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Summary. The conditions known as ‘hereditary stomatocytosis and allied
syndromes’ comprise a group of dominantly inherited human haemolytic
anaemias characterized by a plasma membrane ‘leak’ to the univalent cations
Na and K, an example of a small but growing group of diseases where
pathology can be directly attributed to abnormal membrane transport. A
number of case reports in the different variants have alluded to tempera-
ture-related phenomena, including loss of K on storage at room temperature
(giving ‘pseudohyperkalaemia’) and lysis of cells when stored in the cold
(‘cryohydrocytosis’). This review collects together published studies of these
temperature effects, which show very major differences in the ‘leak’ K
transport. Two main variations on normal emerge: a ‘shallow slope’ type, in
which the flux shows an abnormally low dependence on temperature in the
range 37—20°C, and ‘*high minimum’, in which the minimum in this flux, which
occurs in normal cells at 8°C, is shifted up to 23°C. These temperature studies
provide a powerful method for phenotypic characterization.

Keywords: stomatocytosis, K transport, membrane transport, ion leak,
temperature

The generic term ‘hereditary stomatocytosis and allied
syndromes’ was coined by Dacie (1985) to encompass a
class of dominantly inherited human red cell conditions in
which some kind of plasma membrane ‘leak’ to the
univalent cations sodium and potassium is central to
the pathophysiology and diagnosis (Stewart 1993; Lux
& Palek 1995). The name ‘stomatocyte’ was coined to
describe the erythrocyte morphology of the first case of
these diseases (Lock et al. 1961) (Figure 1). The ion leak
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was discovered in a similar case by American workers
(Zarkowsky et al. 1968). Many subsequent families with
haematological disease of widely varying severity have
now been described, all with some kind of cation leak.
Although stomatocytes are seen in some other congeni-
tal haemolytic anaemias in which no ion leak is present,
we will not consider these here. In the UK, we are aware
of 17 families that fall into 7 distinguishable groups. The
aim of this review is to emphasize temperature effects,
which have come to represent an important phenotypic
discriminator among the cases that we see. It is first
necessary briefly to consider the movements of Na and K
across the normal red cell membrane.
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Na and K transport in normal human red cells

The steady state intracellular Na and K concentrations
within the human red cell are governed by the balance
between the energy consuming, ouabain-inhibited NaK
pump and a so-called ‘passive leak’ (Ellory et al. 1998).
For K at least, this ‘passive leak’ can be experimentally
estimated as that isotopic flux which persists in the
presence of the two inhibitors ouabain (for the NaK
pump) and bumetanide (for the NaK2CL cotransport
system). The molecular nature of this flux is not clear
but in normal cells it is largely composed of a process of
passive diffusion, showing linear, Fick-type, activation by
external [K] (Stewart 1993). In the stomatocytic cells, it
seems that this process is simply magnified.

This review largely concerns the temperature depen-
dence of these fluxes. While all of the other transport
systems show the expected monotonic dependence on
temperature in the range 37-0°C, this passive leak
process, even in normal cells, shows a paradoxical
effect. As the temperature falls (Figure 2), the rate of
the passive leak decreases more or less linearly down to
20°C on the logarithmic plot, with a Q3527 (i.e. the ratio
of flux at 37°C to flux at 27°C) of about 2.2. At 20°C, the
curve begins to flatten and there is a minimum at about
8°C, the explanation for which is unclear (Stewart et al.
1980). This minimum is found in monkey (Stewart et al.
1989) and dog (Elford 1975) red cells but not in other
species, including hibernators (Hall & Willis 1986).

Pathophysiological background

In the overtly haemolytic cases, the steady state intra-
cellular levels of Na and K inside the cell are abnormal,

Figure 1. Blood film from patient with
hereditary stomatocytosis (Family E),
showing stomatocytes: red cells with
slit-like central pallor (arrowed). A dried
film was stained with May Grunwald
Giemsa. Magnification, x 4000.

and the rates of isotopic tracer fluxes of both the ‘leak’
and NaK pump fluxes (the balance between which
governs the intracellular Na and K concentrations: see
below) are increased. The data can simply be interpreted
as evidence for a primary ‘leak’ with a compensatory
increase in NaK pump activity which is only partly ade-
guate. This excessive ‘leak’ compromises the osmotic
integrity of the cell, which lyses prematurely. Note that
although the intracellular [Na] and [K] inside the red cell
can be grossly abnormal in these conditions, the plasma
[Na] and [K] are always normal in fresh blood. The
abnormal values reflect an abnormal intracellular steady
state; the kidney and other homeostatic mechanisms
maintain the plasma homeostasis.

The basic cause of these diseases remains unclear.
We have recently mapped several families with two
forms of the anaemia to a locus on chromosome 16
(Carella et al. 1998; lolascon et al. 1999). Although other
‘leaky channel’ diseases have been shown to be directly
due to mutations in the ion channels themselves (Caldwell
& Schaller 1992), biochemical evidence in the HSts
points to a fundamental defect in the organization of
the lipid bilayer. According to the bilayer couple hypoth-
esis of Sheetz & Singer (1974) ‘stomatocytosis’ itself
almost certainly implies excessive packing of the inner
leaflet of the bilayer itself. Although a large amount of
circumstantial evidence in normal cells supports the
substance of the bilayer couple hypothesis, it has not
been possible to verify this experimentally in the stoma-
tocytoses themselves. Secondly, one variant (dehy-
drated HSt, see below) shows frank abnormalities in
lipid composition (Clark et al. 1993) with an abnormality
in lipid metabolism (Shohet et al. 1971). Thirdly, in yet
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another form of the disease (overhydrated HSt, see
below), a membrane protein, called ‘stomatin’, is missing
from the membrane. Its sequence is known (Stewart et al.
1992), but no mutation is present in the gene in these
patients (Wang et al. 1992). Nevertheless we presume
that this protein is in some way relevant and evidence
points to a role for this protein in lipid organization: it is
related indirectly by sequence homology to a nematode
protein with predicted lipid handling properties (Barnes
et al. 1996); and it has been found to bind labelled
phosphatidylethanolamine on labelling studies (Desneves
et al. 1996).

Clinically, these patients show haemolytic anaemias
ranging in severity from negligible to moderately severe.
Easily the most troublesome clinical complication is a
tendency to thrombosis, manifest after splenectomy, a
procedure which should be severely avoided in all of
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these conditions (Stewart et al. 1996). This is almost
certainly the result of the red cell pathology itself and
does not reflect an abnormality in any other cell type, all
of which seem to be normal in most families, although
neonatal ascites does occur in some families which must
reflect a non-red-cell abnormality (Grootenboer et al.
1998).

Previous clinical classifications have rested on severity,
on the state of cellular hydration, on plasma membrane
lipid composition and on the presence or absence of the
membrane protein, stomatin (Stewart 1993). Over the
years, case reports on different families (alluded to
below) have pointed to different temperature effects,
evident when the red cells are manipulated in the labora-
tory. These fall into two forms: ‘pseudohyperkalaemia’,
artefactually high measurements of plasma [K] second-
ary to temperature-dependent loss of K from red cells on
storage at room temperature; and ‘cryohydrocytosis’,
swelling and lysis of red cells stored at refrigerator
temperatures. We have recently made a number of
studies of these temperature effects in British families,
which are collected together here for the first time. These
studies show that all of these temperature effects can be
related to the temperature dependence of the so-called
‘passive leak’ to K and Na, which can show a very
wide variation in behaviour in different families. The
temperature dependence of the leak can explain not
only the cellular effects, but also form a basis for clinical
classification and differentiation.

Figure 2. Comparison of ‘leak’ tracer fluxes across the red
cell membrane as a function of temperature in different
kindreds. The degree of haemolysis is roughly proportional to
the ‘leak’ at 37°C. The normal temperature profile (CJ) shows a
minimum at about 10°C. Families A (O) and B (®) show a
‘shallow slope’ variant such that the the slope in the interval
37-20°C is less steep than normal. While Family A shows
negligible haemolysis, family B has frank haemolytic anaemia,
proportionate to the abnormality in leak at 37°C. Family C
(cryohydrocytosis, A) shows a ‘high minimum’ effect such that
the minimum which occurs in normal cells at 10°C is shifted up
to 23°C. Families D (dehydrated HSt, B) and F (Woking, A)
shows a profile that is simply parallel to normal. Family E
(overhydrated HSt, ) shows a monotonic profile with no
minumum.Red cells were washed in 150 mm NaCl, 15 mm
MOPS (pH 7.4 at 23°C), 5 mwm glucose and suspended to about
5% haematocrit in this solution with 0.1 mm ouabain and
bumetanide. K(8®Rb) was added to a final concentration of
5mwm and the cells were incubated at the temperatures shown
for 30—120 min, before being washed free of extracellular
isotope prior to lysis, deproteinization and scintillation counting
for trapped radioactivity (Coles et al. 1999b). Data is redrawn
from the following sources: Family A (Stewart & Ellory 1985);
B (Coles et al. 1999b); C (Coles et al. 1999a); D & E (Stewart
1993); F, unpublished.
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Different variants of hereditary stomatocytoses

Figure 2 shows a comparison of ouabain-plus-bumeta-
nide resistant (‘leak’) K influx in 6 British families, whose
haematological features are collected in Table 1.

Familial pseudohyperkalaemia (Edinburgh, Family A)

Studies of these temperature effects were first prompted
by the identification of a mild, haematologically trivial,
condition, ‘familial pseudohyperkalaemia’ (familial pseu-
dohyperkalaemia: family A) (Stewart et al. 1979), in
which there is a compensated haemolytic state but no
frank anaemia, while the intracellular [Na] and [K] levels
in fresh cells are virtually normal. These patients pre-
sented through the chemical pathology service with
‘pseudohyperkalaemia’: i.e. elevated plasma potassium
levels (up to 8 mmol/l after 6 h storage) due to net loss of
K from red cells on storage. We found that this loss on
storage was a simple temperature effect, the result of
cooling to room temperature (Stewart & Ellory 1985).
These cases show a flux which is minimally increased at
37°C (Figure 2), consistent with the mild haemolytic
state, but which shows a shallow slope in the interval
37-20°C, such that the flux at 20°C is markedly different
from normal. The Q352" is 1.5 and a minimum is seen
at about 10°C. The NaK pump (not shown here), by
contrast, shows a normal temperature dependence: on
cooling to 20°C, the steady state preserving the intra-
cellular [K] at 37°C is lost and K appears in the plasma
(Stewart & Ellory 1985). We have recently mapped a
genetic locus for this family to chromosome 16q24-ter
(lolascon et al. 1999).

Further such cases with the label ‘familial pseudohy-
perkalaemia’ have been described (Luciani et al. 1980;
Leadbetter & O’'Dowd 1982; Meenaghan et al. 1985;
Vantyghen et al. 1991), who show the same combination
of pseudohyperkalaemia due to a red cell temperature
effect with normal or virtually normal haematology,
but few have been characterized in this way. One at
least (Meenaghan et al. 1985) is different and will be
considered below under ‘cryohydrocytosis’.

HSt Blackburn (Family B)

Alani et al. (1994) described a British family with frank
haemolytic anaemia (originally labelled as ‘hereditary
spherocytosis’) associated with very marked pseudohy-
perkalaemia (up to 12 mmol/l): we have further investi-
gated this family (denoted ‘B’ here) and it emerges that
they have a novel form of stomatocytosis (Coles et al.
1999b), with high intracellular [Na] and low [K]. Flux rates

at 37°C (Figure 2) are about 5 times normal. On cooling,
these cells show the same shallow slope effect as seen
in familial pseudohyperkalaemia, family A, but since the
cells are leaky at 37°C there is frank haemolytic anaemia
with reticulocytosis and jaundice. The Q32" is even
lower in this family than in family A at 1.35 and there is no
definite minimum, although the curve does flatten as it
approaches 0°C. A recently described French family may
be similar (Grootenboer et al. 1998).

Cryohydrocytosis (Families C)

In ‘cryohydrocytosis’ (Miller et al. 1965), there is a mild-
to-moderate stomatocytic anaemia with cells which are
leaky at 37°C, but which show a remarkable cold sensi-
tivity, showing markedly increased autohaemolysis on
storage at 4 or 0°C, associated with gain of Na and loss of
K at this temperature (Mentzer & Lande 1980). While
normal red cells show very little lysis after 48 h under
these conditions—perhaps 1 or 2%-—these cells show
more than 50% lysis. We have found that these patients
also show pseudohyperkalaemia, and the temperature
dependence of the ouabain-plus-bumetanide resistant
K flux (Figure 2) shows a most remarkable pattern, with
the minimum shifted up from 8°C to 23°C such that the
flux at 0°C exceeds that at 37°C (Coles et al. 1999a). As
in familial pseudohyperkalaemia (family A), and family B
(Blackburn), the NaK pump (not shown) shows a typical
monotonic temperature dependence and is virtually non-
functional at 0°C. Thus simply cooling these cells to 0°C
exposes a very marked leak with no compensatory NaK
pump activity. The cell swells and bursts. The pseudo-
hyperkalaemia results from the pump-leak imbalance at
20°C, exactly as in familial pseudohyperkalaemia and
HSt Blackburn. Structurally, we find in both families that
these cells show a slight excess of ether lipids in the
membrane, which we are investigating. We know of two
further families like this in the UK.

The Scottish family originally described by Meenaghan
et al. (1985), which showed the familial pseudohyper-
kalaemia phenotype of nearly normal haematology with
temperature dependent hyperkalaemia, may be a mild
variant of this ‘high-minimum’ abnormality: in this family,
the fluxes were nearly normal at 37°C and, as in family A,
frank haemolysis was not present. The family described
by Dagher et al. (1988) probably shows a similar effect
but it is not identical.

It is interesting that virtually identical high-minimum
effects can be elicited in normal human red cells by
replacement of external Na in the cell suspension
medium by an organic cation such as choline or N-
methyl-d-glucamine (Blackstock & Stewart 1986), or by
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Table 1. Comparison of haematological, cation flux and structural data in different hereditary stomatocytosis variants. Intracellular electrolytes were measured by flame photometry and K
influx by using 8Rb as a tracer, as described (Coles et al. 1999b). The presence or absence of the Band 7.2b protein (‘stomatin’) was determined by SDS polyacrylamide gel electrophoresis
and both Coomassie staining and by western blotting with a specific antibody [Stewart 1992, #673]. Membrane lipid composition was determined by proton NMR (Adosraku et al. 1994). The
thermotropic data are derived from Fig. 1.

Intracellular K influx at 5mM [K],
electrolytes Structural
Haematological data E— Obr K influx abnormalities Thermotropic data
Na  [K], (leak’)
Hb Retics MCV (mmol NaK (mmol Multiple Stomatin Tmin
Family Diagnosis (g/dl) (%) (fl) (I cells)™) pump (I cells.h)*™)  of normal protein PLs Q3% °C PHK Mapping Reference
A FP N N N x1.2 + N 1.5 8 + 16 1
B Blackburn 14 5-8 101 41 44 6.3 0.32 x5-6 + N 1.35 - ++ ? 2
C CHC 13.8 6 107 31.2 44.6 5.14 0.39 x5-6 + fether 1.8 23 ++ ? 3
D DHSt 10-12 6-12 94-108 11-14 83-86 4.2-52 0.18-0.21 x2 + 1PC 2.4 8 - 16 4
E OHSt 9.2 22 128 83-95 31-21 13-22 2.3-4.1 x20-40 - N 2.7 - - ? 5
F Woking 12.3 5.8 105 53 49 6.78 0.47 x5-6 + nt 1.8 8 + ? 6
Normal 15 <1 84-96 5-11 88-105 0.8-2.0 0.06-0.10 1* +* N* 2.2 8 -

FP, familial pseudohyperkalaemia; CHC, cryohydrocytosis; DHSt, dehydrated hereditary stomatocytosis; OHSt, overhydrated hereditary stomatocytosis; retics, reticulocyte count; obr, ouabain-plus-
bumetanide-resistant; PHK, denotes the presence or absence of pseudohyperkalaemia. N, normal; MCV, mean cell volume; PLs, phospholipids; ether, ether phospholipids; PC, phosphatidylcholine;
Q10°"%7, ratio of flux rate between 37 and 27°C; Tmin, temperature of minimum K influx; mapping, chromosome to which family maps in genetic studies; nt, not tested.

References: 1, Stewart et al. 1979; Stewart & Ellory 1985; 2, Coles et al. 1999a; 3, Coles et al. 1999b; 4, Carella et al. 1998; 5, Meadow 1967; 6, unpublished. * by definition.
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replacement of Cl by an organic anion such as salicylate
or thiocyanate (Wieth 1970). These effects can be inter-
preted in terms of the lyotropic series of ions (Hunter
1986). Thus these patients have a genetic defect which
in some way renders the cell resistant to the stabilizing
effect of high-lyotropic-series ions (small, highly charged:
Na, Cl) at low temperatures.

Dehydrated HSt (hereditary xerocytosis; hereditary
hyperphosphatidylcholine haemolytic anaemia:
Family D).

Clinically, the commonest form of HSt is ‘dehydrated HSt’
(Glader et al. 1974) or ‘hereditary xerocytosis’, in which
the membrane leak is less severe than in families B and
C. We know of 4 families with this variant in the UK. It is
now recognized that dehydrated HSt is indistinguishable
on present diagnostic criteria from that condition which
Jaffe and Gottfried described as ‘hereditary hyperphos-
phatidylcholine haemolytic anaemia’ (Jaffe & Gottfried
1968; Clark et al. 1993). We have recently mapped a
locus for this condition to chromosome 16 (Carella et al.
1998). These cells show a flux increase of 2-3 fold
compared to normal (Figure 2), and the temperature
curve in these cells is parallel to normal but simply shifted
up the y-axis. The Q327 is 2.4, slightly greater than
normal and there is a minimum at 10°C.

Overhydrated HSt

This is the original ‘hereditary stomatocytosis’ condition,
first described by Lock and colleagues (Lock et al. 1961) is
now referred to as ‘overhydrated HSt' or ‘hereditary
hydrocytosis’ (Family E, Table 1). This condition is both
the most haematologically severe and the most dramati-
cally abnormal in ion transport terms: the intracellular Na
and K levels are grossly abnormal, showing a reversal of
the normal internal [Na]:[K] ratio (Zarkowsky et al. 1968)
with flux rates over 20 times normal. In addition, these
cells are deficient in the Band 7.2b membrane protein,
‘stomatin’ (Lande et al. 1982; Eber et al. 1989), whose
sequence is known but whose function remains obscure
(Hiebl-Dirschmied et al. 1991; Stewart et al. 1992). There
is no obvious mutation in the gene for this protein in these
cases (Wang et al. 1992). (This protein is present in all
other families described here). The flux at 37°C in these
cases is very high and the flux shows a simple monotonic
temperature dependence with no minimum (Figure 2,
diamonds). The Q3{=2" is 2.7, greater than normal.

HSt Woking (Family F)

In this 6th family (unpublished), flux rates are about 5—6

times normal at 37°C (Figure 2), comparable with
families B and C, but the temperature dependence is
parallel to normal and the cells do not show pseudo-
hyperkalaemia or low temperature lysis.

Summary of temperature results

The leak K fluxes in the six stomatocytic families con-
sidered here all show different temperature profiles,
which can be classified into 4 qualitatively similar pat-
terns. These patterns can be distinguished by the Q3§27

and by the position of the flux minimum, as follows:

* Type 1: parallel to normal (Figure 2) but displaced
upwards, as seen in dehydrated HSt (families D, F);

» Type 2: with a shallow slope in the range 37-20°C
(Figure 2) seen in families A (familial pseudohyperka-
laemia), and B (Blackburn).

» Type 3: purely monotonic with a steep slope (Figure 2),
in family E, overhydrated HSt;

e Type 4: with a displaced minimum at 23°C rather than
8°C (Figure 2), seen in family E (cryohydrocytosis),
showing a marked rise at lower temperatures such that
the flux at zero degrees exceeds that at 37°C.

Interpretation

These patterns of temperature dependence must be
related to the fundamental physical abnormalities which
underlie these disorders. The membranes are not simply
more or less leaky: there are qualitative differences in
addition to the quantitative. The differences in Q32"
over the interval 37—-20°C in families A and B invite an
interpretation in terms of Arrhenius activation energies in
those cases where the plot is roughly linear in this range
(i.e. all families except C, cryohydrocytosis). The lower
values of Q32" could imply a lower ‘activation energy’, a
reduced energy barrier for transport (Atkins 1978), but
the physical meaning of this is hard to conceive in a
complex biological situation involving a number of
possible energy barriers. The nonlinear behaviour of
the plot below this temperature in normal cells makes
such interpretation doubly difficult, for presumably there
must be occurring some progressive temperature-
dependent change in the state of the membrane which
causes this paradoxical behaviour, and this questions
the assumption that the ‘activation energy’ is a constant
above this temperature.

It is tempting to try to interpret these effect in terms of
lipid behaviour. As pointed out in the Introduction, there
are disturbances of lipid handling in some these condi-
tions and these probably underlie the ion leak, although

© 1999 Blackwell Science Ltd, International Journal of Experimental Pathology, 80, 251-258



this is not yet clear. In cryohydrocytosis, an abnormality
in the susceptibility of phosphatidylcholine to phospho-
lipase at low temperatures, possibly reflecting abnormal
‘packing’ at low temperatures, has been described
(Schwartz et al. 1985). In poikilotherms, adaptive
changes in phospholipid acyl chain composition occur
with changing ambient temperature (Tiku et al. 1996),
reflecting the importance of lipid composition in tempera-
ture effects, and while the red cells of a homeotherm
could not possibly be expected to show such adaptive
reconstruction, these studies do illustrate the importance
in biology of lipid acyl chain composition in the context of
temperature. In pure lipid systems, it is well known that
permeability to many chemical species including mono-
valent cations shows a maximum around phase transi-
tions (Papahadjopoulos et al. 1973), possibly due to
packing defects at interfaces between phases (Corvera
et al. 1992), such that, above the transition, permeability
can increase with decreasing temperature, and this kind
of effect could well be operative in the cryohydrocytosis
cells, although one might expect a generalized increase
in permeability rather than a specific leak to the univalent
cations. Such phase behaviour in lipid systems can be
influenced by electrolytes of the lyotropic series (Hunter
1986). While the complex, cholesterol-containing, red
cell membrane does not show clear calorimetric transi-
tions (Gottlieb & Eanes 1974), it is nevertheless possible
that small, laterally localized domains, analogous to
‘rafts’ (Simons & lkonen 1997) may show such behaviour
and be related to the leak, either directly or because an
ion channel is caught up in it. There is some evidence
for domain formation in normal human red cell ghosts
(Rodgers & Glaser 1991, 1993) and new methods of
Fourier transform infra red spectroscopy, which employ
deuterated phospholipids (Moore et al. 1996), may be
able to identify such transitions in these abnormal red
cells.

In conclusion, these comparative temperature studies
of different variants of the stomatocytic anaemias show
widely varying patterns of temperature dependence of
ion fluxes which must now represent an essential ele-
ment of the complete phenotypic characterization of
these conditions. While previous classification criteria
(e.g. cell hydration) remain relevant, these thermotropic
differences can distinguish phenotypes which are other-
wise quite similar and illustrate the wide spectrum of
mutations which must underlie these conditions.
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