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Summary. Ultrastructures of membrane skeletons in
spherocytic and elliptocytic erythrocytes were investigat-
ed immunocytochemically. Erythrocytes obtained from
patients with hereditary spherocytosis (HS) and heredi-
tary elliptocytosis (HE) were split open mechanically to
obtain exposed cytoplasmic sides of erythrocyte mem-
branes and were immunostained with anti-spectrin anti-
body. Replica membranes were prepared by a quick-
freezing and deep-etching method and were checked by
electron microscopy. The in situ membrane skeletons
of normal erythrocytes consisted mainly of reticular pat-
terns of spectrin filaments, which formed networks on
the cytoplasmic sides of the cell membrane. In contrast,
the membrane skeletons of abnormally shaped erythro-
cytes (HS and HE) were much less filamentous and more
granular than those of normal erythrocytes. This abnor-
mal organization in erythrocyte membrane skeletons
may be one of the factors that induce abnormally shaped
erythrocytes in HS and HE patients.
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Introduction

Morphological studies have demonstrated that the mem-
brane skeleton of normal erythrocytes has a finely reticu-
lar structure (Byers and Branton 1985; Fujikawa 1983;
Liu et al. 1987; Lupu and Constantinescu 1989; Nermut
1981 ; Shen et al. 1984, 1986; Tsukita et al. 1980; Ursitti
etal. 1991). The network consists mainly of proteins
such as spectrin, actin, band 4.1, band 4.9, ankyrin and
tropomyosin (Bennett 1985, 1989 ; Delaunay et al. 1990;
Goodman and Shiffer 1983; Marchesi 1983; McGuire
and Agre 1988). The spectrin molecules are usually in
the form of tetramers, each composed of two filamen-
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tous molecules (dimers) and joined in head-to-head fash-
ion. The spectrin tetramers are also bound to actin, band
4.1 and band 4.9 to form two-dimensional networks,
which are attached to band 3 in the lipid bilayer by
the action of a cross-linking protein, ankyrin. It is
thought that mutual binding of these proteins serves the
purpose of regulating the structure of the membrane
skeleton and thus maintains the shape of erythrocytes
(Bennett 1985, 1989; Delaunay et al. 1990 ; Fowler 1986;
Goodman and Shiffer 1983 ; Marchesi 1983). Biochemi-
cal studies have demonstrated that a variety of different
genetic defects of erythrocyte proteins are responsible
for abnormalities in shape of erythrocytes such as heredi-
tary spherocytosis (HS) and hereditary elliptocytosis
(HE) (Delaunay et al. 1990; Goodman and Shiffer 1983;
Iolascon et al. 1992; McGuire and Agre 1988). Actually,
decreased quantity of spectrin (Agre et al. 1985, 1986),
deficiency of spectrin tetramer formation (Liu et al.
1982) and abnormalities in spectrin-actin-band 4.1 bind-
ing (Goodman et al. 1982; McGuire ¢t al. 1988; Tcher-
nia et al. 1981) have been reported to be related to these
pathological conditions. The ultrastructure of spectrin
networks in abnormally shaped erythrocytes has been
described (Liu et al. 1990).

A new erythrocyte-splitting technique for the ultra-
structural study of erythrocyte membranes has been de-
veloped recently (Ohno 1992), in which the erythrocytes
are split open mechanically. After removing intracyto-
plasmic soluble proteins, the replica membranes of cyto-
plasmic sides are prepared by a quick-freezing and deep-
etching method (Lupu and Constantinescu 1989; Ner-
mut 1981; Ohno 1992; Ursitti et al. 1991). This permits
a three-dimensional observation of the ultrastructure of
erythrocyte membranes at high resolution, as previously
reported in other cultured cells (Ohno 1985; Ohno and
Fujii 1990, 1991 ; Ohno and Takasu 1989). In the present
study, using the erythrocyte-splitting technique and the
quick-freezing and deep-etching method, we performed
an immunocytochemical study of the cytoplasmic aspect
of abnormally shaped erythrocyte membranes obtained
from patients with HS or HE.



Materials and methods

Included in this study were three patients with HS (one male, two
females, 35-78 years of age), two patients with HE (one male and
one female, 42 and 74 years of age) from several families and
two healthy volunteers (one male and one female, 28 and 42 years
of age). Some of the laboratory data in these seven cases are shown
in Table 1. The HS patients exhibited decreased haemoglobin con-
centration and increased reticulocyte counts, indicative of haemo-
lytic anaemia. In all cases, spherocytes accounted for over 60%
of the erythrocytes seen in peripheral blood smears. None of the
HS patients had undergone splenectomy. The HE patients had
anaemia, with over 80% elliptocytes in peripheral blood smears.
Neither of these patients had been splenectomized. The two healthy
adults had no anaemia and had normal discoid erythrocytes in
peripheral blood smears, as previously reported (Ohno 1992).
From each case, 10 ml venous blood was withdrawn with a
syringe containing 0.1% heparin. The blood was washed and cen-
trifuged (3000 g, 10 min) three times with the phosphate buffer
with magnesium/EGTA (150 mM sodium chloride/5 mM sodium
dihydrogen phosphate/2 mM sodium azide/2 mM magnesium
chloride/t mM EGTA, pH 7.5) to obtain erythrocyte pellets. They

Fig. 1a, b. Replica electron micro-
graphs of cytoplasmic aspects of
normal erythrocyte membranes.
Bar: 0.5 pm. a Filamentous net-
works (arrows) are attached to
the cytoplasmic side of cell mem-
branes. Case N-1. x42000. Inset:
An upper lipid cell membrane is
stripped off and the networks are
observed (arrows). Case N-2.
x40000. b Immunostaining with
anti-spectrin antibody. Many fila-
ments are heavily decorated with
diaminobenzidine (DAB) reaction
products (large arrows). Some fil-
aments are not immunostained
(small arrows). Case N-1.

% 69200. Inset: Immunogold
staining shows the localization of
gold particles on some filaments
(arrows). Case N-1. x 53500

Table 1. Laboratory data of normal controls (N) and hereditary
spherocytosis (HS) and hereditary elliptocytosis (HE) patients

Case Sex  Age Hb Ret  T-B/I-B  Abnormal
(years)  (g/d}  (%0) (mg/dl)  shape (%)

N-1 M 42 15.7 2 0.2/041 0

N-2 F 28 121 10 0.5/0.2 0

HS-1 F 35 9.2 110 2.8/2.3 60-70

HS-2 F 40 13.0 106 2.5/1.7 60-70

HS-3 M 78 11.8 55 2.1/13 70-80

HE1 M 42 9.8 28  0.4/0.3 80-90

HE-2 F 74 10.4 78  2.2/1.5 80-90

Hb, Haemoglobin; Ret (%o), reticulocytes per 1000 cells; T-B, total
bilirubin; I-B, indirect bilirubin

were fixed with 2% paraformaldehyde in 0.1 M phosphate buffer,
pH 7.4, (PB) for 10 min and washed three times by centrifugation
to prepare erythrocyte pellets.

In order to prepare replicas, erythrocytes were split open by
using a new method devised by one of the present authors (Ohno
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Fig. 2a—d. Replica electron micrographs of elliptocytic erythro-
cytes. Bar: 0.5 um. a Membrane skeletons (arrows) are less filamen-
tous than those of normal erythrocytes. Case HE-1. x 47900. Inset:
Surface view of an elliptocytic erythrocyte. Case HE-1. x 7500.
b In another case, HE-2, membrane skeletons are more granular
in some areas (asterisk). x 56700. ¢ Immunostaining of spectrin

1985, 1992; Ohno and Fujii 1990). Briefly, a coverslip was coated
with 3-aminopropyl triethoxysilane and 1% glutaraldehyde so that
erythrocyte membranes could readily adhere to the glass surface.
A drop of the erythrocyte pellet was put on the coverslip, and
another coverslip was superimposed on it to sandwich the erythro-
cytes. The overlying coverslip was gently pressed with a pincette
to make the erythrocytes adhere to both coverslips and the PB
was allowed to run between them. The coverslips were then de-
tached and the erythrocytes were split open. After being deprived
of soluble proteins by thorough washing with phosphate buffered
saline (PBS), the erythrocytes were fixed with 2.5% glutaraldehyde
in PB for 30 min and stored in PBS at 4° C.

Immunoperoxidase labelling was carried out on the erythrocyte
membranes on coverslips. They were washed with PBS and treated

with peroxidase labelling. Filamentous structures are decorated
with DAB reaction products (arrows). Case HE-1. x 54000. d Im-
munostaining of spectrin with colloidal gold labelling. Gold parti-
cles are mainly localized on filamentous networks (arrows). Case
HE-1. x 67500

with 0.1 M lysine in PB for 30 min to block the free aldehyde
residues of glutaraldehyde. They were then immunostained firstly
with anti-spectrin polyclonal antibody from rabbits (Transforma-
tion Res., Mass., USA) and secondarily with goat anti-rabbit [gG
coupled to peroxidase (E-Y Laboratories, Calif., USA). They were
again fixed with 2.5% glutaraldehyde and were incubated in the
diaminobenzidine and hydrogen peroxide solution for 1 min (Ohno
and Takasu 1989). As the immunostaining controls, normal rabbit
serum and PBS were used in the same way without the primary
antibody (data not shown).

Immunogold labelling was carried out with the anti-spectrin
antibody and goat anti-rabbit IgG coupled to 8 nm colloidal gold
particles (E-Y Laboratories) for 5h at room temperature. They
were washed extensively in PBS for 1 h to remove unbound gold



Fig. 3a, b. Replica electron micrographs of different elliptocytic
membranes, which are immunostained with anti-spectrin antibody
and secondary gold-conjugated antibody. Bar: 0.5 ym. a Many
gold particles are located on disorganized networks attached to
the cytoplasmic side (asterisk). Membrane debris is often observed

(arrows). Case HE-1. x56600. Inset: Case HE-2. x61600. M,
Extracellular matrix. b Gold particles are randomly located on
non-filamentous cytoplasmic sides (asterisk) of typical elliptocytic
membranes. Arrows, Membrane debris; M, extracellular matr
Case HE-1. x 35500. Inset: Case HE-2. x 24900




particles and fixed with 2.5% glutaraldehyde in PB for 15 min
to stabilize the binding of antigen-antibody-gold complex.

For quick-freezing and deep-etching the prepared erythrocytes
were immersed in distilled water for removal of salts and further
in 10% methanol to prevent the formation of ice crystals (Ohno
1992) before being quickly frozen. The coverslip with the split
erythrocytes was mounted on copper holders and rapidly immersed
in a liquid isopentane-propane mixture (—193° C) cooled in liquid
nitrogen after removal of excess fluid with filter paper. These quick-
ly frozen specimens were then transferred to a stage precooled
at —170° C in an Eiko FD-3S machine and deeply-etched under
the vacuum conditions of 2-6X10~7 Torr at —95° C for 30~60 min.
A replica of the exposed cytoplasmic side was then prepared by
evaporation of platinum at an angle of 25° and subsequently of
carbon at an angle of 90°.

The replica membranes, upon being taken out of the apparatus,
were immediately coated with 2% collodion diluted with amylace-
tate and dried. They were immersed in a solution of commercialized
household bleach to digest away cell membrane components. The
collodion-filmed replicas were washed twice with distilled water,
placed on copper grids coated with Formvar and finally treated
with amylacetate to dissolve out the collodion. The replica mem-
branes were examined in Hitachi HS-9 and H-700 electron micro-
scopes at accelerating voltages of 75-100 kV. Electron micrographs
of erythrocyte membranes were printed from reversed negatives
so that areas of platinum deposition look bright, in contrast with
dark backgrounds.

The morphometric analysis to count the intersection of more
than three spectrin filaments was carried out with a Digigramer-G

) -4 & A

Fig. 4. Replica electron micrographs of spherocytic erythrocytes.
Bar: 0.5 pm. Cytoplasmic aspects of erythrocyte membranes (aster-
isks) are less filamentous and more granular than those of control
erythrocytes, as shown in Fig. 1. Membrane debris is often ob-
served (arrows). M, Extracellular matrix. Case HS-1. x49400. In-
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analyser (Mutoh, Tokyo, Japan), as reported before (Ohno 1992).
Moreover, the number of immunogold particles was counted in
the same system. All values were expressed as means +standard
deviation.

Results

Figure 1 illustrates cytoplasmic aspects of normal eryth-
rocyte membranes. Filamentous structures arranged in
reticular patterns were attached to the lipid cell mem-
brane (Fig. 1a). These filaments varied in thickness and
length. They were immunostained with anti-spectrin an-
tibody followed by the immunoperoxidase method
(Fig. 1b) and the immunogold method (Fig. 1b, inset).
Figures 2 and 3 illustrate cytoplasmic aspects of ellipto-
cytic erythrocytes. Their ultrastructures, when compared
with those of normal erythrocyte membranes, were dif-
ferent with a less filamentous and more granular appear-
ance of the membrane skeleton (Fig. 2a, b). In some
parts, filamentous structures were stretched out to form
reticular patterns, which were immunostained with anti-
spectrin antibody followed by the immunoperoxidase
(Fig. 2c¢) and the immunogold methods (Fig. 2d). In
other parts, their arrangement was less orderly than that
seen in normal erythrocytes (Fig. 3a). Immunogold par-

set: In another case, HS-2, an upper erythrocyte membrane is par-
tially removed (arrows). Granular, but not filamentous, structures
are obviously observed (asterisk). S, Erythrocyte membrane sur-
face. x 39200
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Fig. 5a—c. Replica electron micrographs of spherocytic erythrocyte
membranes, which are immunostained with anti-spectrin antibody.
Bar: 0.5 pm. a Immunostaining of spectrin with peroxidase label-
ling. Filamentous structures are not identified on the cytoplasmic
side of erythrocyte membranes (asterisk). S, Erythrocyte membrane
surface. Case HS-1. x37500. b Immunostaining of spectrin with

ticles were randomly attached to the cytoplasmic side
of typical elliptocytic erythrocyte membranes (Fig. 3b).
Figures 4 and 5 illustrate cytoplasmic aspects of
spherocytic erythrocytes. While filamentous structures
were less organized into reticular patterns (Fig. 4), some
were granular, when compared with those seen in
Fig. 1a. In a spherocyte, the erythrocyte membrane was
partially removed and the ultrastructure of the cytoplas-
mic sides was observed through the membrane crevice
(Fig. 4, inset). The cytoplasmic aspects were predomi-
nantly more granular in appearance than those of nor-

colloidal gold labelling. Many immunogold particles are randomly
located on the cytoplasmic side of membranes (asterisk). Some
non-specific gold particles are also located on the outside of eryth-
rocytes (M). Case HS-1. x36900. ¢ Immunogold labelling. No
filamentous structures are observed (asterisk). S, Erythrocyte mem-
brane surface. Case HS-3. x 37400

mal erythrocytes. They were immunostained with anti-
spectrin antibody followed by the immunoperoxidase
method (Fig. 5a) and the immunogold method (Fig. 5b,
).

Table 2 summarizes morphometric data on the
numbers of filament intersections and gold particles. The
number of the intersections is significantly different be-
tween normal controls and HS or HE patients (Table 2a,
P <0.001). However, the number of immunogold parti-
cles is not significantly different among them, though
their means of the patients are slightly decreased (Tab-



Table 2. Morphometric data of control erythrocytes and abnormal
erythrocytes with HS or HE

Number of Number of Gold
intersections® gold particles® particels in the
(mean +SD, (mean+SD, background®
n="75) n=>50) (mean +SD,
n=25)
N-1 66.9+104 741+ 8.7 3.84+3.0
N-2 66.6+11.4 73.7+ 89 3.6+2.7
HS-1 10.7+ 5.9 62.5+ 8.7 54+3.1
HS-2 8.1+ 62 53.6+ 9.2 4.5+29
HS-3 9.1+ 6.5 52.8+ 9.1 33+2.0
HE-1 1734+ 6.0 48.1+10.7 4.0+2.9
HE-2 19.0+ 6.9 64.1+12.7 3.8+2.7

Twenty-five erythrocytes for each case were measured to obtain
the data.

2 The number of intersections per 0.25 um? cytoplasmic side was
counted in three different areas of an erythrocyte

® The number of gold particles per 0.25 um? cytoplasmic side was
counted in two different areas

¢ The number of gold particles per 0.25 pm? outside was counted
for 25 background areas

le 2b). The background number of gold particles is low
among all cases (Table 2c¢).

Discussion

The ultrastructure of normal and abnormal erythrocyte
membranes has been investigated by means of transmis-
sion and scanning electron microscopy {Burke and Shot-
ton 1983; Fujikawa 1983; Hainsfeld and Steck 1977;
Lupu and Constantinescu 1989; Tsukita et al. 1980).
However, these studies have been fraught with technical
problems. The specimens, prepared by conventionally
used techniques including osmium fixation and dehydra-
tion steps, did not show the networks underlying the
lipid erythrocyte membrane as they were in situ; these
structures have inevitably undergone modification in fix-
ation. Recently artificially spread networks were clearly
shown in negatively stained preparations, but have not
been seen in situ (Byers and Branton 1985; Liu et al.
1987; McGough and Josephs 1990; Shen et al. 1984,
1986). The erythrocyte splitting technique employed in
the present study in combination with the quick-freezing
and deep-etching method, has rendered it possible to
remove the soluble proteins from erythrocytes and to
obtain ultrastructural preparations showing the cyto-
plasmic aspect of erythrocyte membranes. Thus we could
examine abnormally shaped erythrocytes.

The present morphological study demonstrated re-
markable differences between normal erythrocytes and
abnormally shaped ones. Abnormally shaped erythro-
cytes were shown to have structural changes on the cyto-
plasmic side of the erythrocyte membrane which were
not observed in normal erythrocytes. These changes
were characterized by diminished filamentous structures
and a relative predominance of granular structures.
From the report that spectrin dimers were more abun-

79

dant in HE (Coetzer and Zail 1982; Liu et al. 1982),
the ultrastructural changes in erythrocyte membranes of
YHE patients could be accounted for by the relative pre-
dominance of spectrin dimers over tetramers and a con-
sequent defective organization of filamentous networks.
However, the present study did not allow us to make
a definitive statement on a similarity of the ultrastruc-
ture of the membrane in HS and HE. We speculate that
the difference in the shape of erythrocytes between the
two conditions depends on the degree to which compo-
nents of the membrane skeleton are transformed from
filamentous to granular.

In normal erythrocytes spectrin molecules are in their
curved and/or shortened state and are thought to play
an important role in imparting flexibility and deform-
ability to the erythrocyte membrane (McGough and Jo-
sephs 1990). However, on the cytoplasmic aspects of
erythrocyte membranes in HS, filamentous structures
were found to be diminished and granular structures
dominated. These changes seem to be attributable to
an abnormality of membrane skeletal proteins (Delaun-
ay etal. 1990; Goodman and Shiffer 1983; Iolascon
et al. 1992), such as a defective binding of spectrin to
band 4.1 (Goodman et al. 1982), quantitative decreases
of spectrin (Agre et al. 1985, 1986) and a defective gene
for ankyrin (Lux et al. 1990). Therefore, inadequacy of
binding of membrane skeletal proteins and consequent
inability of three-dimensional networks to be formed
would result in weakening of the membrane-supporting
power of the cytoskeleton.

Erythrocytes of HS and HE patients that had appar-
ently assumed the normal discoid shape were also exam-
ined (unpublished data). Some showed a diminution of
filamentous structures, with more granular structures,
while others were of the same filamentous texture as
normal erythrocytes. These findings did not permit us
to draw any definitive explanation as to the abnormality
of cytoplasmic aspects of all HE or HS erythrocytes.

The mechanism whereby defective binding of compo-
nent proteins in the erythrocyte membrane causes the
discoid erythrocyte to have a spherical or elliptic defor-
mation is not understood. Morphological abnormalities
probably result from many genetic defects, with each
kindred carrying a different mutation (Delaunay et al.
1990; Goodman and Shiffer 1983). One of the mecha-
nisms underlying morphological abnormalities here may
be a defect of membrane skeletal proteins, a conclusion
compatible with earlier results (Lui et al. 1990). It is sug-
gested that a defect of the spectrin network may be the
primary abnormality of HE or HS erythrocytes, a hy-
pothesis which must be verified by further studies, in-
cluding those on age-related structural changes in the
cytoplasmic aspects of erythrocytes and by studies which
are designed to explore membrane skeletons using im-
munostaining techniques for proteins such as actin, an-
kyrin, band 3 and band 4.1. From the present study
it appears that one of the basic events in HS and HE
is an alteration in the cytoplasmic aspects of erythrocyte
membranes. These changes probably play a primary role
in the causation of abnormality of shape of elliptocytic
or spherocytic erythrocytes.
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