10 mm) plus
adenine (5 mu). Sodium influx and efflux were measured over 15 and 30 min
respectively at 37° C. Mean values of triplicate incubations are shown;
O = sodium influx, @ = sodium efflux with normal external chloride;
A = sodium influx, A = sodium efflux with EDTA substitution for
chloride. Sodium efflux was measured in the presence of 0-1 mm ouabain.

Sodium effluzx. Passive sodium efflux (ouabain-insensitive) was increased
in low-chloride conditions from a mean of 1-70 (range 1-25-2-97) with
normal external chloride to 5-13 (range 2:66 to 7-75) with EDTA substi-
tution and to 4-4 with citrate substitution for chloride (Table 4). This
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effect represents a trebling of sodium efflux when external chloride was
reduced to about 10 mm.

Dependence of sodium efflux on external sodium. The first point to con-
sider is whether sodium efflux is dependent on external sodium concen-
tration, as in the isotonic solutions of polyvalent anions the sodium con-
centration was higher (about 350 mm) than with normal external chloride.
Since sodium efflux is stimulated by external sodium in the presence of
ouabain (Hoffman, 1966; Lubowitz & Whittam, 1969), it seemed that the
raised external sodium might account for the increase in sodium efflux. To
test this point ouabain-insensitive sodium efflux was measured as a func-
tion of external sodium (range 0-150 mm) in both chloride and EDTA
media with potassium as substitute for sodium. Sodium eflux was de-
creased with normal external chloride (Fig. 4) from 2-7 with 150 mm
sodium to 1-9 in sodium-free medium, as found previously with mag-
nesium as sodium replacement (Hoffman, 1966; Lubowitz & Whittam,
1969), showing that external sodium stimulated sodium eflux. In EDTA
medium, in contrast, sodium eflux was decreased from 11-6 with zero
external sodium to 5-5 with 150 mm sodium and to 4-8 with 350 mm
sodium. The higher sodium efflux in sodium-free EDTA medium was
unexpected, and is considered later in connexion with the p.d. but it is
obvious that a stimulation of ouabain-insensitive sodium efflux by raising
external sodium above 150 mm does not account for the increased sodium
efflux caused by chloride replacement.

Net movements of sodium and potassium as a
Sunction of external chloride

From the preceding unidirectional flux results it can be predicted that
cells incubated in low chloride solutions should lose potassium as well as
gaining or losing sodium according to the external sodium concentration.
Changes in cell sodium and potassium content have been measured in the
presence of 0-1 mM ouabain when they are determined solely by the passive
fluxes and are not complicated by operation of the sodium pump. The
potassium loss (AK) is given after 1 hr by the difference in influx (M) and
eflux (Mout), as

AK = ME, - ME.

It follows from the flux values given above that, with 150 mm external
chloride cells should lose (1:-5-1-0) = 0-5, whereas with low external
chloride they should lose (15— 0-5) = 14-5 with EDTA and (8:0—0-5) = 7-5
with citrate. The mean potassium losses (in g-equiv/ml. cells x hr) from
net movements after 1 or 3 hr were 1-4 with chloride, 4-5 with citrate and
57 with EDTA media. The net movements with citrate and EDTA
are smaller than would be expected from the tracer fluxes, but they,
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nevertheless, vary in the expected direction and clearly show a much
greater potassium loss with citrate or EDTA as predominant external
anion than with chloride.

External sodium was varied between 0 and 350 mm by replacement with
potassium using EDTA as major anion. Cells gained or lost sodium according
to the external sodium concentration. With 350 mm sodium, the gain (in
p-equiv/ml. cells x hr) was 2-6 whereas with no external sodium there was
a loss of 3-2 (Table 6). Cells in 150 mM sodium gluconate gained roughly
the same amount of sodium (0-3) as cells in sodium chloride medium which
is to be expected for similar external sodium concentrations (Table 6).
There was a potassium loss, however, of comparable magnitude (4-8) to
that seen with citrate or EDTA as replacement for chloride, suggesting
that the loss was related to the reversed membrane p.d. found under those
conditions.

Relationships between membrane potential
difference and 1on movements

The chloride ratio (internal/external) was determined in cells from the
same blood used for the flux measurements, and the membrane potential
was calculated from the Nernst equation, when various proportions of the
external chloride were replaced by EDTA (Fig. 5). The graph shows the
passive sodium and potassium fluxes as a function of p.d. There was a
steep increase in potassium efflux as the inside of the cell became positive,
but only a relatively small fall in passive potassium influx. When the
passive potassium flux ratio, Mout/Min (right-hand ordinate), is plotted
against p.d., the results do not show a linear relationship but a steep in-
crease as the inside of the cell became positive. The steep rise was caused
by the increased efflux because influx shows a slight fall. If the unidirec-
tional potassium fluxes in red cells were dependent only on the electro-
chemical gradient as the driving force, and if potassium movements across
the membrane were independent of each other, then a straight line relation-
ship between flux ratio and p.d. should be obtained (indicated in Fig. 5),
a tenfold change in chloride ratio equivalent to a potential change of
61-5 mV, causing a tenfold change in flux ratio (Ussing, 1949). A steep rise
in flux ratio with decrease in p.d. would be expected if the ion movements
were not independent, but again the flux ratio would still vary linearly
with p.d. as found in nerve (Hodgkin & Keynes, 1955). The results in
Fig. 5 show that this explanation does not apply to red cells, in which there
appears to be a preferential increase in efflux over influx, suggesting that
rectification of the membrane to potassium occurs as the inside of the cell
becomes positive.

Sodium movements are influenced to a lesser extent than potassium
movements when the membrane potential is reversed (Fig. 5). The
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increase in passive sodium efflux was only two- to threefold in contrast
with the tenfold increase in potassium efflux under similar low chloride
conditions. On the other hand, with low external sodium, there was an
increase in sodium efflux to a value comparable to that for potassium
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Fig. 5. Dependence of sodium and potassium fluxes on membrane potential
calculated from the chloride distribution ratio when EDTA was substi-
tuted for chloride. Open triangles ( A) potassium efflux; open circles (QO)
potassium influx in the presence of ouabain ; filled circles (@) sodium influx
at an external sodium concentration of 150 mm, achieved by partial replace-
ment of sodium EDTA with potassium EDTA ; filled triangles ( A ) ouabain-
insensitive sodium efflux; open squares ([]) and right hand ordinate show
passive K flux ratio (efflux/influx). Continuous straight line shows slope of a
tenfold change in flux ratio per tenfold change in chloride ratio (upper graph).

efflux. As regards sodium influx, neither the sign nor magnitude of the p.d.
over the range —10 to +30 mV apparently had any effect. The results
suggest that sodium and potassium movements independent of the sodium
pump depend on the sign and magnitude of the membrane potential.
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DISCUSSION
The distribution of chloride

The first point to consider is the fact that a reversed chloride gradient
can be maintained between red cells and an external medium containing
impermeant anions instead of chloride. The chloride distribution ratio,
[C114/[Cl]6, could be varied from the normal value of 0-7 to between 3-0 and
4-0 as external chloride was replaced with anions such as EDTA, citrate
or gluconate. Previous work has shown a reversed chloride gradient under
conditions in which external chloride was replaced by non-penetrating
non-electrolytes (LaCelle & Rothstein, 1966; Donlon & Rothstein, 1969),
or impermeant electrolytes such as mucate or toluene-disulphonate
(Vidaver, 1964 a). Under low chloride conditions the chloride distribution
depended on external pH as found previously (Harris & Maizels, 1952;
Funder & Wieth, 1966), and the hydrogen ion distribution changed as the
inverse of the chloride distribution so that the cell interior was at higher
PH than under the normal chloride conditions (Table 2).

Since the Results show that chloride is passively distributed under a
variety of conditions, it seems justified to calculate the membrane p.d.
from the chloride distribution ratio and values were in the range of — 9 to
+30mV. The direct measurement of membrane p.d. in red cells is
technically difficult (Lassen & Sten-Knudsen, 1968; Jay & Burton, 1969)
but the values are, nevertheless, in agreement with those predicted from the
chloride distribution for cells under physiological conditions.

Sodium and potassium movements in cells with a
reversed chloride gradient

The main aspect of the results relates to the effect of a reversed chloride
gradient across the membrane on sodium and potassium fluxes, both active
and passive. When account is taken of the technical considerations men-
tioned in the Results section, there seems to be no appreciable effect of a
change in chloride gradient, corresponding to an alteration in membrane
p.d. from —9to + 30 mV, on ion movements of the sodium pump or on the
ratio of sodium transported/potassium transported. This is consistent
with the finding that the ratio remains constant when the sodium pump is
made to function at different rates by changing internal sodium and
external potassium concentrations, and therefore the electrochemical
gradient (Whittam & Ager, 1965). Another point is that the energy require-
ment for sodium and potassium transport by the sodium pump is decreased
from 8-4 keal in chloride to 3-6 kcal in EDTA, so that energetically, con-
ditions are more favourable for the sodium pump. Attempts were not made
to make the chloride gradient even bigger because this would have been
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accompanied by high internal pH, which in itself would have led to de-
creased activity of the sodium pump. There have been few other studies on
the relation between sodium pump activity and membrane potential and
the conclusion from the present experiments would not appear to apply to
frog striated muscle in which pump activity was decreased as the inside
of the fibre became positive (Horowicz, Gage & Eisenberg, 1968).

Ion movements independent of the sodium pump were asymmetrically
affected on reversing the chloride gradient, for there was an increase in
efflux but not influx. Thus, sodium influx depended only on the external
sodium concentration and was independent of the nature of the external
anion. In contrast, sodium eflux was markedly increased in two note-
worthy ways. In the first place, with constant external sodium concen-
tration the efflux was greater with EDTA than with chloride as the pre-
dominant external anion. The energy requirement for the outward move-
ment of 1 mole of sodium is decreased from approximately + 1-7 kcal with
chloride to —1-6 kecal/with EDTA according to the following equation:

[Naj [Cllo
AG = RTIn ~—— +RTIn
Nal, * 0 [,
These values show that conditions are favourable for efflux being greater
than influx, so that internal sodium can approach its equilibrium level,
when

Nal _ [Cl,
Nelo ~ [T}

The other feature is that a decrease of external sodium on replacement with
potassium caused an increase in eflux with EDTA, but a decrease with
chloride. A similar decrease has been previously found when magnesium
was substituted for sodium (Hoffman, 1966; Lubowitz & Whittam, 1969).
It follows that the reason for the large increase with EDTA does not arise
because of replacement of sodium with potassium, but because of replace-
ment of chloride with EDTA and the consequential reversal of membrane
potential. This means that sodium efflux is raised on lowering external
sodium for two reasons: first, reversing the membrane potential and,
secondly, lowering and reversing the sodium concentration gradients.
These two factors make up the driving force (or electrochemical potential
gradient) which thus appears to determine the outward movement of
sodium. In agreement with the unidirectional fluxes a change has been
demonstrated in the net sodium movement according to the external anion.
It can be concluded therefore that with the same external sodium con-
centration reversal of the chloride gradient brings about an increase in
sodium efflux.
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The potassium permeability was also changed in an asymmetrical
manner, and as with sodium, the most conspicuous feature was an increase
in efflux. The independence relation of Ussing (1949) does not seem to apply,
as previously concluded by Funder & Wieth (1967) from a consideration of
potassium fluxes in cells in normal Ringer. Moreover, it is clear from Fig. 5
that the fluxes were not altered only because of changing the electrical
gradient across the cell membrane. The non-linear dependence of flux ratio
on p.d. is perhaps most simply interpreted in terms of a preferential increase
in outward permeability. A somewhat similar phenomenon, but in the
opposite direction, is the rectification of potassium conductance in depolar-
ized froé muscle fibres (Katz, 1949; Adrian, 1969) when inward current is
raised more than outward.

Normal cell permeability could be restored by returning cells to chloride
medium, showing that the foreign anions used to alter the chloride gradient
did not irreparably damage the cells. Similar permeability changes were
induced by both gluconate and the calcium-chelating anions (EDTA,
citrate), and appreciable changes in sodium and potassium fluxes on partial
replacement of chloride with citrate or EDTA did not occur until the
concentrations of these ions were at least 40 mm. Calcium chelating effects
of these two anions are presumably more than saturated at this high
concentration.

It is evident that the membrane potential is one factor which deter-
mines membrane permeability. Another factor is pH, which affects per-
meability independently of changes which would arise from chloride
redistribution. Thus, if potassium efflux had simply depended on chloride
distribution then it would have decreased with increasing external pH,
whereas it was, in fact, raised. Passow (1969) has considered the mechanism
for the control of permeability by pH in terms of a lattice of fixed charges
in a membrane. It is not clear, however, how a lattice model of a simple
kind can account for spatially asymmetrical changes in permeability of the
kind described above.

The net potassium loss and small sodium gain found in the present work
is in line with past work on the relation between potassium loss in non-
electrolyte media and membrane p.d. (Wilbrandt & Schatzmann, 1960;
LaCelle & Rothstein, 1966; Donlon & Rothstein, 1969), although the
effects with impermeant polyvalent anions are not as dramatic as those in
very low ionic strength sucrose media. Another aspect of the influence of
the potential is Vidaver’s (1964b) demonstration that a reversed chloride
gradient between pigeon red cell ghosts and Ringer was able to induce
sodium-linked glycine movement when the sodium concentrations were
equal on both sides of the membrane. When external chloride is replaced
by foreign monovalent anions to which the membrane is permeable, cells
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also lose potassium, but in contrast, gain more sodium and consequently
swell (Funder & Wieth, 1967; Wieth, 1970).

The changes in membrane permeability induced by reversing the mem-
brane potential are in contrast with those which accompany a raised
internal calcium (Romero & Whittam, 1971), because calcium acts pre-
dominantly on potassium permeability by increasing potassium move-
ments both inwards and outwards, such that a net potassium loss could be
converted into a net potassium gain by raising the external potassium
concentration. The general conclusion is that membrane potential in human
red cells controls passive sodium and potassium efflux with only little or
no effects on influx.
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