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The temperature dependence of potassium flux into the red cells of normal and pseudohyperkalaemic
individuals over the range 4-40°C was measured using 3RbCl as tracer. Flux through the pump was
measured as the ouabain-sensitive component (0.2 mM ouabain) and flux via Na* K *-cotransport was
measured as the decrease in the rate of K* influx in the presence of 1 mM furosemide. The residual passive
permeability of the red cell plasma membranes to K* was that influx which was unaffected by either
inhibitor. When Na* influxes were measured, the ratio of Na™ to K* transported via the furosemide-sensitive
component was 1 over the full temperature range studied. The temperature sensitivity of K* influx via the
pump was normal as was the enzymic activity of the Na*,K*-ATPase. In contrast, the activity of the
Na*,K *-cotransport system in pseudohyperkalaemics was more temperature sensitive than that of controls
and affected individuals also showed a greater passive permeability to K* at low temperatures. Red cell
membranes from affected individuals have significantly increased amounts of phosphatidylcholine which are
balanced, to a degree, by a decreased content of phosphatidylethanolamiane. It is proposed that in this
example of familial pseudohyperkalaemia there is an alteration in the structure of the red cell plasma
membrane which influences the temperature sensitivity of both its cotransport and passive permeability
properties.

Introduction

There are three major components of K* flux
in human red blood cells: the Na*,K*-ATPase
pump, the Na* K *-cotransport system, and the
passive diffusion of K* across the membrane due
to the residual permeability of the red cell plasma
membrane. These three components can be dis-
tinguished by the use of appropriate inhibitors:
ouabain for the pump [1] and loop diuretics such
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Abbreviation: Hepes, 4-(2-hydroxyethyl)-1-piperazineethane-
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as furosemide for cotransport [2]). The residual
passive leak is defined as the flux which is insensi-
tive to both inhibitors. Abnormalities in one or
more of these components of K* flux have been
shown to be present in a variety of cnditions,
including Rh, erythrocytes [3], hereditary
stomatocytosis syndrome [4] and fB-thalassaemia
minor [5].

The familial pseudohyperkalaemia syndrome
was first described by Stewart et al. [6]. The red
cells of affected individuals are abnormally leaky
to K* when kept at low temperatures and the
magnitude of the leak increases as the temperature
is lowered, particularly below 20°C. The incidence
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of the condition in the first family studied was
consistent with an autosomal dominant mode of
inheritance. The syndrome has since been identi-
fied in a family in France [7] and in one in South
Wales [8]. We report here our studies on a family
from the Stirling area, some of whose membranes
show the cold-induced loss of K * that is character-
istic of the familial pseudohyperkalaemic syn-
drome.

Materials and Methods

Preparation of ghosts for Na*,K *-ATPase as-
say. Fresh venous blood was collected into
heparinized tubes, the cells were washed and the
plasma and buffy coat were removed by centrifu-
gation and resuspension three times in 135 mM
NaCl/5 mM sodium phosphate (pH 7.4). The cells
were haemolyzed for 15 min in 15 vol. of ice-cold
haemolysis medium, 1 mM EDTA/5 mM Tris
(pH 7.5) [9]. The ghosts were centrifuged at 16 000
X g for 30 min at 2°C and the supernatant was
aspirated. The pellet was washed by centrifugation
and resuspension in the haemolysis medium three
times and the creamy-white membranes were fi-
nally resuspended in 5 mM Tris (pH 7.4) to a
volume which was 125-150% of the original volume
of blood. In order to ensure maximum exposure of
ATPase catalytic sites to the substrates, the mem-
branes were frozen and thawed twice prior to
assay [9].

Na™*,K *-ATPase assay. Na* K*-ATPase was
assayed as the difference between the ATPase
activity in the absence and the presence of ouabain
(0.2 mM). Assays were started by the additions of
membranes (100-200 pg protein) to an incubation
medium containing 4 mM ATP /4 mM MgCl, /100
mM NaCl/10 mM KC1/0.2 mM EDTA /15 mM
Tris (pH 7.4) in a total volume of 1.5 ml. The
reaction mixtures were incubated for 30 and 60
min to ensure that the reaction was linear with
respect to time at each temperature and the amount
of phosphate liberated during the reactions was
determined [10]. All protein determinations were
measured by the method of Lowry et al. [11].

Influx studies. Fresh venous blood was washed
by centrifugation and resuspension three times in
a medium containing 145 mM NaCl/10 mM D-
glucose /10 mM Tris (pH 7.4) in order to remove

73

the plasma and buffy coat. The erythrocytes were
finally resuspended in a medium containing 145
mM NaCl/10 mM b-glucose/25 mM CaCl, /7.5
mM KCl/10 mM Hepes (pH 7.4) and influx of
Na* or K* was measured by the use of 2?NaCl or
8RbCI as described by Hall et al. [12].

Briefly, cells were suspended at a haematocrit
of 5%, determined by measuring their haemoglo-
bin content with Drabkins reagent [13], in a total
volume of 1 ml. Incubations were for 30 min and
ouabain-sensitive and furosemide-sensitive compo-
nents of Na* or K* influx were measured in the
presence of 0.2 mM ouabain or 1 mM furosemide,
respectively. The residual passive leak was the ion
flux measured in the presence of both inhibitors.
Samples (200 pl) were taken and added to a
solution (800 pl) containing 106 mM MgCl, /10
mM Tris (pH 7.4) [14] and washed rapidly four
times in this medium by centrifugation at room
temperature for 30 s in an MSE microcentaur
centrifuge. The pellet was lysed with 0.1% (w/v)
Triton X-100 (500 pl); 5% (w/v) trichloroacetic
acid (500 pl) was then added and the tubes were
centrifuged for 2 min at high speed in the MSE
microcentaur centrifuge. An aliquot of the super-
natant (500 ul) was transferred to a scintillation
vial. The amount of *Rb was measured by the
Cerenkov effect in a liquid scintillation spectrome-
ter and the amount of Na was determined after
addition of a scintillation cocktail (5 ml, Fisofluor
‘MPC).

Sodium and potassium determinations. Na® and
K™ were measured in dilutions of media and cells
with an EEL model 150 clinical flame photometer.

Phospholipid extraction and analysis. Fresh
venous blood was collected into heparinized tubes.
The cells were washed and the plasma and buffy
coat were removed by centrifugation and re-
suspension three times in 135 mM NaCl/5 mM
sodium phosphate (pH 7.4). The packed cells were
then extracted by the method of Folch et al. [15].
The lipid extracts were analysed by two-dimen-
sional thin-layer chromatography on silica gel 60
(Merck) containing Florisil (1.7%, w/w Merck) as
described previously [16]. The phosphorus content
of each spot was determined [17] after visualiza-
tion by brief exposure to iodine vapour.

Reagents. Ouabain, furosemide, Tris and Hepes
were obtained from the Sigma Chemical Com-
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pany. Radio isotopes were from Amersham Inter-
national.

Statistical evaluation. Comparisons of Na™ K-
ATPase activities and ion influx rates between the
red cells of patient 1 and control red cells were
made using an age- and sex-matched control. In
the case of comparisons between patient 2 (an
affected individual) and patient 3 (an unaffected
sister) the difference in age was 2 years. All values
were the means of four replicate measurements +
standard deviation. Phospholipid analyses were
performed on five control and three affected indi-
viduals as shown in Table I. P values were derived
from Student’s z-test.

Results

Erythrocytes from affected individuals have an in-
creased temperature-sensitive permeability to K *

Fig. 1 shows that the concentration of plasma
K" increases in affected individuals when the
whole blood is allowed to stand for various times
prior to separation of the erythrocytes from plasma
by centrifugation. Furthermore, as reported previ-
ously for this syndrome [6,7,8], the leak is exag-
gerated at lower temperatures. Fig. 2 shows that
the genetics of the syndrome are consistent with
an autosomal dominant mode of inheritance in
this family [6].

Temperature dependence of Na*t,K * ATPase activ-
ity

Fig. 3 shows that there is no difference in the
sensitivity to temperature of the Na* K*-ATPase
activity between patient 1 and a control individ-
ual. The data are presented as Arrhenius plots and
show that the activation energy of the Na* K™-
ATPase reaction in affected individuals is identical
to that of control cells. Identical data were ob-
tained in a comparison between patient 2 and
another control. The data points fall on a straight
line for both series of measurements; the correla-
tion coefficient for the control data was 0.992 and
for the pseudohyperkalaemic was 0.991.

Ouabain-sensitive K * influx

The influx of K* through the Na* ,K*-ATPase
was measured as the ouabain-sensitive component
of K™ influx. Fig. 4 shows that, consistent with the
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Fig. 1. The effect of temperature on net K™ efflux from red
cells, in whole blood, of controls (O) and two familial pseudo-
hyperkalaemics: O, patient 1; a, patient 2. A, 21°C; B, 37°C.

results of our study on the effect of decreased
temperature on the enzymatic activity of the pump
(Fig. 3), we found no difference between the tem-
perature dependence of K* influx via the pump
between patient 1 and a control. Patient 2 and her
unaffected sister (patient 3) were also compared
and identical values were obtained. We concluded
from these experiments that the increased
erythrocyte permeability to K* at lower tempera-
tures in pseudohyperkalaemics was not due to a
defect in the pump.

Furosemide-sensitive K * influx

Flux of K* through the Na*,K *-cotransport
system was measured by its sensitivity to inhibi-
tion by the loop diuretic, furosemide. Fig. 5 dem-
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Fig. 2. The incidence of familial pseudohyperkalaemia in the
family studied. Shaded individuals are affected; {, deceased.
DK, patient 1; VK, patient 2; AD, patient 3.
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Fig. 3. An Arrhenius plot of the effect of temperature on the
activity of the Na* K*-ATPase. The reciprocal of the absolute
temperature is plotted against logarithm to the base 10 of the
enzymic activity for a control (@), and patient 1 (O).
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Fig. 4. The effect of temperature on the ouabain-sensitive
component of K* influx for a control (@), and patient 1 (O).
LRBC, litre red blood celis.
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onstrates that the cotransport function of patient 1
and a control behave similarly down to a tempera-
ture of 25°C. However, below 25°C, it is clear that
cotransport activity in the affected individual is
decreased relative to the control.

We observed a similar temperature sensitivity
of the cotransport system of patient 2 when com-
pared with her unaffected sister patient 3 whose
influx values were exactly the same as the other
control. One possible explanation for this observed
difference might have been that we had not suc-
ceeded in inhibiting all the cotransport activity in
the affected individuals. We therefore prepared a
dose-reponse curve at 31°C for both patient 1 and
a control and found that maximal inhibition was
obtained in both cases with a concentration of 1
mM furosemide. Stewart et al. [18] have shown
that in normal red cells the ability of 1 mM
furosemide to inhibit cotransport is not reduced at
low temperatures. We concluded that either the
membrane proteins responsible for cotransport
were in some way abnormal or that the membrane
environment might be altered in such a way as to
compromise their function in the affected cells at
lower temperatures.

Furosemide-sensitive Na™ influx
Garay et al. [19] have shown that Na*K*-
cotransport in human red cells has a 1:1
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Fig. 5. The effect of temperature on K* influx via Na*,K*-
cotransport for a control (@), and patient 1 (O). LRBC, litre
red blood cells.
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Fig. 6. A comparison of Na* (O) and K™ (@) influx via the furosemide-sensitive component as a function of temperature: A, control;

B, patient 1. LRBC, litre red biood cells.

stoichiometry. In order to confirm that we were
observing an effect on cotransport, we compared
the effect of temperature on furosemide-sensitive
Na*-transport with K*-transport. Fig. 6 shows
that in both a control (A), and patient 1 (B), Na™*
influx that is inhibitable by furosemide has the
same rate as K* influx throughout the temperature
range studied; we concluded that we were indeed
identifying an alteration in the cotransport compo-
nent of K* flux.

Residual passive permeability 1o K *

The residual passive leak was the K* flux that
was not inhibited by both ouabain and fur-
osemide. Fig. 7 confirms the observation by
Stewart et al. [18] that the passive permeability of
normal human red cells shows a minimum around
15°C.

The effect of temperature on the passive K*
leak in a pseudohyperkalaemic (patient 1) is even
more marked. Indeed, at 4°C the passive permea-
bility of the affected cells is greater than that at
37°C. The residual passive permeability of the red
cells of patient 3 showed an identical temperature
dependence to the other non-related control,
whereas the values for her affected sister patient 2
were similar to those of patient 1.

Phospholipid composition of erythrocyte membranes
An association between increased potassium

permeability and an increased phosphatidylcholine
content of human erythrocytes has been observed
previously [4,20]. Furthermore, comparisons be-
tween different species have suggested a relation-
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Fig. 7. The effect of temperature on the ouabain- and fur-
osemide-resistant, passive leak component of K* influx for a
control (@), and patient 1 (O). LRBC, litre red blood cells.
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PHOSPHOLIPID COMPOSITION OF RED CELLS FROM CONTROL AND PSEUDOHYPERKALAEMIC INDIVIDUALS

Red cells were extracted and their phospholipid contents were analyzed by two-dimensional thin-layer chromatography as described
in the text. The control values represent the means+S.E. for five individuals. Each analysis was conducted in quadruplicate. The
values for the pseudohyperkalaemic individuals are the means + S.E. of quadruplicate analyses in three affected people. P values are

derived from Student’s z-test.

Phospholipid mol% of total phospholipid
control pseudohyperkalaemic P

Phosphatidylcholine 29.8+0.2 333403 0.010
Sphingomyelin 28.8+0.2 27.6+0.9 > 0.05
Phosphatidylethanolamine 244403 22.7+0.2 0.007
Phosphatidylserine 11.24+0.5 12.4+0.7 > 0.05
Phosphatidylinositol 35103 3.7+04 > 0.05
Lysophosphatidylcholine 14104 11404 > 0.05
Phosphatidic acid 1.0+04 0.6+0.1 > (.05

ship between the phosphatidylcholine content of
red cell membranes and their permeability to
potassium ions [21,22]. We wondered whether an
altered phosphatidylcholine content might help to
explain the abnormal temperature dependency of
potassium flux through both the cotransport and
residual passive permeability routes in pseudohy-
perkalaemic erythrocytes.

The results for the analyses performed on five
control and three affected individuals are shown in
Table 1. The controls included one unaffected
person from the same family as the affected indi-
viduals. There is clearly a significantly higher
amount of phosphatidylcholine in the red cell
membranes from pseudohyperkalaemics. There is
also an apparent compensatory decrease in the
amount of phosphatidylethanolamine.

Conclusions

The temperature dependencies of the three
major components of K* flux in normal human
red cells reported here are very similar to those
described by Hall et al. [12].

We have identified cotransport and the passive
permeability of K™ as the components of K™ flux
that show an abnormal response to decreased tem-
perature in the red cells of pseudohyperkalaemics.
To our knowledge, there have been only two other
studies on the nature of the K* leak in families

with a similar syndrome [23,24]. In the former
study the affected component of K™ flux was
found to be the residual K™ permeability, but
there was a compensatory increase in the activity
of the pump. Similar results were obtained in the
latter study. It therefore seems most probable that
there is more than one familial pseudohyper-
kalaemia syndrome. The nature of the membrane
defect which might affect both the cotransport and
passive permeability of K™ remains to be eluci-
dated. It seems possible that an altered membrane
lipid environment could account for the fact that
both routes of K* flux are affected. The results
from this study are consistent with the hypothesis
that an increased amount of phosphatidylcholine
is associated with an elevated permeability of the
red cell membrane to potassium ions. Phospholi-
pids in the red cell membrane are asymmetrically
distributed between the two halves of the bilayer,
with the majority of phosphatidylcholine present
in the outer half [21]. It would be intriguing to
learn whether the increased amounts of phos-
phatidylcholine in the cells from pseudohyper-
kalaemics are distributed evenly between the two
halves of the bilayer. If the increase is restricted to
the outer bilayer, which contains about 75% of the
total phosphatidylcholine, the percentage increase
in the amount of this phospholipid in the outer
monolayer in pseudohyperkalaemics becomes even
more marked.
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