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Abstract: Spherocytosis is a hereditary disease. It results from mutations in
genes that encode proteins participating in the attachment of the membrane
skeleton to the plasma membrane hilayer of the erythrocyte. In affected cells,
interaction between the spectrin-actin meshwork and integral membrane proteins
is dtered. This results in the weakening of plasma membrane mechanica
resistance and diminishing its elasticity. Since defective cells are prone to
mechanical destruction and phagocytosis in the spleen, the fraction of
morphologically-altered erythrocytes is rather small; this in turn means such an
examination is prone to errors. In this paper, we describe a simple method which
could be useful in the identification of red blood cells with atered osmotic
properties. The method is based on the measurement of the amount of light
scattered by a suspension of the red blood cells, during which cells are exposed
to osmotic stress in the stopped-flow regime. The obtained plots are fitted to a
mathematical formula, the parameters of which can be used as quantitative
indicators of the changes in red blood cells osmotic features. Two types of
spherocytotic samples were examined: those with a proven deficiency in ankyrin
and those with a decrease in the band 3 anion transporting protein. The presented
data show that this method gives a reliable indication of altered osmotic
properties of the spherocytic cells.
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INTRODUCTION

The shape and mechanical stability of the mammalian erythrocyte derives from
the equilibrium of the surface areato volume ratio and the lateral distribution of
integral membrane proteins [1, 2]. The membrane skeleton is a spectrin-actin
meshwork formation, which is regulated by several other well-known proteins
such as: ankyrin, protein 4.2, protein 4.1, p55, adducin, tropomyosin,
tropomodulin and calmodulin (for a review, see e.g. [3, 4]). Spectrin, which is
the major component of the membrane skeleton, is a high molecular weight, 200
nm long tetrameric protein composed of two heterodimers (100 nm in length).
Heterodimers are formed by the antiparallel interaction of a (280 kD) and b
(247kD) subunits along their long axes [5-7]. Both the a and b subunits are the
products of separate genes beonging to an at least seven-member family (two
alpha and 5 beta) of spectrin genes. The primary structure of both a and b_is
characterised by the presence of the 106 amino acid residue, a triple a-hdlical
motif which comprises most of their structure [8]. The actin-binding domain
(tandem-repeated calponin homology domain), which is present at the amino
termina end of the b-chain, the structure of which was resolved at atomic
resolution [9], is responsible for the side binding of a short, 37 nm actin
protofilament occurring in the red cell membrane skeleton. Binding of spectrin
tetramer to actin protofilament is activated by protein 4.1 and/or adducin. This
interaction, together with a dimmer-dimer interaction, is responsible for the
horizontal stability of stability of the skeleton, and therefore the stability of the
membrane. Mutations in spectrin genes affecting mainly the dimer-dimer
association site lead to asymmetrical distorsions in the shape and deformability
of the red blood cell, resulting in various forms of hereditary elliptocytosis
[review 10].

The spectrin-actin meshwork attaches to the lipid bilayer via “vertical”
interactions, the mgjor two being the ankyrin-anion exchanger protein which is
stabilised by protein 4.2 and protein 4.1-p55-glycoprotein C(D) interactions [11,
12]. Mutations in genes which affect these interactions, in particular spectrin-
ankyrin-anion exchanger protein interactions, lead to a rather common (1 in
2000 individuals in Caucasians) hereditary disease, called spherocytosis [10,
13]. Mgor mutations underlying this disorder are the defects in the ANK1,
SPTA, SPTB, EPB3 and EPB42 genes coding for ankyrin, a-spectrin, b-spectrin,
anion exchanger protein and protein 4.2. The most frequent is the mutation in the
ANK1 gene located in human chromosome 8. In many cases, the decrease in
spectrin content in the membranes of HS patients was proved secondary to
ankyrin deficiency [13]. About 20% of HS cases are connected to mutations in
the anion exchanger gene. These occur not only in cytoplasmic domain of the
expressed protein, but also in its intrabilayer parts. Mutations in the protein 4.2
coding gene are less common in the Caucasian population [14]. In some cases, a
reduced level or absence of this protein is linked to the homozygous mutation in
the anion exchanger protein [review 13]. A spheroid shape of red blood célls is
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the hallmark of hereditary spherocytosis, athough the presence of spherocytesis
a rather uncertain diagnostic criterion. Several haemolysis tests, e.g. estimation
of the osmotic fragility with and without preincubation at 37°C [15, 16] and the
autohaemolysis test, have been used as the diagnostic standard for many years.
Another approach called hypertonic cryohaemolysis, which is the lysis in
hypertonic solution when the temperature is lowered from above 15-18°C to
below that temperature range [17, 18].

Here, another approach to analyse the osmotic behaviour of red blood cells is
presented. We follow the changes in transmittance a 700 nm of erythrocyte
suspension in hypotonic condtions in a stopped-flow regime. Our results [25]
indicate qualitative and quantitative differences in the haemolysis kinetics
between the erythrocytes of healthy individuals and the erythrocytes of patients
diagnosed with hereditary spherocytosis. The results presented below come from
the quantitative analysis of experimental data presented elsewhere [25].

MATERIALSAND METHODS

Erythrocytes of heathy individuals and patients diagnosed with HS were
isolated as described elsewhere by Bogustawska et al. [25]. Most of the patients
were characterised by a 10-55% decrease in ankyrin content(had a characterised
10-55% decrease in ankyrin content), and one family had an over 30% anion
exchanger protein deficiency, as compared to the red cell membrane
preparations of hedthy individuals, which was estimated by densitometric
scanning of Coomassie blue stained SDS-polyacrylamide  ge
el ectophoretograms.

Thekinetics of haemolysis

Erythrocytes were washed three times in an isotonic phosphate buffer (pH 7.4)
and diluted to obtain a cell suspension with a hematocrit of 0.1 %. The kinetics
of erythrocyte lysis was measured in a home-made stopped-flow device (with
death time around 1 ms). The cell suspension was mixed with an equal amount
of distilled water, and light transmittance at 700 nm was continuously
monitored. Each experiment was repeated at least five times. The initialy
scattering cell suspension became more transparent as haemolysis progressed, as
illustrated in Fig. 1.

The intensity of transmitted light depends on the amount of light scattered and
absorbed by the cell suspension. We assumed that absorption results exclusively
from the presence of haemoglobin, the concentration of which remains constant
during each experiment. Therefore, the amount of absorbed light is aso
constant. Consequently, the contribution of absorbance can be safely subtracted
during data analysis. The effect of light scattering on the transmittance is a
complex function of cell shape and size and the geometry of the sample and
detector [19]. We simplified our analysis by disregarding these factors. The
smplification is based on the following assumptions. after an initia swelling
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period (a few seconds) al erythrocytes are spherical; therefore, there are no
shape differences during the lysis period, which is used for the subsequent
analysis. Differences in cell sizes dter the overall scattering process, but in a
way that is proportional to the amount of cells present in the sample. Hence, its
effect on haemolysis kinetics can be safely omitted. In addition, we have
independently measured the level of haemolysis (data not shown), revealing that
there is a good correlation between the final transmittance and the quantity of
surviving cells. Consequently, the final value of transmittance (after 45 sec,
diluted twice) indicates the extent of sample haemolysis, and can be used to
evaluate size in the erythrocyte population that remained intact. The
transmittance of the scattered sample depends on the experimental setup
configuration, i.e. the angular acceptance of the detector. This in turn is a
function of sample heterogeneity and the distance between the scattering
medium and the detector. We assume that cdlls are uniformly distributed and
that the solutions are well mixed in the chamber, ensuring constant geometry for
the system. Therefore, the quantity of transmitted light depends solely on the
number of intact cells present in the chamber during the progress of haemolysis.

Data analysis

Each haemolytic curve was smoothed before fitting was performed. Lysis
kinetics can be satisfactorily fitted with a sum of exponentials (equation 1) [20].
The number of exponentials needed to fit the experimental data can be correlated
with the number of distinctly different cell populations[20]. The least number of
exponentials that ensure correlation parameters better then 0.999 was considered
to be satisfactory for the fitting procedure. The dashed linein Fig. 1A represents
the best single exponentia fit. In this case, correlation with the experimental
points is very unsatisfactory. Fitting was performed with standard libraries from
the MathCad Professional 2001 software package. An assumption of three cell
populations in each sample yielded a satisfactory fitting of the experimental
data. The function used for the subsequent analysis of transmittance as a
function of time has the following form:

— Pt Pit
T=FK+Re* +he" (1)

There are two components responsible for hemolytic kinetics: fast (parameters

P; and P,) and slow ones (parameters P; and P;). Parameter P, can be correlated

with the extent of final haemolysis, since not al erythrocytes are lysed in the

experimental conditions. The statistical significance of the difference between
the sample populations was eval uated with the Fisher test [21].

RESULTSAND DISCUSSION

Haemolytic kinetics was measured for fresh erythrocyte samples from patients
with diagnosed spherocytosis and compared with a representative number of
samples obtained from a blood bank. Spherocytic erythrocytes were
characterised only using the above-mentioned membrane protein deficiencies
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(ankyrin and band 3), as estimated by densitometric scanning anayses. The
exact molecular defects characterising HS families are under investigation.
Selected examples of the experimentally-derived dependence of transmittance
on time, along with the calculated fits, are presented in Fig. 1.
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Fig. 1. A comparison between the measured dependencies of transmittance on time for
the control sample (A) and a selected spherocytic sample (B). Both the experimental
results (thin continuous line) and numerically-derived fits (dotted line) are shown.
Agreement of the experimenta and calculated curves is very strong. The single-
exponentia fitting (dashed line) for the control sample is aso indicated to show the need
for two exponentialsin the fitting procedure.

Erythrocyte samples from patients with diagnosed spherocytosis were divided
into two groups, according to previously determined membrane defects. Thefirst
group was comprised of these with ankyrin deficiency and the second one of
those with aband 3, anion-transporting protein deficiency.

The vaue of parameter P, can be correlated with the overal blood sample
propensity to hemolysis. The fractions of haemolysed erythrocytes are: control
sample — 17%, ankyrin deficiency — 35%, band-3 deficiency — 49%. The
difference between the control samples and those with diagnosed spherocytosis
are statistically relevant, hence the parameter P, alone is an indicator of the
disease. This resultconcurs with expectations, since spherocytic cells are prone
to hemolysis even under mild osmotic stress [22]. The value of P, for the
erythrocytes with the band 3 deficiency (49% haemolysed cells) is greater than
that for the cells with the ankyrin defect (35% hemolysed cells). However, the
present number of tested samples is too small to show that this difference is
datistically significant. It should be mentioned that the heterogeneity of lysisin
HS cdll populationsis arather well-known phenomenon [23].
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Fig. 2. The average values of parameter Py (Equation 1) for the control blood samples
(C), and those with diagnosed spherocytosis with ankyrin (A) and band 3 protein (B)
defects.
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Fig, 3. The fast kinetics of erythrocyte hemolysis as described by the exponentia
function Pexp(P;t). P; is related to the size of the fast breaking (fast-breaking) cell
population, whereas P, is a measure of the progress of itslysis.
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The fast kinetic component described by the exponentia Pexp(P.t), of
spherocytic erythrocytes is distinctly different from the control samples (Fig. 3).
Parameter P, reflects the amount of cells that undergo fast lysis, whereas
parameter P, can be associated with plasma membrane properties responsible for
the progress of hemolysis. The average values of these two parameters and their
standard deviations are presented on Fig. 3. Control blood samples have a
relatively small volume of parameter P;, showing that only about 50 % of lysed
cells are contributing to this fraction. The same parameter for the ankyrin and
band 3 defects are 85% and 80%, respectively. The difference is even larger
considering that alarge fraction of the control sampleisnot lysed at al.
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Fig. 4. The slow component for the cell kinetics of control (C), ankyrin defect (A) and
band 3 defect (B) samples. Slow kineticsis described by the function Pzexp(Pat).

Parameter P, is higher for control samples than for defected cells. These
seemingly contradictory result can be explained using cell population analysis.
In control samples, the number of cells lysed under particular conditionsis small
(as described by parameter Pp) reaching only 17 %. With sick people, a
substantialy larger erythrocyte population is lysed (35 % for ankyrin and 49%
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for the band-3 defect). This result shows that a significant fraction of the
erythrocytes from spherocytotic blood samples have their plasma membrane
properties adtered, abeit not to the extent of the fast hemolysing population in
the control samples (as quantified by parameters P, and P).

When the parameters describing the slow kinetics are compared (Fig. 4) there
are no obvious differences between the three sample groups (parameters P; and
P, are statistically indistinguishable).

In summary, the kinetics of haemolysis proved to be a promising method for
detecting erythrocytes with defective plasma membrane components and/or
associated structures, i.e. the cytoskeleton. A comparison of the erythrocyte
haemolytic kinetics of blood samples from patients with diagnosed spherocytosis
and healthy people shows distinct differences, which can be parametrised and
guantitatively evaluated. Erythrocytes from normal blood samples consist of two
populations: the small one (17% — which lyse in the 75 mM salt solution) and
the dominant one, which sustain such conditions intact, whereas almost 50% of
erythrocytes from patients with spherocytosis are prone to hemolysis in the
applied osmotic stress. The procedure presented in this paper and the underlying
assumptions provide results that are in good agreement with data available from
the literature [24]. They show that spherocytic cell plasma membranes are
distinctly less resistant to osmotic stress. There are aso differences between
erythrocytes with various defects, i.e. between ankyrin and band-3 defects,
which are possibly due to reduced plasma membrane strength. At present it is
difficult, based on the available data, to differentiate between cells with these
two defects. However, additional experimentaly-derived values of some
parameters (different P, values) may serve as an indicator to/for particular
deficiencies. To explore this possibility further, studies on larger populations of
patients are needed. Nevertheless, the method presented in this paper alows for
afast and efficient identification of erythrocyte samples with spherocytosis by
measuring the fraction of cells that undergo lysis (parameters P, and P;) and/or
the properties of the plasma membrane (parameter P,).
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