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Abstract Visualization of the components of the red cell
membranes, and especiaily the structure of cytoskeletal
proteins in situ, has become a requisite in studies of red
cell membrane disorders. There has been a search for a
consistent and dependable method for detecting these
structures. In the present study, the surface replica meth-
od was used with transmission electron microscopy to
examine the cytoskeletal network of the red cell ghosts
of a normal control and patients with a S-spectrin mutant
(B-spectrin Le Puy). The surface replica method is well-
suited to observation of the cytoskeletal network of the
membranes in a nearly native in situ condition. Immuno-
gold labelling with anti-membrane protein antibodies is
easily applicable to the identification of each component
of the cytoskeletal proteins. The findings obtained under
normal and pathological conditions using the surface
replica method corresponded with those made by the
quick-freeze, deep-etching method.
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Introduction

Great progress has been made in studies of red cell mem-
brane disorders from the standpoint of biochemistry, bio-
physics and gene analysis [4, 10, 27, 28]. Visualization
of these findings has become more important to verify
such abnormalities [6, 7, 16, 19, 21, 22, 23, 26, 37, 38,
40, 41]. In addition, electron microscopic findings can
provide precise qualitative information as well as a great
deal of insight for further studies using biochemical and
genetic methods. This is-especially relevant to membrane
research, in which the understanding of topographical
structure in situ is crucial.
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The red cell membranes are composed of a lipid
bilayer and a cytoskeletal network beneath it [28]. This
cytoskeletal network chiefly consists of cytoskeletal pro-
teins; spectrins, actin, and band 4.1. The assembled cyto-
skeletal network is bound to integral proteins (band 3
and glycophorins) via anchor proteins (ankyrin and band
4.2). Therefore, any mutation of these membrane pro-
teins might affect the normal structure of the membrane
skeleton. The major cytoskeletal protein anomalies are
spectrin mutations [4, 10, 28]. Spectrins are composed of
an o-chain and a f-chain, which form spectrin dimers
(of) to tetramers (,f3,). Many mutations of a- and f3-
spectrins have recently been reported [4, 28], and the
molecular defects in most of these mutations have been
identified [10]. B-Spectrin mutations [11, 12, 13, 14, 17,
24, 30, 33, 34, 42] generally appear to be more severe
clinically than a-spectrin mutations. Two mutations of -
spectrins; B-spectrin Tokyo (2201216) [17] and S3-spectrin
Le Puy in Yamagata [24], have been detected in the Japa-
nese population. In these mutations, the mutated -spec-
trin failed to form normal spectrin tetramers biochemi-
cally [4]. As a result, a marked impairment of the cyto-
skeletal network in the membrane structure due to the
mutated S-spectrin is to be expected in these patients.

Several trials have been carried out to observe im-
paired membrane structure in hereditary elliptocytosis by
electron microscopy, using a negative staining method
[2, 22, 31, 36]. The findings in these studies, however,
were obtained from specimens in which the cytoskele-
tons had been treated with detergents, such as Triton, or
trypsin. Therefore, the networks were artificially over-
extended and over-stretched. These specimens appear to
be adequate for identifying the exact binding sites in
each membrane protein, but probably be inadequate for
examination of the exact membrane structure in situ in
normal and abnormal conditions [3, 15, 25, 26, 35, 37,
38, 39]. Although the quick-freeze, deep-etching
(QFDE) method appears to be the best method at the
present time [26, 37, 38], it requires special skills and
special equipment, and consistent good results are hard
to obtain. In contrast, the surface replica method [32] has
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been utilized widely in many fields other than the field
of red cell membrane research [16, 40]. Consistent re-
sults can be obtained easily with this method, and it is
easy to apply immunogold labelling with anti-membrane
protein antibodies [1]. In this study, the surface replica
method was utilized to observe the impaired cytoskeletal
network in a nearly native in situ condition, and spectrins
were identified with immunogold labelling in the red
cells of a S-spectrin mutant, spectrin Le Puy (2202214),

Materials and methods

Case study. The propositus was a 60-year-old Japanese male with
uncompensated haemolysis: red cell count (RBC) 2.62x10!/1,
haemoglobin 83 g/l, haematocrit 25.1%, mean cell haemoglobin
concentration (MCHC) 33.7%, reticulocytes 12.6%, and indirect
bilirubin 2.48 mg/dl. Splenectomy improved his clinical picture:
RBC 4.38x10!%/1, reticulocytes 1.2%, and indirect bilirubin 0.4
mg/dl. Red cell morphology after splenectomy revealed ell-
iptocytosis with some poikilocytic changes. His 36-year-old
daughter had been suffering from haemolytic anaemia with ell-
iptocytosis to the same extent prior to splenectomy, as shown in
Fig. 1.

Protein chemistry revealed the presence of a mutated B-spec-
trin (B": apparent molecular weight 214 kDa) on sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) by the
methods of Laemmli et al. [18] and Fairbanks et al. [8]. The con-
tent of the mutated S-spectrin (37) was 31.0% of total 3-spectrins
(normal B + mutated 7). Using the method of Liu et al. [20],
spectrin dimer self-association was found to be impaired (Ka:
3.2x105/M; normal control 5.8+1.1 (r=75)). The content of spec-
trin (Sp) dimer (D) in the crude extract at 4° C was markedly in-
creased (SpD per total spectrins: 43.2%, normal control 7.0:4.0
(n=30)). Using the method of Pothier et al. [29], the level of the al
74 kDa fragment following limited digestion with trypsin at 22 h
of incubation was increased (33.80% of total ol domain (80
kDa+74 kDa); normal control 25.1240.42 (n=13)). These results
indicate that the mutated B-spectrin (8" in this patient) failed to
form tetramers with o-spectrins, leading to the impaired formation
of the normal cytoskeletal network.

The mutation in the B-spectrin gene was confirmed by gene
analysis with complementary and genomic DNA [24]. An A—>G
substitution was detected at position +4 of the 5” donor splice site
consensus sequence of intron X of the B-spectrin gene, which is
exactly the same mutation reported previously as spectrin Le Puy
[11]. Based on these results, it was concluded that the patient dem-

Fig. 1 Scanning electron micrograph of red cells from the
peripheral blood of the daughter of the propositus with spectrin Le
Puy. The presence of elliptocytosis is prominent. Bar=10 um
%21,000

onstrated the mutated S-spectrin (8°) due to a point mutation on
the B-spectrin gene, and that this led to the impaired spectrin func-
tions. Therefore, the cytoskeletal structure was expected to be
markedly impaired in this S-spectrin mutant.

Red cell ghosts were prepared from freshly drawn blood at 4°
C by the method of Dodge et al. [5]. The lysing buffer consisted of
5mM sodium phosphate, 1 mM EDTA, and 0.2mM
phenylmethylsulphonyl fluoride (PMSF), pH 8.0. The red cell
ghosts were thoroughly washed five times in a washing buffer (0.1
mM EDTA, 0.1 mM sodium phosphate, and 0.1 mM sodium hy-
droxide, pH 8.0, 1:50 v/v) to yield white ghosts.

The white ghosts were placed on a cover slip coated with 0.1%
poly-L-lysine. Excessive ghosts were washed out with 5 mM phos-
phate buffer. After fixation with 2% glutaraldehyde solution in 0.1
M phosphate buffer at room temperature for 30 min, the ghosts
were further fixed with 1% osmium tetroxide for 20 min. The
fixed ghosts were subjected to dehydration with alcohol; for 5 min
with 50%, 5 min with 70%, 5 min with 80%, 5 min with 90%, 10
min with 95%, 10 min twice with 99.5%, and 15 min three times
with 100%, sequentially. They were then treated with isoamyl ace-
tate for 10 min three times, and were subjected to a critical point
dryer (Hitachi HCP-1, Hitachi, Tokyo, Japan). Then they were
treated with platinum-paladium at an angle of 30° (1-2 nm thick)
and further coated with carbon at an angle of 90° utilizing the vac-
uum evaporator (JEE-4X, JEOL, Tokyo, Japan). The replica (10
nm thick) was placed onto an uncoated copper grid or a grid coat-
ed with Formvar and carbon, and examined with a transmission
electron microscope (JEM-2000 EXII, JEOL, Tokyo, Japan) at
120 kV.

For immunogold labelling, the washed ghosts were placed on a
cover slip coated with 0.1% poly-L-lysine, and fixed with a mix-
ture of 2% paraformaldehyde and 0.1% glutaraldehyde in an 0.1
M sodium phosphate solution for 30 min. After blocking with 1%
bovine serum albumin (BSA), anti-human spectrin antibody (rab-
bit, polyclonal) was applied to the fixed ghosts at room tempera-
ture for 60 min in a 1 to 100 dilution with 5 mM TRIS buffer, pH
8.2 and 1% BSA. After washing with phosphate-buffered saline,
gold conjugate anti-rabbit IgG (10 nm) (Biocell, Cardiff, UK) was
applied at room temperature for 45 min in a 1 to 20 dilution. The
ghosts were then fixed with a 2% glutaraldehyde solution, subject-
ed to dehydration, and the replica was prepared by freezing instan-
taneously with liquid nitrogen with a quick freezing instrument,
MF-2(Eiko, Tokyo, Japan). Deep etching and replication were per-
formed with Balzers BAF 301 (Balzers, Lichtenstein). Etching
was carried out at —100° C, 5x10-5 Pa for 5 min. Rotary replica-
tion was carried out with platinum at an angle of 20° (2 nm) and
with carbon at an angle of 90° (10 nm). Film thickness was con-
trolled by the frequency shift on a Balzers quartz crystal monitor
(QSD 201G). The replica was placed onto copper grids (300
mesh), and subjected to transmission electron microscopy (JEM
2000-EXII, JEOL) at 200 kV.

The intact red cells were also examined for intramembrane
particles (IMP) by the method of Gahmberg et al. by fixation in
1.0% glutaraldehyde, followed by impregnation with 10-40%
glycerol. The red cell suspensions were rapidly frozen in liquid ni-
trogen, and the freeze fracture replicas were prepared in a Balzers
BAF 301 apparatus (Balzers), after which they were examined
with an electron microscope (JEM 2000-EXII, JEOL).

To examine the effects of heat, human mature intact red cells
were treated at various temperatures; 4° C, 37° C, 40° C, 44° C,
46° C and 48° C, for 10 min each. White ghosts were prepared as
described previously [40]. Thereafter, the surface replica was pre-
pared from the white ghosts.

Results

The red cell mophology of the peripheral blood from the
daughter of the propositus with the spectrin Le Puy mu-
tation is shown in Fig. 1. A marked elliptocytosis was
noted in this patient.



The white ghosts, which were fixed with 2% glut-
araldehyde and then with 1% osmium tetroxide, sequen-
tially, were subjected to critical point drying, and the
replica was prepared after treatment with platinum-pal-
adium/carbon coating. The cytoskeletal meshwork was
composed of multiple smaller basic units, which were
connected to each other, as shown in Fig. 2. Electron mi-
croscopy using the surface replica method revealed an
orderly cobblestone-like pattern in normal subjects. The
basic cytoskeletal units were reasonably extended with
thinner, evenly stretched fibre filaments with well-orga-
nized junctional units. The basic cytoskeletal units can
be categorized into four sizes; small (S) (12.5-25.0 nm
in diameter in the shorter axis of each basic cytoskeletal
unit), regular (R) (25.0-50.0 nm), medium (M)
(50.0~75.0 nm), and large (L) (larger than 75.0 nm). In
normal subjects, the size distributions of the units were

Firdeat

Fig. 2 Electron micrographs of
the red cells of normal individ-
uals examined by the surface
replica method. a Lower mag-
nification (bar=1 um) x16,000
and b greater magnification
(bar=200 nm) x47,000 with an
inset (bar=200 nm). x80,000.
The cytoskeletal network (as-
terisk) at the centre of normal
red cell ghosts as shown in a is
visible in the single plane win-
dow. A greater magnification
demonstrates an orderly cob-
blestone-like pattern
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6+3%, 52+5%, 3144%, and 113+3%, respectively. In
making these determinations, the diameters in the shorter
axis of each basic cytoskeletal unit were selected for siz-
ing, for consistency. The diameters in the longer axis of
each basic cytoskeletal unit were also measured and the
results indicated essentially the same tendency as the
size distributions based on the diameters in the shorter
axis of each basic cytoskeletal unit, although there were
slightly greater variations in the diameters in the longer
axis than those in the shorter axis.

The cytoskeletal units were basically composed of
thinner filaments. These filaments were 63117 nm long
and 1244 nm wide. Knob-like structures, which were at-
tached to the longer, thinner filaments, were also ob-
served.

The filaments in the basic units of the cytoskeletal
network were identified as spectrins by immunogold la-
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Fig. 3 Immunogold labelling
of spectrin in normal red cell
ghosts examined by the surface
replica method. a A marked la-
belling of spectrins by
immunogold particles with an-
ti-human spectrin rabbit poly-
clonal antibody is seen only at
the area within the single plane
window, which is clearly sepa-
rated from the portion of the
membrane bilayer of the red
cell ghosts. Arrowheads indi-
cate the border of the single
plane window as the membrane
monolayer. b Control with a
non-immune rabbit antibody.
Bars=0.2 pm x55,000 includ-
ing that in inset, x110,000

Fig. 4 Electron micrographs of the red cell cytoskeletal network
examined by the quick-freeze deep-etching method. a A normal
individual, and b a patient with spectrin Le Puy. A continuous or-
derly three-dimensional network of fine filaments and small glob-
ules is observed in a normal subject (left: a). x80,000. In contrast,
the structure of the cytoskeletal network in a patient with spectrin
Le Puy appears disrupted with filaments of uneven lengths and
widths and a reduction of the number of intersections (right: Fig.
4b). x80,000 Bars=100 nm

belling with anti-human spectrin rabbit polyclonal anti-
body by the electron microscope (EM) with the surface
replica method, as shown in Fig. 3a. The antibody recog-
nized the fibrous components, which were present on the
EM with the surface replica method, as spectrins.

It is of utmost importance to ensure the specificity of
the immunolabelling. Therefore, several experiments
were performed using a non-immune rabbit antibody in-
stead of the specific anti-spectrin antibody as negative
controls. The results indicated clearly that no immuno-
gold particles were detected in these negative controls, as
shown by a representative illustration in Fig. 3b.

Normal white ghosts were subjected to quick-freez-
ing, and then to deep-etching. The replicas were pre-
pared with platinum/carbon coating. This procedure
showed that the filaments of the intact cytoskeleton ex-
isted in multi-stereotactic dimensions rather than in a
single plane as shown in Fig. 4a. The filaments coated



Fig. 5 Electron micrography of
the red cell cytoskeletal net-
work in red cell ghosts of spec-
trin Le Puy as examined by the
surface replica method. The
structure of the cytoskeletal
network appears to be disrupted
with loss of the connections
among filaments, which dem-
onstrate uneven lengths and
widths and a reduction in the
number of intersections.
Bar=500 nm, x47,000

Fig. 6 Immunogold labelling
of spectrins in red cell ghosts
from spectrin Le Puy. Electron
microscopy was performed us-
ing the surface replica method
with immunogold labelling by
anti-human spectrin rabbit
polyclonal antibody. Bar=200
nm x55,000 including that in
inset, x11,000

with platinum were 4849 nm in length and 7£1 nm in di-
ameter, although they appeared to be in a folded confor-
mation, as previously reported by Ursitti et al. [38]. A to-
tal view of the cytoskeletal network showed it to be com-
posed of numerous smaller basic units, the size of which,
on the average, was 54114 nm at the longer axis, and
2345 nm at the shorter axis.

The membrane skeletons in spectrin Le Puy were ex-
amined by EM with the surface replica method. The re-
sults are shown in Fig. 5. The basic cytoskeletal units
varied in size, and were mostly enlarged. All of the fi-
brous filaments appeared to lose their inter-connection
with other filaments. It is interesting to note that some of
the fibrous filaments had a drum-stick appearance, which
probably reflected the irregularly coiled condition of
these filaments. The structure of the whole red cell mem-
branes in this disorder was clearly disorganized. Each fi-

brous filament was identified as spectrins by the
immunogold method as shown in Fig. 6.

In spectrin Le Puy, the continuous three-dimensional
network of fine filaments and small globules which had
been observed in the normal control was totally disrupt-
ed with filaments of uneven lengths and width. A reduc-
tion in the number of intersections was observed by the
EM with the QFDE method, as shown in Fig. 4b. The
alignment of the network appeared disorderly. These
findings were essentially the same as those by EM with
the surface replica method. It seems difficult for abnor-
mal B-spectrin to maintain a normal tight cytoskeletal
network. -As a result, the units may easily become un-
coiled.

The intramembrane particles (IMP) in intact red cells
were examined by the freeze fracture method using elec-
tron microscopy. The results are shown in Fig. 7. The



Fig. 7 Freeze-fracture images of intact red cells of a normal sub-
ject and a patient with spectrin Le Puy. Electron microscopy was
performed by the freeze-fracture method in intact red cells of the
normal individual (left: a) x130,000 and those of the patient with
spectrin Le Puy (right: b). x130,000 The numbers, sizes, and dis-
tribution patterns of the intramembrane particles (IMP) were per-
fectly intact in the normal subject. In contrast, in spectrin Le Puy,
the IMP tended to demonstrate slight clustering and uneven sizing
(probably due to increased oligomerization). Bars=100 nm

numbers, sizes, and distributions patterns of the IMP in
normal controls were perfectly intact, as shown in Fig.
7a. However, in the patient with spectrin Le Puy (Fig.
7b), the IMP tended to demonstrate slight clustering in
some areas and uneven sizing (probably representing in-
creased oligomerization of the IMP) among them. These
findings may indicate that the IMP was moderately af-
fected by the impaired cytoskeletal network caused by
the gene mutation of S-spectrin.

The normal cytoskeletal network (Fig. 2) in unheated
normal red cells gradually became disrupted by heating
up to 48° C, at which temperature the fibrous structure
appeared disconnected with the appearance of bulky ag-
gregates (data not shown). Under the same condition at
48° C, results with the QFDE method were essentially
the same as those obtained by the surface replica meth-
od.

Discussion

There has been recent progress in the field of red cell
membrane disorders [27, 28] using molecular biological
techniques especially with regard to spectrin anomalies
[4, 10]. Compared with numerous reported cases of «-
spectrin mutations, [S-spectrin anomalies are relatively
rare, and only nine variants have been reported [11, 12,
13, 14, 17, 24, 30, 33, 34, 42], two of which were identi-
fied at Kawasaki Medical School [17, 24]. On these mu-
tations of B-spectrin in human red cells, it was deter-
mined that there were varying degrees of truncation of
the C-terminal region of B-spectrin based on molecular
abnormalities [4]. In contrast to spectrin Rouen (5220/218)
[13] with the least truncation, spectrin Le Puy (82201218)
[11] demonstrated the most marked truncation of B-spec-
trin. Spectrin Tokyo (3220/216) [17], Spectrin Nice

(2201216 [34], Spectrin Tandil [14], Specirin Gottingen
(32201216) [42], Spectrin Cagliari [30] and Spectrin Provi-
dence [12] are in between. It is known that the C-termi-
nal region of B-spectrin is bound to the N-terminal re-
gion of ¢-spectrin (0/89). The head-to-head contact of o-
and SB-spectrins initiates the formation of hetero-tetramer
(er,f3,). Therefore, truncation at the C-terminal region of
B-spectrin is expected to induce impairment of the head-
to-head association between ¢~ and B-spectrins. Morpho-
logically, the impairment of the association should be in-
dicative of disruption of the cytoskeletal network; that is,
a disconnection of the fibrous filaments with uneven
lengths and widths, and a reduction in the number of in-
tersections. Among the various f-spectrin mutants de-
scribed above, the red cell membrane skeletal network
would be most impaired in Spectrin Le Puy [11, 24], be-
cause the mutation of the S-spectrin gene in Spectrin Le
Puy is known to deduce maximal truncation of the C-ter-
minal region of B-spectrin. Therefore, we selected spec-
trin Le Puy for this study.

Initially, visualization of the cytoskeletal network was
carried out by the negative staining method with electron
microscopy [2, 22, 31]. That method demonstrates a two-
dimensional network of chiefly hexagonal structure com-
posed of approximately 200 nm long spectrin tetramers.
However, the negative staining method is linked to a pro-
cedure by which the red cell membrane ghosts are treat-
ed with chemical reagents to make the membrane skele-
ton spread. Therefore, several attempts have been made
to visualize the red cell membrane cytoskeleton in situ
under its native condition [3, 15, 25, 26, 35, 37, 38, 39,
40] rather than under an artificially stretched condition.
The replica method with the QFDE technique for elec-
tron microscopy appears to provide the best resolution
for visualization of the in situ condition of the cytoskele-
tal network [26, 37, 38, 40}. This method clearly disclos-
es the filamentous network of the intact cytoskeleton.

With the QFDE technique for electron microscopy,
however, it is quite difficult to obtain an adequate surface
of the cytoskeletal network congistently under regular
experimental conditions. Furthermore, it requires special
equipment,-such as the Balzers BAF-301 (Balzers). With
the surface replica method, however, such special equip-
ment is unnecessary, and reliable results nearly equal to
those achieved with the QFDE method can be obtained.



In addition, the surface replica method is even more
useful than the QFDE method, since the immunogold
method is easily applicable with the surface replica
method for identification of the specific components of
the cytoskeletal network with specific antibodies. By the
QFDE method, specimens of red cell membrane ghosts
should be frozen instantaneously to —196° C. As a result,
immunocytochemistry is absolutely impossible. By the
surface replica method, however, immunocytochemistry
is feasible, because the red cell membrane ghosts are
treated at 4° C thoughout the procedure.

Our findings using the surface replica method appear
to demonstrate an impaired cytoskeletal network in the
red cells of the B-spectrin mutant (spectrin Le Puy) al-
most as reasonally and adequately as those obtained by
the QFDE method, as shown by our previous study [24].

Experimentally, the red cell membranes were manipu-
lated by heat treatment to induce impairment of the cyto-
skeletal network. With the surface replica method, it was
possible to detect abnormalities in the cytoskeletal net-
work sequentially under various temperatures. The ab-
normalities in spectrin as a component of the cytoskele-
tal network were also identified by the immunogold
method with rabbit anti-human spectrin polyclonal anti-
bodies.

In summary, the surface replica method appears to be
useful for the detection of abnormalities in the cytoskele-
tal network in a nearly native in situ condition.
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