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ABSTRACT The purpose of this investigation was to correlate the viscoelastic properties and lipid fluidity of the red
blood cell membrane to its lipid composition. The viscoelastic properties of human red cells that had been enriched or
depleted in cholesterol were determined by the micropipette technique. The lipid fluidity of the outer and inner leaflets
of the erythrocyte membrane was concurrently assessed by steady state fluorescence depolarization. The elastic
modulus and the viscosity moduli of the erythrocyte membrane showed no significant differences between the
cholesterol-modified and the control cells. Cholesterol enrichment decreased the lipid fluidity of the outer membrane
leaflet alone, and cholesterol depletion increased the fluidity mainly of the inner leaflet.

INTRODUCTION

The ability of red cells to undergo marked deformation is a
necessary condition for their flow through the microcircu-
lation, because the diameter of human red cells is 8 ,um,
while that of the capillaries through which these cells must
pass is on the order of 4-5 ,um. The deformability of red
cells is also an important factor in reducing the bulk
viscosity of blood flowing through large vessels.
The deformability of red cells is determined by three

major factors: the viscoelastic properties of the membrane,
the geometry of the cell, especially the ratio of cell surface
area to cell volume, and the viscosity of the intracellular
medium. Many methods to measure red-cell deformability
have recently emerged (Chien, 1977; Mohandas et al.,
1979). The relative importance of the three determining
factors may vary according to the method used to measure
red-cell deformability.

Previous investigators have studied the deformability of
red blood cells after modification of their cholesterol-
to-phospholipid ratio (C/PL). Using the technique of
filtration through 8.0 ,um Millipore filters at 10 mm Hg
negative pressure, Cooper et al. (1975) found a decrease in
red cell filterability as C/PL increased from 1.28 to 2.00.
Determining the velocity of complete entry of single red
cells into a micropipette with an internal diameter of 3 ,jm,
Suda et al. (1978) also found a decreased deformability as
the C/PL ratio increased from 0.6 to 1.8. Performing
capillary viscometry on suspensions of red blood cells from
cholesterol-fed guinea pigs with the red cell C/PL ranging
from l.1 to 1.6, Rogaush (1978) found no alteration of the
suspension viscosity. Note that the different techniques
used may have different sensitivities to the various factors
involved in the deformability of red blood cells.
To examine possible changes in the intrinsic viscoelastic

properties of the membrane owing to modifications in
cholesterol content, we used the micropipette technique in
the present investigation (Evans and Hochmuth, 1976). In
this method the application of a negative aspiration pres-
sure causes a segment of an intact red cell to enter a
micropipette with an internal diameter of 0.8 to 1.5 ,um.
The use of such small micropipettes allows the determina-
tion of the intrinsic membrane material properties without
a significant contribution by cell geometry. From the time
course of cell entry and the equilibrium length of the
aspirated segment, the elastic modulus and the viscosity of
the membrane were calculated using a mathematical
model described by Chien et al. (1978). On the same red
blood cells' preparation these results were compared with
estimates of the membrane lipid fluidity of cholesterol
enriched and depleted red blood cells. The lipid fluidity of
the whole membrane was monitored by the fluoresence
anisotropy of 1,6-diphenyl-1,3,5-hexatriene (DPH) (Shin-
itzky and Inbar, 1976), and the lipid fluidity of each
hemileaflet of the membrane was assessed by using an
impermeant pyrene fluorophore, the stachyose derivative
of pyrene butyryl hydrazide (SPBH), as described by
Cogan and Schachter (1981).

MATERIALS AND METHODS

Cholesterol, egg lecithin, and bovine serum albumin were obtained from
Sigma Chemical Co. (St. Louis, MO). DPH was obtained from Aldrich
Chemicals Co., Inc. (Milwaukee, WI). SPBH was prepared in our
laboratory as described by Cogan and Schachter (1981).

Preparation of Cholesterol-Modified
Red Blood Cells

Normal human erythrocytes were isolated by centrifugation from the
freshly drawn blood of healthy donors. The buffy coat was discarded, and
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the cells were washed three times with a buffer composed of 5 mM sodium
phosphate, pH. 7.4, 145 mM NaCl, and 5 mM KCI. In four experiments
the cholesterol content of human erythrocyte membranes was altered by
incubation at 370C of intact erythrocytes with sonicated dispersions of
cholesterol and dipalmitoylphosphatidylcholine, as described by Cooper
et al. (1975); molar ratios of cholesterol/dipalmitoylphosphatidylcholine
in the dispersions were either 0 (cholesterol depletion), 1 (control), or 2-3
(cholesterol enrichment). In four other experiments the cholesterol con-
tent was modified by incubating the cells in heat-inactivated plasma
enriched with either cholesterol (enrichment), lecithin (depletion) or no
lipid (control) as described by Shinitzky (1978). In one additional
experiment an isotonic vehicle containing polyvinylpyrrolidone (PVP)
was substituted for the plasma as described by Shinitzky et al. (1979).
Changes in membrane lipids were monitored directly by chemical estima-
tion of cholesterol (Zlatkis et al., 1953) and total phospholipid (Fiske and
Subbarow, 1925) or indirectly by determination of the fluorescence
anisotropy of DPH (Flamm and Schachter, 1982).

Deformability Measurements
Micropipettes with a radius (RP) of 0.4 to 0.8 ,um were used to study the
viscoelastic properties of the erythrocyte membranes. The same micro-
pipette was used throughout a given experiment. The methodology is
described in detail by Chien et al. (1978), who showed that the deforma-
tional entry of the erythrocyte into the micropipette in response to a step
aspiration pressure (AP) exhibits a two-phase behavior. After an initial
rapid phase (phase I) of deformation, there is a continued, slower phase
(phase II) with the final maximum steady state deformation (Dpm)
attained within a 20-s period of observation. The membrane elastic
modulus is calculated from the stress-strain relationship between (AP)Rp
and Dlm/Rp. When the aspiration pressure is removed, the deformed
erythrocyte segment in the micropipette decreases in length with time,
and there is a single phase of relaxation leading to the complete recovery
of cell shape. The membrane viscosity of the various phases is calculated
as the product of the time constant of the response and the membrane
elastic modulus. Chien et al. (1978) observed that the membrane viscosity
of phase I varies inversely with the level of deforming stress, (AP)Rp, or
the degree of deformation, Dpl/Rp. This dependence of phase I viscosity
on shear rate or stress was confirmed in the present study. Therefore, the
phase I viscosity cannot be compared between different cells unless the
stress or strain is specified. To assess the effects of cholesterol enrichment
or depletion on phase I viscosity, we divide the experimental value by the
control value determined at the same Dpm/Rp, and this dimensionless ratio
is termed the viscosity index. This index equals one when the experimental
value equals the control value obtained at the same DpRp. Normaliza-
tion of the experimental data on phase I viscosity by dividing it by the
control data at the same (AP)Rp yields similar results as normalization at
the same DplRp. Phase II viscosity and the viscosity of the relaxation
phase do not vary with different degrees of deformation. All measure-
ments were made at room temperature (21°-24°C).

Scanning Electron Microscopy
Red blood cell specimens were fixed in 2.5% glutaraldehyde in phosphate
buffer. After two phosphate buffer rinses, the specimens were processed
through an ethanol dehydration series from 30 to 100% ethanol. The cells
were resuspended in 100% ethanol and gently dropped on to a glass
coverslip that had been cleaned with ethanol. After air drying, the
coverslip with cells was glued on to aluminium stubs (JEOL USA,
Electron Optics Div., Peabody, MA) with silver conductive paint. The
stubs with samples were coated with gold-palladium in a sputterer
(Hummer I; Technics, Alexandria, VA), and the specimens were viewed
and photographed in a scanning electron microscope (JEOL-25; JEOL
USA, Electron Optics Div.) at 300 tilt and 25 kV.

FIGURE 1 Scanning electron migrographs of (A) control erythrocytes,
(B) cholesterol-enriched erythrocytes, and (C) cholesterol-depleted eryth-
rocytes. Magnification of 3000 (bar = 5 jm).

Lipid Fluidity Measurements
Lipid fluidity' of the whole red cell membrane was assessed by fluores-
cence depolarization measurements using DPH as a probe (Shinitzky and
Inbar, 1976). SPBH was used to assess outer and inner leaflet fluidity as
decribed by Cogan and Schachter (1981). The impermeant probe SPBH
was inserted selectively into the outer hemileaflet by treatment of intact
cells and primarily into the inner hemileaflet by treatment of leaky
erythrocyte membranes due to the greater uptake at the endofacial
surface. Intact human erythrocytes (20% suspension) or leaky erythro-
cyte ghost membrane suspensions (1.25-1.50 mg protein ml-') were
incubated with various concentrations ofSPBH (intact cells, 75-225 MM;
leaky ghosts 5-20 gM) for 30 min at 370C. The cells and ghost

'The term "lipid fluidity" as applied to lipid fluorophores in membrane
bilayers is used to denote the relative motional freedom of the lipid
fluorophore and incorporates the concepts of rate of rotation and extent of
rotation, as previously discussed (Cogan and Schachter, 1981).
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TABLE I

ELASTIC MODULUS OF CHOLESTEROL-MODIFIED RED BLOOD CELLS

Experiment Cholesterol/phospholipid molar ratio Elastic modulus
No. Enriched Control Depleted Enriched Control Depleted

10 3dyn/cm
1 1.23 0.80 0.54 3.82 ± 0.16 3.54 ± 0.13 3.61 ± 0.14
2 1.35 0.87 0.56 3.00 ± 0.05 2.24 ± 0.05 2.94 ± 0.07
3 1.35 0.80 0.48 4.77 ± 0.09 6.45 ± 0.25 6.26 ± 0.13
4 1.20 0.87 0.55 10.50 ± 0.70 8.50 ± 0.70 7.70 ± 0.35
5 1.56 0.76 4.47 ± 0.12 3.85 ± 0.10
6 1.69 0.90 3.13 ± 0.06 3.05 ± 0.10
7 1.25 0.71 4.68 ± 0.16 4.44 ± 0.30
8 1.33 0.84 7.61 ± 0.18 8.25 ± 0.17
9 1.20 0.69 0.42 4.04 ± 0.14 4.00 ± 0.11 3.94 ± 0.10

Cholesterol/phospholipid molar ratios were determined from the DPH anisotropy values. Some of the cell preparations studied in the micropipette tests
described here were the same as those used by Flamm and Schachter (1982), i.e., the values for cholesterol/phospholipid ratio in experiments 4-8. The
data experiments 1-3 and 9 were obtained from additional cell preparations studied. Cholesterol modification was induced by incubation with sonicated
dispersions of lipid in experiments 5-8 (Cooper et al., 1978) by treatment with inactivated plasma in experiments 1-3, 9 (Shinitzky, 1978) and by
treatment with an albumin-containing vehicle (Shinitzky et al., 1979) in experiment 4, as described in Methods. Values of elastic moduli (mean ± SEM)
were the average of -30 measurements.

membranes were washed to remove unincorporated probes; the cells
where then lysed osmotically to obtain the membrane preparations
(Cogan and Schachter, 1981). All membrane suspensions were adjusted
to a protein concentration of 0.15-0.20 mg * ml-' and steady state
fluorescence depolarization was measured in a polarization spectrofluori-
meter (SLM Instruments, Inc., American Instrument Co., Urbana, IL),
with corrections for light scattering as previously described (Cogan and
Schachter, 1981). The results are expressed in terms of the fluorescence
anisotropy parameter, [(ro/r) - 1]-' (where r is the observed fluores-
cence anisotropy and ro the maximal limiting anisotropy of the probe),
which varies inversely with the lipid fluidity, i.e., the motional freedom of
the fluorophore.

RESULTS

Fig. 1 shows the scanning electron micrographs of the red
blood cells after enrichment or depletion of their choles-
terol content. Control cells were discocytes after 23 h of

incubation with a mean diameter of 7.4 ± 0.1 ,um. Choles-
terol-enriched cells after 23 h of incubation displayed the
characteristic flat pancake shape (Cooper et al., 1975)
with an irregular contour due to the folding of the periph-
ery of the cells; the cell diameter (8.4 ± 0.1 .tm) was
significantly greater than that of the control cells (P <
0.005). Cholesterol-depleted cells, after 5 h of incubation,
had a smaller diameter (6.7 ± 0.1 ,um) than control cells (P
< 0.005), some of which were stomatocytes (Chailley et
al., 1981). We determined the surface area of the erythro-
cytes by allowing them to swell in hypotonic medium with
graded reduction in osmolality. Serial microphotographs
were taken under the light microscope and the diameter of
each cell was measured in several directions. The diameter
of the cell when it became spherical (equal diameter in all

TABLE II

VISCOSITY MODULI OF CHOLESTEROL-MODIFIED RED BLOOD CELLS

Experiment Phase I viscosity index Phase II viscosity Viscosity in recovery
No. Enriched Control Depleted Enriched Control Depleted Enriched Control Depleted

10' dyn-s/cm 10' dyn-s/cm
1 0.93 ± 0.13 1 1.10 ± 0.14 16.74 ± 1.05 14.69 ± 1.09 14.03 ± 1.14 0.81 ± 0.13 0.73 ± 0.07 0.84 ± 0.11
2 1.16 ± 0.13 1 1.84 ± 0.15 9.90 ± 0.66 6.58 ± 0.42 9.08 ± 0.67 1.72 ± 0.23 1.96 ± 0.23 2.25 ± 0.25
3 0.58 ± 0.09 1 0.76 ± 0.05 17.52 ± 1.03 19.10 ± 1.24 19.37 ± 1.53 1.22 ± 0.14 2.58 ± 0.21 1.27 ± 0.11
4 1.05 ± 0.13 1 0.63 ± 0.05 74.06 ± 8.51 47.36 ± 5.86 31.87 ± 2.90 -
5 0.96 ± 0.08 1 17.68 ± 1.29 13.70 ± 0.98 1.35 ± 0.26 0.86 ± 0.14
6 0.82 ± 0.15 1 - 14.99 ± 0.95 13.84 ± 1.03 - 0.87 ± 0.16 0.67 ± 0.08
7 1.74 ± 0.37 1 24.90 ± 1.41 21.99 ± 2.60 2.08 ± 0.46 1.57 ± 0.21
8 0.74 ± 0.05 1 32.27 ± 1.86 38.47 ± 1.36 0.47 ± 0.03 0.46 ± 0.02
9 0.87 ± 0.07 1 1.02 ± 0.06 18.14 ± 1.43 13.32 ± 0.83 16.16 ± 1.09 0.41 ± 0.03 0.42 ± 0.05 0.57 + 0.04

Viscosity data correspond to the same experiments as in Table I. Cholesterol/phospholipid molar ratios are the same as in Table I. Values (mean + SEM)
are the average of -30 measurements.
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directions, as confirmed by moving the cell under the
microscope) was used to calculate the surface area. The
surface area was 1 16 ± 3 ,tm2 for the control cells (C/PL =
0.99), 163 ± 3 Atm2 for cholesterol-enriched cells (C/PL =
1.62), and 94 + 2 Am2 for cholesterol-depleted cells
(C/PL = 0.75). These measurements demonstrate a sig-
nificant increase in red blood cell surface area with choles-
terol loading (P < 0.005) and a significant decrease with
cholesterol removal (P < 0.005).
The results of micropipette tests in nine different experi-

ments are presented in Tables I and II. The C/PL molar
ratios of control, enriched and depleted erythrocytes were,
respectively, 0.80 ± 0.07, 1.35 ± 0.17, and 0.51 ± 0.06.
The viscoelastic parameters (mean ± SEM) given for each
type of preparation in each experiment are the average
of -30 measurements. The standard deviations of the
mean values for the nine experiments are similar in
magnitude to the corresponding standard deviations
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(= SEM x IN) obtained within one experiment; this
indicates that cellular heterogeneity within each individual
is nearly as much as the variation of viscoelastic properties
among the mean values of individuals. In Fig. 2, the ratio
of each viscoelastic parameter for a cholesterol-modified
sample to the value of the corresponding control is plotted
against the C/PL molar ratio. The plots show that the
experimental points are distributed around the horizontal
line drawn for the ordinate value of 1.0, which represents
no change in viscoelastic parameters of cholesterol-modi-
fied as compared with control red blood cells. Thus, neither
the elastic modulus nor the viscosity moduli for the two
loading phases and the recovery phase are significantly
altered by a sizable change of the C/PL ratio.

Fluorescence polarization studies were performed in five
of the preceding experiments and the results illustrated in
Figs. 3 and 4. Fig. 3 shows that the DPH anisotropy
parameters for control cells (C/PL = 0.82 ± 0.04),
enriched cells (C/PL = 1.4 ± 0.09), and depleted cells
(C/PL = 0.45 ± 0.03) were, respectively, 2.36 ± 0.45,
3.26 + 0.15, and 1.70 ± 0.16. This increase of the DPH
anisotropy parameter with the C/PL ratio confirms the
earlier observations of Cooper et al. (1975). The SPBH
anisotropy parameters for the same red blood cell samples
(Flamm and Schachter, 1982) are plotted in Fig. 4. The
results demonstrate that cholesterol enrichment increased
the anisotropy parameter of the impermeant SPBH only in
the erythrocyte-loaded (outer leaflet) preparations (P <
0.005); no significant effect of enrichment was detected in
the ghost loaded preparations (mainly inner leaflet). Fig. 4
also shows that cholesterol depletion decreased the SPBH
anisotropy parameter mainly in ghost-loaded preparations
(P < 0.01) with a less consistent decrease in the erythro-
cyte-loaded preparations (P < 0.05).

DISCUSSION

Although the biophysical properties of cell membranes are
generally dependent on their biochemical composition and
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FIGURE 2 Viscoelastic parameters on cholesterol-modified red blood
cells. This graph shows the results of nine experiments, each of which
consists of -30 pairs of cells. C/PL were determined from the DPH
anisotropy. Each viscoelastic modulus was expressed as the ratio of the
value for the cholesterol-modified cells to the value for the control cells.
The thick portion of the horizontal line shows the range ofC/PL values of
control cells. The coefficients of correlation between the viscoelastic
parameters and C/PL were not significantly different from 0 in all cases
(P > 0.05).
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FIGURE 3 DPH fluorescence depolarization studies of cholesterol-
modified red blood cell membranes for five out of the nine experiments on
viscoelasticity. Variation of the anisotropy parameter, A[(ro/r)] -', is
expressed as the ratio of the value for the cholesterol-modified cells to the
value for the control cells. The coefficient of correlation was 0.977.
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FIGURE 4 SPBH fluorescence depolarization studies of the same sam-
ples as in Fig. 3 for cholesterol-depleted (E), cholesterol-enriched (U),
and control (0) red blood cells. ** , P < 0.005 when compared with
control; *, P < 0.01 when compared with control. Adapted from Flamm
and Schachter (1982).

molecular organization, the specific factors determining
the rheological properties of red blood cells are not yet
completely understood. To elucidate the relationship
between membrane structure and cell deformability, we
studied the biophysical properties of the red cell membrane
by varying one of its components, membrane cholesterol. If
the lipid fluidity of the membrane is an important deter-
minant of its deformability, variations in lipid fluidity due
to alterations in membrane cholesterol should lead to
alterations in cell deformability.
The micropipette technique used to assess cell deforma-

bility in our studies tests the intrinsic viscoelastic properties
of the membrane and is insensitive to the cell geometry and
shape. Using this technique, we found that changes in the
membrane cholesterol content did not alter significantly
the measured viscoelastic properties of the red cell mem-
brane. Because in these same preparations the membrane
lipid fluidity did change with altered cholesterol content, it
appears that the lipid fluidity is not a significant deter-
minant of the viscoelasticity of the whole membrane. Our
results can be interpreted to support the conclusions of
prior authors (Evans and Hochmuth, 1976; Chien, 1977;
Lux, 1979; Palek and Liu, 1979) that the protein cytoskele-
tal network is mainly responsible for the rheological behav-
ior of the erythrocyte membrane. In this regard, note that
modifications in membrane cholesterol content can
influence erythrocyte membrane proteins. Borochov et al.
(1979) showed changes in the labeling of endofacial pro-
teins, including spectrin and actin, following cholesterol
modification. Similarly Basu et al. (1980) demonstrated
enhanced binding of anti-Rho(D) antibodies to the exofa-
cial surface of cholesterol-enriched erythrocytes. The pres-
ent study shows that the cholesterol-induced changes in
membrane proteins, notably the alterations in erythrocyte
spectrin and actin, do not significantly affect the viscoelas-
tic properties of the intact membrane.

In several previous investigations (Cooper et al., 1975;

Suda et al., 1978; Shiga et al., 1979) it was reported that
the deformability of red blood cells decreased when the
C/PL ratio increased. The method used in these studies
were the filtration technique (Cooper et al., 1975) and the
total aspiration of single cells into a 3-,um diameter micro-
pipette (Suda et al., 1978; Shiga et al., 1979). In both
techniques the penetration of the entire cell through a pore
or into a micropipette is involved in the deformability
measurement. These measurements are therefore sensitive
to cell geometry (cell volume, cell surface area, and their
ratio) and cell shape, and the results do not necessarily
reflect membrane properties. The increase in membrane
surface area resulting from cholesterol loading should lead
to an increased deformability of the whole cell. The
findings of a decreased whole cell deformability by Cooper
et al. (1975) and Shiga et al. (1979) probably result from
the altered cell shape. The possibility of an apparent
reduction in whole cell deformability due to an increased
cell adhesiveness to the filter pores or the micropipette
should also be considered, since the incorporation of choles-
terol into the membrane has been shown to enhance the
binding of certain substances to the outer membrane
surface (Shinitzky et al., 1979; Basu et al., 1980).
The selective decrease in fluidity of the outer hemileaflet

owing to cholesterol enrichment may signify that the
excess cholesterol enters into the outer leaflet preferential-
ly. Such a mechanism would lead to an expansion of this
leaflet relative to the inner leaflet and result in the
characteristic pancake shape of the cholesterol enriched
red blood cells. This result is in accord with the bilayer
couple theory of Sheetz and Singer (1974) and Sheetz et
al. (1976) that predicts a change in the relative composi-
tion of the two hemileaflets will affect the overall shape of
the cell membrane. The selective expansion of the outer
leaflet relative to the inner is expected to change the
curvature of the membrane. The present study indicates
that the alterations in red cell surface area, curvature, and
lipid fluidity resulting from modifications in membrane
cholesterol content are not associated with a change in
membrane viscoelasticity as tested by micropipette aspira-
tion.
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