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Abstract A possible physical explanation of the echino-
cyte-spheroechinocyte red blood cell (RBC) shape trans-
formation induced by the intercalation of amphiphilic
molecules into the outer layer of the RBC plasma mem-
branebilayer isgiven. The stable RBC shapeisdetermined
by the minimization of the membrane elastic energy, con-
sisting of the bilayer bending energy, the bilayer relative
stretching energy and the skeleton shear elastic energy. It
is shown that for a given relative cell volume the calcu-
lated number of echinocyte spicula increases while their
size decreases as the number of the intercalated amphi-
philic molecules in the outer layer of the cell membrane
bilayer is increased, which is in agreement with experi-
mental observations. Further, it is shown that the equilib-
rium difference between the outer and the inner membrane
leaflet areas of the stable RBC shapes increases if the
amount of the intercalated amphiphiles is increased,
thereby verifying theoretically the original bilayer couple
hypothesis of Sheetz and Singer (1974) and Evans (1974).
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1 Introduction

Thered blood cell (RBC) shape may be altered by varying
different chemical and physical conditionswhich affect the
properties of the membrane and the volume of the cell
(Deuticke 1968; Gimsaand Ried 1995; Seifert and Lipow-
sky 1994; Kralj-IgliCet al. 1996). In particular, in terms of
the bilayer couple model (Evans 1974; Sheetz and Singer
1974), by keeping the volume of the cell (V) constant, the
RBC shape changes due to the change in the conditions
which cause the change of the difference between the outer
and the inner monolayer areas (AA) of the bilayer. Experi-
ments (Sheetz and Singer 1974; Isomaaet al. 1987; Gedde
et a. 1997) strongly indicate that lowering the area differ-
ence AA causes the normal (discocytic) RBC shape to
change towards the cup (stomatocytic) shape, while an in-
crease of AA causes the transformation of the discocytic
shape into the spiculated (echinocytic) shape. The exoge-
neously induced discocyte-echinocyte transformation is
generally reversible by washing (Brecher and Bessis 1972)
indicating that this RBC shape transformation is usually
not connected to some irreversible change in the confor-
mation of the membrane skel eton or the membrane bilayer.

Anincrease of AA, and the consequent discocyte-echin-
ocyte transformation, can be induced by the intercalation of
theamphiphilic moleculesintheouter layer of theRBC mem-
brane bilayer (Sheetz and Singer 1974; Isomaa et a. 1987).
Spheroechinocytes, having less prominent spicula than
echinocytes (Brecher and Bessis 1972; Bessis 1973), may be
developed at higher concentration of the echinocytogenic
amphiphilic molecules (Hagerstrand et al. 1992). The sphe-
roechinocyte spicula become progressively narrower with
increasing amphiphile concentration (Brecher and Bessis
1972; Bessis 1973; Sheetz and Singer 1974; Isomaa et a.
1987). When the concentration of echinocytogenic amphi-
philic molecules is further increased, true spheres (sphero-
cytes) appear and finally hemolysisoccurs (Brecher and Bes-
Sis1972; Isomaaet al. 1987). It was also observed that after
reaching spherocytic shape RBCs rel ease exomicrovesicles
from the membrane (Hégerstrand and 1somaa 1989).
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It isthe goal of the present communication to describe
theoretically the process of echinocyte-spheroechinocyte
RBC shape transformation driven by the intercalation of
the amphiphiles in the outer layer of the RBC membrane
bilayer, i.e. by increasing the difference between the areas
of the two layers of the RBC membrane bilayer.

2 Theory

Echinocytogenic amphiphiles induced echinocytesimme-
diately, and there are only small alterations of the induced
RBC shape during the incubation (Isomaa et al. 1987).
Sincethe experimental results (M ohandasand Evans 1994)
show that large def ormations of the RBC membrane skele-
ton can be held over long periods it can be concluded that
the membrane skeleton can also be involved in the echin-
ocyte shape transformations. Moreover, it has been shown
recently that the skeleton shear elasticity is essential for
the stability of true echinocytic shapes (Igli¢ 1997). There-
forein the present work the stable echinocyte RBC shape
is determined by the minimum of its membrane elastic en-
ergy (W) consisting of bending (W,), relative stretching
(W,) and shear (W) contributions (Evans 1974; Evans and
Skalak 1980; Sackmann 1994; Seifert and Lipowsky
1994). The bending energy of the bilayer is given by
(Helfrich 1974)

W = 2k [(C1+Co)? dA, M
where theintegration is performed over the membrane (bi-
layer) neutral surface area A, while the relative stretching
energy of thebilayeris(Evans1974; Miaoet al. 1994; Sve-
tinaand Zeks 1996):

W = L Kk (AA—AA)2I(AS?) )

r 2 T 1

Here, k. isthelocal bending modulus of the membrane, k;
isthe non-local bending modulus of the bilayer, C, and C,
are the principal membrane curvatures, 9 is the distance
between the neutral surfaces of both layers of the bilayer,
while AA, is the value of AA corresponding to the situa-
tion when the stretching energies of both layer neutral sur-
faces are zero. The parameter AA, is an increasing func-
tion of the number of amphiphilic molecules intercalated
in the outer layer of the membrane bilayer (Svetina and
Zek81996; Seifert 1997).

Recently, a new constitutive model for the membrane
skeleton behavior was suggested which takesinto account
the fact that the membrane skeleton is locally compres-
sible (Mohandas and Evans 1994; Fischer 1992). How-
ever, the essential characteristics of the shear elasticity can
also be satisfactorily described within the model of im-
mobilized boundaries (Waugh 1996) assuming the lat-
eral incompressibility of the bilayer aswell as of the skele-
ton (Markin and Kozlov 1988). Therefore, owing to sim-
plicity inthiswork the shear energy of the skeletoniswrit-

Fig. 1 The model echinocyte shape (Igli¢ 1997) is described by
three parameters characterizing the axisymmetrical spicula(p, 3, /),
the radius of the spherical cell body R and the number of equal spi-
culadistributed on the cell body (n)

ten using an approximate expression (Evans and Skalak
1980):

We=H J (A5 + A7 -2)/2) dA (3)

where [ isthe membrane skeleton area shear modulus and
Am is the principal extension ratio along the meridional
direction.

The echinocyte shape is described by a geometrical
model involving five parameters: the radius of the spheri-
cal cell body (R), the number of equal axisymmetrical spi-
culadistributed on the cell body (n), the length of the spic-
ulum cylinder (¢), the radius of the spiculum base (p) and
theangle(J) (Fig. 1). The corresponding mathematical ex-
pressions for the cell volume V(p, n, &, 4, R), membrane
areaA(p,n, 9, 4, R), areadifference AA(p, n, 3, 4, R), bend-
ing energy W, (p, n, 3, 4, R) and shear energy W;(p, n, 9,
4, R) for the model echinocyte shape are given elsewhere
(Igli€ 1997).

3 Results

In the following the radius of the sphere R, of the mem-
brane area A is chosen as the unit length: R,=(A/4m)Y2,
Hence the variables p, / and R are redefined as follows,
P - PRy, /- Ry and R — R/R,. In addition, all volumes
and areas are normalized rel ative to the corresponding val -
ues of the spherical cell of theradius R,. The relative vol-
ume is defined asv=_3V/47R3, the rel ative membrane area
is a=A/4mRS, while the relative area differences are
Aa=AA81T OR, and Aay=AAy/81T SR, In accordance with
the definition of the radius R, of the value of the relative
membrane areaais equal to one. The elastic energy of the
membrane is normalized relative to the bending energy of
the sphere: w=W/8rtk..

The stable echinocyte shape is defined as the shape
which corresponds to the absolute minimum of the total
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Fig. 2 The calculated relative difference between the areas of the
two bilayer layers corresponding to the stable cell shape (Aay) asa
function of Aag for v=0.6, k/k.=4 (Waugh and Bauserman 1995) and
k=10 m=2 (Evans 1974; Waugh and Evans 1979)

relative membrane el astic energy w=w,+wg+w, at givenv,
Aay, k/k. and p/k., where w,=W,/81tk;, ws=Wy/8mk. and
w,=W,/87k.. The value of the relative difference between
the areas of the two bilayer layers Aa corresponding to the
stable cell shape (Aay) is determined in the minimization
procedure and isin general different from Aay,.

The minimization procedure is performed as follows.
First, at given v and Aa, three of the five parameters of the
introduced geometrical model of the echinocyte (3, 4, R)
are determined directly from the constraints for the rela-
tive cell volume v and the relative membrane area (a=1)
and from the requirement for a chosen relative area differ-
enceAa (Igli¢1997). Theremaining two parameters (p and
n) are calculated by the minimization of the enery w,,+wy
(Igli€¢ 1997). In this way the dependencies of the energy
W, +W; and the parameters 3, 4, R, p and n on the relative
area difference Aa can be determined at given v, Aay and
k.. The stable model echinocyte shape and the corre-
sponding relative area difference (Aay) arethen calcul ated
by minimizing the total relative membrane elastic
energy w=w,(Aa)+ws(Aa)+w,(Aa) over all possible Aa
values.

Toillustrate the effect of theintercalation of the amphi-
philic molecules into the RBC membrane on the stable
echinocyte shape, it is taken in account with the bilayer
couple model (Sheetz and Singer 1974), that the change of
the shape is caused by the change of Aay,. It is considered
that the RBC membrane parameter Aagislarger if the outer
area of the RBC plasma membrane is increased owing to
theintercal ation of the amphiphilic molecules (Svetinaand
Zek81996; Seifert 1997).

In order to show the effect of increasing Aa (i.e. thein-
crease of the amount of amphiphilesin the outer layer of
the bilayer) Fig. 2 shows the dependence of the relative
area difference Aa corresponding to the stable cell shape
(Aagy) onAay. It can be seen that Aag isan increasing func-
tion of Aay,.

Figures 3 and 4 show the cal cul ated dependencies of the
radiusof the cell body R, theangle 3, thelength of the spic-
ulum cylinder 7, the radius determining the spiculum base
p and the number of the spicula n, corresponding to the
minimal total relative membrane elastic energy w, as a
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Fig. 3 Thecalculated equilibrium values of the geometrical param-
eters of the model echinocyte (spheroechinocyte) shape as a func-
tion of the parameter Aa,, for v=0.6, k,/k.=4 and p/k.=10" m=2
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Fig. 4 The calculated equilibrium number of the echinocyte (sphe-
roechinocyte) spiculesn asafunction of the parameter Aay for v=0.6,
k./k.=4 and p/k.=10" m=2. The stable RBC shapes corresponding
to three different choices of the RBC membrane parameter Aa, are
shown

function of the parameter Aa,. It can beseenin Figs. 3and
4 that the cal culated equilibrium number of echinocyte spi-
culanincreaseswhiletheir average size decreaseswith in-
creasing Aay, i.e. with increasing number of the interca-
lated amphiphilic molecules in the outer layer of the cell
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membrane bilayer. This is in agreement with experimen-
tal observations (Sheetz and Singer 1974; Bessis 1973;
Isomaa et al. 1987).

The range of AAy where echinocytic RBC shapes could
be expected is estimated. Sheetz and Singer (1974) report
values of AAY/A between 0.005 and 0.019 for different
typesof amphiphiles. Thisrangeof AA, valuescorresponds
totheinterval of Aagyvaluesbetween3and 10.5for =3 nm
and R, 03.3 um (A=138 um?) which isin the range of the
values of Aa, considered in thiswork (Figs. 2, 3, 4).

4 Discussion

We have shown that the requirement of the minimal mem-
brane el astic energy that consists of the bilayer bending en-
ergy, the bilayer relative stretching energy and the skele-
ton shear elastic energy can explain the stability of the
observed spheroechinocytic shapes. In addition, we have
shown, in agreement with experimental observations
(Sheetz and Singer 1974), that the number of echinocyte
(spheroechinocyte) spicula increases while their size de-
creases as the echinocytogenic amphiphilic molecule con-
centration is increased. The final spherical RBC shape at
higher amphiphile concentration could arise because of an
irreversible loss of membrane in a microvesiculation pro-
cess where the small daughter vesicles are released from
the spicula of spheroechinocytes (Liu et al. 1989; Hager-
strand and Isomaa 1989) or the spheroechinocyte spicula
are pinched off from the cell surface as a whole and sub-
sequently disintegrated into smaller spherical vesicles.

In contrast to RBCs, artificial lipid vesicles have never
been reported to attain true echinocytic and spheroechin-
ocytic shapes, i.e. spherical shapeswith many well defined
spicula (Berndl et al. 1990; Seifert 1997). In the case of
thelipid vesicles, increasing the areadifference can induce
the formation of starfish vesicles (Wintz et al. 1993; Sei-
fert 1997). However, the starfish shape is flat and there-
fore completely different from the echinocytic RBC shape.
Thestarfish vesiclesdo not exhibit any processresembling
spheroechinocytosis. Also, they can exist only at much
smaller relative cell volumes (v10.3) than the echinocytic
RBCs(v[0.6). Thisindicatesthat in addition to the bilayer
the skeleton of the RBC membrane is also responsible for
the formation of the echinocytic shapes, presumably due
to shear deformation of the skeleton (Igli¢ 1997). Thisis
also supported by our recent preliminary observations
showing that lamprey erythrocytes, which are deficient in
the membrane skeleton (Ohnishi 1985), do not form true
spiculaupon treatment with echinocytogenic amphiphiles.

The previous studies of echinocyte shapes have been
limited to the RBC shapeswith short spiculaapproximated
with spherical harmonics (Landman 1984) or to the anal-
ysisof the single spicul e shape where the constraint for the
cell volume was not considered and the number of spicula
was not determined in the minimization procedure but was
taken as the model parameter (Brailsford et al. 1980;
Stokke et al. 1986; Waugh 1996). In both cases the echin-

ocyte and spheroechinocyte shapes with many distinctive
spiculacan not be studied. In thiswork however the echin-
ocyte and spheroechinocyte shapes are analyzed by taking
into account the constraints for the cell volume and area.
In addition, the equilibrium number of spiculaunder given
external conditionsis determined in the minimization pro-
cedure.

The spontaneous curvature of the membrane bilayer C,
(Helfrich 1973) was not explicitly considered in the local
bending energy term (Eq. (1)). However, the features de-
scribed by the spontaneous curvature are effectively de-
scribed by being contained in the RBC membrane param-
eter AAy (Miao et al. 1994). The continuum description of
the membrane bilayer elastic energy (Egs. (1) and (2)) can
not account for all of the features of the molecular origin
andthereforecan not clearly reveal thedifferencesbetween
the C, and the AA; RBC membrane parameters.

The relative stretching energy is overestimated using
Eq. (2) since the relative stretching deformation of the bi-
layer can be at least partially relaxed in short time due to
redistribution of moleculeswithin each lipid layer in order
to equalize the area per molecule and by exchange of lipid
molecules between both lipid layersto alleviate curvature
induced dilation or compression (Waugh and Hochmuth
1995). It has been suggested that local membrane defects
may act as flip sites for phospholipid molecules and re-
lated compounds (Classen et al. 1989).
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