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Abstract

Whereas marked variations in the clinical manifestations of
hereditary spherocytosis have long been recognized, we have
only recently begun to define the molecular basis for this het-
erogeneity. An important unanswered question is whether de-
creased spectrin results in reduced membrane mechanical sta-
bility, and if this reduction in membrane mechanical stability
can be related to in vivo surface area loss. Using the ektacy-
tometer, we quantitated membrane surface area and stability in
erythrocytes from 18 individuals with hereditary spherocytosis
and deficiencies of spectrin (30-80% of normal spectrin level).
Membrane mechanical stability was reduced and the magni-
tude of the reductions correlated with the spectrin content.
Moreover, the reductions in mechanical stability correlated
with in vivo loss of membrane surface area. These data indicate
that decreased spectrin content results in reduced membrane
mechanical stability and surface area loss in vivo. Weconclude
that partial deficiencies of spectrin, reductions in membrane
mechanical stability, and loss of membrane surface area are
directly related and are major features determining the hetero-
geneous clinical manifestations of hereditary spherocytosis.

Introduction

It has long been recognized that the inheritance pattern and
clinical manifestations of hereditary spherocytosis (HS)' are
heterogeneous (1, 2). The phenotype of spherocytic red blood
cells can be inherited in an autosomal dominant or nondomi-
nant manner, and the clinical course can range from severe
hemolytic anemia to a mild, compensated hemolytic state.
Recent studies have begun to delineate the molecular basis for
this heterogeneity. A moderate decrease in spectrin was noted
in erythrocytes from individuals with the dominantly inherited
form of the disorder, whereas more marked spectrin deficien-
cies were seen in a group of families with nondominantly in-
herited disease (3, 4). Individuals from seven of these eight
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nondominant families were found to be homozygotes for a
variation in the spectrin aII domain tryptic peptides (5). In all
of these spectrin-deficient individuals, the increase in osmotic
fragility and rate of hemolysis appear to relate to the mem-
brane spectrin content (4). Recently, electron microscopic
studies indicate that in spectrin-deficient HS red cells, the
membrane skeleton is disordered in proportion to the degree
of spectrin deficiency (6).

Several other subgroups of HShave now been reported in
which a second skeletal protein defect exists in addition to
spectrin deficiency. Two families with dominantly inherited
HS have been described in which the affected members are
apparently heterozygous for a spectrin variant with abnormal
protein 4.1 binding characteristics (7, 8) resulting from oxida-
tive changes in the 13 subunit of spectrin (9). Spherocytosis with
ankyrin deficiency and 4.2 deficiency have also been identified
(10, 11).

To establish that in HS, deficiencies of membrane spectrin
are directly responsible for generation of spherocytes with re-
duced surface area, it is necessary to document two important
functional relationships: first, that decreased spectrin results in
reduced membrane mechanical stability; and second, that loss
of surface area in vivo reflects reduced membrane mechanical
stability. If such quantitative relationships between surface
area, mechanical stability, and membrane spectrin content can
be documented, it is possible to conclude that spectrin defi-
ciency is a major factor contributing to the pathophysiology
of HS.

To address these questions, the membrane surface area and
mechanical stability were characterized in a group of patients
with HS and quantitative deficiencies of spectrin, determined
by RIA to range from 30 to 80% of the normal spectrin level.
Membrane surface area and membrane mechanical stability
were quantitated using the ektacytometer. In the 18 individ-
uals studied, we found that the membrane mechanical stability
was reduced and that the extent of this reduction correlated
with the decrease in spectrin content. Moreover, the reduction
in mechanical stability was directly related to the extent of
membrane surface area loss in vivo.

Methods

Reagents. Dextran was purchased from Pharmacia Fine Chemicals,
Uppsala, Sweden; polyvinylpyrrolidone from Sigma Chemical Co., St.
Louis, MO; and Stractan II from St. Regis Paper Co., NewYork, NY.

Blood was drawn by venipuncture, anticoagulated with acid citrate
dextrose, packed in ice, and analyzed within 24 h of phlebotomy. In all
cases, a sample was drawn from a normal control simultaneously and
processed identically to the patient samples. All of the patients in-
volved in this study had been splenectomized.

Quantitation ofspectrin and band 3. Erythrocyte spectrin and band
3 contents were determined by RIA as previously described (3). Briefly,
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spectrin in a known number of detergent-solubilized erythrocytes was
used to compete with 25I-labeled spectrin for a limiting number of sites
on immunoadsorbents prepared from antispectrin IgG adsorbed onto
formalin-fixed, protein A-bearing Staphylococci. In all cases, the spec-
trin content of the patient sample is expressed as the percent of the
normal control. An RIA using '251-labeled 43,000-M, cytoplasmic
fragment of band 3 was performed similarly.

The density of spectrin on the membrane was determined as de-
scribed (3) by calculating the ratio of spectrin to the anion transporter
(band 3). Erythrocyte membranes were prepared by lysis of washed
erythrocytes in 7.5 mMNaPO4(pH 7.5). The washed membranes were
dissolved in SDS and electrophoresed through 3.5-17% polyacryl-
amide slab gels using the Fairbanks buffer system ( 1 2). The slabs were
stained with Coomassie Brilliant Blue R250 and destained until the
background was colorless. The bands corresponding to spectrin and
band 3 were excised, the dye was eluted in 25% (vol/vol) pyridine in
water, and the absorbance of the spectrin eluate and the band 3 eluate
were measured at 605 nm(13). The ratio of the absorbances (spectrin/
band 3 ratio) was generally - 1.0 for normals, and the ratios for all
patients were normalized with those obtained for the controls. This
was done by determining spectrin/band 3 ratios from normal mem-
branes prepared at the same time the patient samples were prepared.
The patient and control membranes were then electrophoresed in al-
ternate lanes of the same gels and each patient was normalized to a
normal control.

The spectrin content and spectrin/band 3 values used in this study
are taken from an earlier study (3). The use of this previously obtained
biochemical data is appropriate for this study because spectrin content
by RIA and spectrin/band 3 ratios do not change over time in splenec-
tomized individuals (3).

Membrane mechanical stability and deformability measurements.
Resealed membranes for stability and deformability measurements
were prepared by a procedure adopted from Johnson (14). The eryth-
rocytes were washed three times in 5 mMTris and 140 mMNaCl (pH
7.4), and then lysed in 40 vol of 7 mMNaCl and 5 mMTris (pH 7.4).
The membranes were then pelleted by centrifugation, resuspended in
10 vol of 5 mMTris and 140 mMNaCl (pH 7.4), and incubated 30
min at 37°C for resealing.

For deformability measurements, resealed membranes, prepared as
described above, were suspended in 3 ml Stractan II (290 mosmol, 22
centipoise [cp], pH 7.4) and exposed to an increasing shear stress
(0-125 dyn/cm2) in the ektacytometer. The change in their laser dif-
fraction pattern from circle to ellipse was measured photometrically,
producing a signal, designated deformability index (DI), which quan-
titates cell ellipticity. By an automatic image analysis system, the DI is
recorded as a continuous function of applied shear stress. For resealed
membranes, the shear stress required to obtain a defined value of DI is
determined by the property of membrane deformability without con-
tributions from either internal viscosity or cell geometry (15). There is
a correlation between changes in deformability measured by this tech-
nique and those measured using the micropipette (16, 17). Analysis of
the DI curve generated by the ektacytometer thus provides a measure
of membrane deformability (18).

For mechanical stability measurements, the resealed membranes
were pelleted by centrifugation and 100 M1 of 40% membrane suspen-
sion was mixed with 3 ml dextran (40,000 mol wt, 35 g/100 ml in 10
mMphosphate buffer, pH 7.4, viscosity 95 cp) and subjected contin-
uously to 750 dyn/cm2 in the ektacytometer (19, 20). Under this stress,
the membranes progressively fragment, generating undeformable
spheres. This process is detected as a time-dependent decrease in the
DI. The time required for the DI to fall to 60%of its maximum value is
termed t60 and is taken as a measure of membrane stability. An analysis
of the shear-induced fragments after exposure of resealed membranes
to the shear stress of the mechanical stability assay showed that the
membrane protein composition of the fragments was the same as that
of both unsheared resealed membranes and of residual membranes
after fragmentation (20). The protein/lipid ratios were also very similar
for these three preparations, and the ratios of protein 4.1, spectrin, and

actin to band 3 were within 7%of each other (20). The shear-induced
fragmentation thus results in the disruption of protein-protein inter-
actions in the membrane skeleton, generating spherical vesicles with
the same protein composition as that of the intact membranes from
which they were derived.

Measurement of the mean membrane surface area. The surface
area of red blood cells was measured using osmotic gradient ektacy-
tometry, an assay in which whole cell deformability is measured as a
continuous function of suspending medium osmolality (21). For these
measurements, we prepared gradients from two solutions of 4%polyvi-
nylpyrrolidone and phosphate-buffered NaCl, one adjusted to 50 and
the other to 900 mosmol/kg. The gradients were mixed in the first stage
of a three-stage mixing chamber of a gradient former (Beckman In-
strument Co., Fullerton, CA). Packed red cells (70-80% hematocrit)
were pumped into the second stage of the chamber by an infusion
pump (model No. 906; Harvard Apparatus Co., Inc., The Ealing
Corp., South Natick, MA) and mixed with the gradient to a final
hematocrit of 0.2%. Thorough mixing was ensured by passage of the
cell suspension through the third stage of the mixing chamber. The
suspension was then pumped through a conductivity meter (Wescan
Instruments, Inc., Santa Clara, CA) to continuously monitor its con-
ductivity, and finally into the ektacytometer for measurement of cel-
lular deformability, at a constant shear stress of 170 dyn/cm2. The
osmolality at which the deformability index reaches a minimum in the
hypotonic region of the gradient has been shown to be the same as the
osmolality at which 50% of the cells will hemolyze in a standard os-
motic fragility test (21). This point thus provides a measure of the
average surface area/volume ratio of the population of cells studied.
The cells attain their maximally deformed state at the physiologically
relevant osmolality of 290 mosmol. In the presence of normal mem-
brane deformability, this maximum value of deformability index has
previously been shown to be quantitatively related to the membrane
surface area (21).

Results

Membrane surface area. To evaluate the surface area of spec-
trin-deficient erythrocytes, the cells were examined by osmotic
gradient ektacytometry. In this assay the DI is measured as a
continuous function of the osmolality of the suspending me-
dium. The normal range and three representative curves of
cells with 82, 59, and 31% of the normal spectrin content
(determined by RIA) are shown in Fig. 1. A right shift of the
minimum point in the hypotonic region is seen in the spec-
trin-deficient cells and is consistent with a decrease in cell
surface/volume ratio and increased osmotic fragility observed
in spherocytosis. A decrease in the maximum DI is also
present in the spectrin-deficient cells, implying reduced mem-
brane surface area. It can be seen that the greater the spectrin
deficiency, the greater the loss of surface area. This reduction
in surface area is, in fact, responsible for the decreased surface
area/volume ratio.

Membrane deformability. To ensure that the decrease in
the maximum DI observed in the spectrin-deficient cells was
due to surface area loss and not decreased membrane deform-
ability, we measured the deformability of these membranes
using the ektacytometer. The deformability curves of mem-
branes prepared from the cells with 82, 59, and 31% of the
normal spectrin content are shown in Fig. 2. It can be seen in
the curves for the membranes with 82 and 59% spectrin con-
tent, that after the initial rapid rise in DI, very little further
increase in DI was observed with application of increased
shear stress. If membranes with decreased deformability were
being examined, the DI would increase with increasing applied
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Figure 1. Osmotic gradient ektacytometry of red cells with varying
degrees of spectrin deficiency. The minimum DI observed in the hy-
potonic region is shifted to the right of control (shaded area) in the
spectrin-deficient cells (), with the most severely deficient cells
shifted furthest to the right. This indicates a decrease in cell surface/
volume ratio in the spectrin-deficient samples. The maximally ob-
tainable DI of the spectrin-deficient cells is decreased, implying re-
duced membrane surface area. The more pronounced the spectrin
deficiency, the greater the loss of surface area. Spectrin content of
these cells was determined by RIA.

shear stress, and with a sufficiently large value of applied shear
stress, the membranes would attain a maximum DI compara-
ble to that obtained in normal membranes (22). However, the
inability of these HSmembranes to reach a normal rhaximum
DI value is consistent with loss of surface area, and not with
decreased membrane deformability. Recent micropipette
studies also confirm that these spectrin-deficient HS erythro-
cytes have normal or. increased membrane deformability (de-
creased shear modulus values) (23). Because of extensive loss
of surface area, it is difficult to deduce information regarding
membrane deformability for the severely spectrin-deficient
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Figure 2. Deformability of membranes with varying degrees of spec-
trin deficiency. The DI of the spectrin-deficient membranes ( ),
after an initial rapid rise, plateaus despite continued application of
shear stress. This result indicates normal membrane deformability.

cells with 31% spectrin content. Together, these findings imply
that the decrease in the maximumDI observed during osmotic
gradient ektacytometry was indeed a result of surface area loss.

Relationship between spectrin level and membrane surface
area. Spectrin levels were found to reflect membrane surface
area with strikingly high significance (Fig. 3). This is consistent
with a correlation between the erythrocyte spectrin content
and increased osmotic fragility (4). Osmotic gradient ektacy-
tometry provided us with an opportunity to directly assess
mean surface area of the cells without confounding influences
of cell volume changes. This contrasts with osmotic fragility
measurements, in which it is not possible to separate the indi-
vidual contributions of cell surface area and cell volume to the
observed changes (21). Werelated surface area to membrane
spectrin measured by two different approaches, the measure-
ment of spectrin content determined by spectrin RIA (Fig. 3
A), and the measurement of the relative density of spectrin on
the membrane determined by spectrin/band 3 ratio (Fig. 3 B).
The relationships of surface area with spectrin content and
spectrin density are best fit with curvilinear equations. The
correlation of surface area with spectrin density appears more
linear, reflecting the partial compensation for very low spectrin
content by secondary loss of unsupported membrane. This
increases the relative spectrin density on the membrane, ex-
pressed as the spectrin/band 3 ratio, since the denominator is
also reduced. These results allow us to suggest that spectrin
density is a better reflection of surface area than spectrin con-
tent. The data for the patients with the dominant form of HS
fall on the curves established for the nondominant patients.

To examine whether the spectrin/band 3 ratio is an ade-
quate measure of spectrin density, we studied the correlation
between band 3 and surface area. As shown in Fig. 4, there is a
tight correlation between the absolute amount of band 3, as
measured by RIA, and the surface area, as measured by ekta-
cytometry. From these data, we conclude that band 3 is not
selectively lost from the membrane during in vivo membrane
fragmentation and that spectrin/band 3 ratio is a reasonable
measure of the density of spectrin assembled on the mem-
brane.

Membrane stability and its relationship to spectrin content.
The membrane mechanical stability of the samples was quan-
titated by monitoring the decrease in DI, at constant applied
shear stress, as a function of time (Fig. 5). Since the DI is a
measure of shear-induced membrane ellipticity, it decreases as
a function of time as the membrane fragments into nondefor-
mable spheres. The fragmentation pattern of normal mem-
branes is shown in the top shaded curve. The DI of the spec-
trin-deficient membranes decreased more rapidly with time
when compared with membranes of normal spectrin content.
The extent of this reduction in mechanical stability was also
related to the spectrin content of the membrane.

The relationship between membrane mechanical stability
and spectrin content of erythrocytes from all the patients was
evaluated, and these parameters are related by a linear equa-
tion with striking significance (Fig. 6). Interestingly, the projec-
tion crosses the abscissa (mechanical stability = 0) at spectrin
content of - 25% of normal. Six individuals have been iden-
tified with 30-40% of the normal spectrin content, and all
experienced severe hemolysis requiring regular transfusions
and splenectomy as infants (4); however, no patient has yet
been identified with < 30% of the normal spectrin content,
and deficiencies of this magnitude may be lethal.
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Figure 3. Mean cell surface area and mem-
brane spectrin levels. (A) Spectrin content
measured by RIA. The decrease in cell surface
area is proportional to the membrane spectrin
content in nondominant HShomozygotes (e)
and heterozygotes (o). The data for the domi-
nant HSpatients (-) fall on the curves estab-
lished for the nondominant patients. The
mean surface area (SA) is related to spectrin
content (SC) by the equation SA = 0.96
+ 0.41 In (SC). (r = 0.927.) (B) Mean cell sur-
face area and membrane spectrin density as
measured by spectrin/band 3 ratios. The loss
of cell surface area is directly related to the de-
crease in membrane spectrin density expressed
as a spectrin/band 3 ratio in homozygous (-)
and heterozygous (o) nondominant HS. The
values for dominant HS (A) fall on the curves
established for the nondominant form. The
mean surface area (SA) is related to the spec-
trin density (SD) by the equation SA = 0.95
+ 0.65 ln (SD). (r = 0.954.)

The measurements of membrane stability and spectrin
density best fit a curvilinear equation (Fig. 7), whereas the data
for membrane stability and spectrin content are best fit by a

linear equation (Fig. 6). Membrane stability thus more accu-
rately reflects spectrin content than spectrin density. This is in
contrast to our observations regarding surface area, from
which it appears that spectrin density more accurately reflects
surface area.

Relationship between mechanical stability and membrane
surface area. The relationship between membrane surface area

and mechanical stability in spectrin-deficient spherocytosis is
shown in Fig. 8. As would be expected from the observed
relationships between spectrin content, surface area, and me-

chanical stability, the reduction in mechanical stability was

related to the loss of membrane surface area. This observed
relationship between these two measured parameters implies

that reduced membrane mechanical stability can account for
in vivo fragmentation and consequent loss of surface area.

Relationship between membrane mechanical stability and
spectrin content in other membrane abnormalities. We also
examined whether the same relationship between membrane
stability and spectrin density that exists in spectrin-deficient
HSerythrocytes also applies to erythrocytes with other molec-
ular defects involving spectrin (Fig. 7). To do this, we replotted
data using the previously reported figures for spectrin levels
(24-27). The degree of membrane stability of erythrocytes
from an individual with dominant HS, due to an abnormal
spectrin/protein 4.1 association and a secondary reduction in
membrane spectrin density (spectrin/band 3 ratio = 0.80) (24),
could in large part be accounted for by reduction in spectrin
density. In contrast, membranes from three individuals with
hereditary elliptocytosis (HE) due to an elongated a spec-
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trin mutant, and small secondary reductions in spectrin den-
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branes with comparable spectrin content (25). Similarly,
discordance between stability and spectrin content was ob-
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200 stant shear stress, implying decreased mechanical

stability.

with hereditary pyropoikilocytosis (HPP) and membrane
spectrin density of 0.82 had markedly unstable membranes
compared to HSmembranes with comparable spectrin density
(27). These results indicate that the membrane instability of
HEand HPPmembranes is due to the combined influences of
qualitative and quantitative deficiencies of spectrin, whereas
that of HS membranes is a direct reflection of quantitative
deficiencies in spectrin.

Discussion

The data presented here show that in spectrin-deficient HS, the
membrane mechanical stability is reduced, and that the extent
of this reduction can be correlated with the decrease in mem-
brane spectrin levels. Moreover, our finding that the reduction
in membrane mechanical stability can be related to surface
area loss implies that spectrin-deficiency-induced mechanical
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Aembrane spectrin content and mechanical stability. The stability than spectrin-deficient HSmembranes (o) with similar spec-
* membrane mechanical stability is proportional to the trin content, implying that in these instances, additional molecular

spectrin content as measured by RIA for individuals ho- lesions are responsible for impaired membrane stability. However,
(-) or heterozygous (o) for nondominant HS. The data for HSwith abnormal protein 4. 1-spectrin association (-) resembles
s with dominant HS (A) fall on the curves established for spectrin-deficient HS in its relationship between membrane mechan-
minants. The relationship between spectrin content (SC) ical stability and spectrin content. The membrane mechanical stabil-
inical stability (MS) is related linearly as MS= -0.34 ity (MS) in spectrin-deficient HS is related to the spectrin density
'(r = 0.964). (SD) by the equation MS= 0.01 e4""tD (r = 0.954).
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Figure 8. Mean cell sur-
face area and mechani-
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o membrane surface area
in nondominant HS ho-
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patients. The mechani-
cal stability (MS) is re-
lated to the mean sur-

.. i face area (SA) by the
100 equation MS= 0.01

e46' (r = 0.943).

instability may be responsible for in vivo fragmentation, and
cell surface area loss.

Having the measurements of both spectrin density and
spectrin content enabled us to examine the relationships of
these two parameters with surface area and membrane stabil-
ity. Our results imply that whereas spectrin density more accu-

rately reflects membrane surface area, spectrin content is a

better indicator of alterations in membrane stability. The rela-
tionship between spectrin content and membrane mechanical
properties in HS has also been suggested by recent micropi-

pette studies in which membrane shear modulus was found to
be related to spectrin content (23).

Our ability to directly assess cell surface area was important
to this study. Using osmotic gradient ektacytometry, several
erythrocyte parameters can be examined simultaneously. Not
only does this technique measure surface area/volume ratio
with a sensitivity similar to the standard osmotic fragility
assay, but it also measures membrane surface area. Since the
only other reliable measurement of erythrocyte membrane
surface area is the more lengthy quantitation of total mem-

brane lipids, ektacytometry may prove to be a sensitive and
convenient alternative technique to study cell surface area loss
in spherocytosis.

Spectrin deficiency also occurs in HPP and in HE with
a-spectrin variants. Interestingly, in these instances, the mem-

branes are much more unstable than spectrin-deficient HS
membranes with comparable spectrin density. Note that HE
erythrocytes with unstablC membranes have little loss of sur-

face area, whereas HS erythrocytes with similarly unstable
membranes have dramatic surface area loss. This difference
may arise because of a basic difference in the underlying mo-

lecular lesions. HEand HPPinvolve molecular abnormalities
in the regions of protein-protein associations, whereas HS in-
volves a change in the density of the protein lattice underlying
the lipid bilayer. From our data, it appears that the density of
the spectrin lattice may be more important in maintaining
surface area than intact protein-protein associations.

Wehave previously reported patients with sphprocytic phe-
notype and little or no 4ecrease in membrane mechanical sta-
bility (19). Three of the individuals described had erythrocyte
membranes with reduced mechanical stability similar to that

observed in the dominant HS patients in the current group.
The remaining patients had mechanical stability values in the
lower end of the normal range. Several factors mayaccount for
the normal membrane stability in these patients. The me-
chanical stability assay used in the present study has increased
sensitivity to detect small reductions in mechanical stability
that might previously have been missed. An additional or al-
ternative explanation may be that since extensive clinical and
biochemical data were not collected from the former group of
patients, they may belong to the subgroup of HSwith normal
spectrin content and normal membrane stability (28).

Spectrin deficiency apparently does not play a role in all
individuals with HS. Wehave recently observed three patients
with spherocytosis whose erythrocytes have sustained a surface
area loss similar in degree to that seen in spectrin-deficient HS
(28). However, compared with spectrin-deficient HS, these
membranes contain normal membrane spectrin density and
possess normal membrane stability. These individuals thus
make up a separate subgroup of spherocytosis that occurs with
relatively low frequency, and in whomthe biochemical basis
for the membrane loss is yet to be determined.

Although the biochemical basis for in vivo fragmentation
in spectrin-deficient HS seems clear, the mechanism of the
spectrin deficiency is unknown. Wecan speculate that studies
using the recently isolated a- and fl-spectrin gene probes will
reveal a spectrum of abnormalities similar to those seen in the
thalassemias. These could include defects in synthesis and sta-
bility of spectrip and defects in synthesis and stability of other
membrane proteins essential for the assembly and mainte-
nance of a normal membrane skeleton. In spectrin-deficient
HS, the final amount of spectrin that is assembled on the
membrane is important in determining the mechanical stabil-
ity and thus the ability of the cells to maintain surface area
during their life span.
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