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Biophysical correlates of lysophosphatidylcholine-
and ethanol-mediated shape transformation and hemolysis of
human erythrocytes. Membrane viscoelasticity
and NMR measurement

Lang-Ming Chi ', Wen-guey Wu ', Kuo-Li Paul Sung >* and Shu Chien > *

! Institute of Life Sciences, National Tsing Hua University, Hsinchu, Taiwan and ° Institute of Biomedical Sciences,
Academia Sinica, Taipei, Taiwan (China)

(Received 3 January 1990)

Key words: Hemolysis; Erythrocyte shape; Micropipette aspiration; NMR; Ethanol; Lysophosphatidylcholine; Membrane
viscoelasticity

The effects of monopalmitoylphosphatidylcholine (MPPC or lysophosphatidylcholine) and a series of short-chain
primary alcohols (ethanol, 1-butanol and 1-hexanol) on cell shape, hemolysis, viscoelastic properties and membrane lipid
packing of human red blood cells (RBCs) were studied. For MPPC, the effective membrane concentration to induce the
formation of stage 3 echinocytes (8 + 10° molecules per cell) was one order of magnitude lower than that needed to
induce 50% hemolysis (7 - 10’ molecules per cell). In contrast, short-chain alcohols induced both shape changes and
hemolysis within close concentration range (2.5-10% to 3.5+ 10® molecules per cell). Viscoelastic properties of the
RBCs were studied by micropipette aspiration and correlated with shape change. Ethanol-treated RBCs showed a
decrease in membrane elastic modulus and an increase in membrane viscosity in the recovery phase at the early stage of
shape change. MPPC-treated cells showed the same type of viscoelastic changes, but these were not observed until the
formation of stage 2 echinocytes. High-resolution solid-state *C nuclear magnetic resonance technique was applied to
study membrane lipid packing in the ghost membrane by following the chemical shift of hydrocarbon chains. Both
MPPC and ethanol caused the *C-NMR chemical shift to move upfield, indicating that membrane lipids were expanded
due to the intercalation of these exogenous molecules. Using data obtained from model compounds, we convert values
of chemical shift into a lipid packing parameter, i.e., number of gauche bonds for fatty acyl hydrocarbon chains.
Approximately 10® interacting molecules per cell are required to induce a detectable change of lipid packing by both
MPPC and ethanol. The results indicate that homolysis occurs at a smaller surface area for MPPC- than ethanol-treated
RBCs. Our findings suggest that progressive changes in the molecular packing in the membrane lead eventually to
hemolysis, but the mode responsible for shape transformation varies with these amphipaths.
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It is well established that the red blood cell (RBC)
can easily undergo shape transformation in vitro in
response to a variety of chemical agents [1-6]. Treat-
ment of fresh RBCs with lysophosphatidylcholine [2-
4,7,8], anionic (sodium alkyl sulphates) amphiphile [5]
or ethanol [9] can lead to crenation, i.e., the formation
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of echinocytes. These shape changes occur rapidly and
are reversible prior to the formation of spherocytes.
There is evidence that the erythrocyte shape change
corresponds quantitatively to the number of molecules
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incorporated as a result of their preferential intercala-
tion into one hemileaflet of the membrane to expand its
area, thus altering membrane curvature and hence cell
shape [1-4,10]. At sufficiently high concentrations these
exogenous amphipathic molecules cause hemolysis by
creating holes in the RBC membranes [11-13]. The
interactions of amphipathic molecules with RBC mem-
branes are probably different during shape transforma-
tion and hemolysis, although they may both result from
the intercalation of molecules into the cell membrane.
Biophysical properties of cell membrane such as viscoe-
lasticity and lipid packing should reflect changes of its
molecular organization and biochemical composition
[14,15]. Therefore, it would be valuable to examine the
effects of these molecules on the biophysical properties
of RBC membranes at various stages of shape transfor-
mation and hemolysis.

Among the available physical techniques for studying
cell membrane properties, micropipette aspiration and
nuclear magnetic resonance (NMR) could provide use-
ful information on membrane deformability [14-17]
and lipid lateral packing [18-20], respectively. It has
been shown that shape-transformed human RBCs ex-
hibit increased resistance to membrane deformation
[15,16]. The formation of spicules on an RBC results in
regional variations of viscoelastic properties on the
membrane. The present study was designed to elucidate
the mechanisms of morphological and biophysical
changes of RBC membrane in response to different
amphipathic compounds. The results have provided new
insights into the biophysical basis of RBC shape trans-
formation and hemolysis.

Materials and Methods

Monopalmitoylphosphatidylcholine (MPPC, or lyso-
phosphatidylcholine) was purchased from Sigma Chem-
icals, St Louis, MO. Dipalmitoylphosphatidylcholine
(DPPC) was purchased from Avanti Polar Lipids, Inc.,
Birmingham, AL. Ethanol, 1-butanol, 1-hexanol and
other chemicals were purchased from Merck, Rahway,
NI. All of the chemicals are reagent grade.

Red blood cell preparation

Blood was obtained from healthy adult volunteers by
venipuncture and collected into 3.2% sodium citrate,
with a blood: sodium citrate ratio of 9:1 (v/v). RBCs
were separated from plasma and buffy coat by centrif-
ugation at 3000 rpm (IEC, Centra-4B) for 5 min, and
washed three times with 4 volumes of 150 mM NaCl
and once with P, buffer (138 mM NaCl, 5 mM K], 6.1
mM Na,HPO,, 1.4 mM NaH,PO,, 1 mM MgSO,, 5
mM glucose (pH 7.4)) or a BSA-Tris buffer (150 mM
NadCl, 0.25% BSA, 0.1% EDTA (pH 7.4)). After removal
of the supernatant, the packed RBCs were suspended
with the P; or BSA-Tris buffer to the desired hematocrit

and incubated with the appropriate reagent for 2-3 h.
All experiments were performed at room temperature.
The cells stored at 4°C were used within 6 h after
sampled.

Morphology and hemolysis detection

Suspensions of RBCs in buffer, range in hematocrit
from 0.01 to 50%, were incubated with different con-
centrations of MPPC or alcohols in the P, buffer. At
time intervals specified in the figure legends, one drop
(= 30 pl) of the cell suspension was removed for mor-
phological study. At the same time, 1 ml of cell suspen-
sion was pipetted to assay for hemolysis.

To stop the shape change process and to preclude the
‘glass effect’, RBCs were fixed at a hematocrit below
0.5% in 0.5% glutaraldehyde in 150 mM NaCl for 20
min. Cells were moisturized in 40% glycerol and viewed
under 1000 X phase contrast microscope. Cell mor-
phology was graded on a scale of +1 to +5 for
echinocytes and —1 to —4 for stomatocytes based on
the nomenclature of Bessis [23]. The average score of
100 RBC:s in several fields was taken as the morphologi-
cal index (MI). For the assessment of hemolysis, the
RBC suspensions were centrifuged at 4000 rpm (Ep-
pendorf, Centrifuge 5415) for 5 min and the optical
density of the supernatant was determined at 540 nm.
Reference values were obtained from the same amount
of RBCs in distilled water (100% hemolysis) and in
reagent-free buffer (0% hemolysis).

Fixed RBCs by 0.5% glutaraldehyde in 150 mM
NaCl for 1 h at 4°C were also prepared for scanning
electron microscopy (Hitachi, S-2300) by washing four
times with distilled water, freeze-drying 2.5 pl of a 1%
hematocrit suspension on a glassslip, and sputter coat-
ing with gold before viewing.

Control experiments were performed to test the pos-
sible effect of ATP depletion during the experimental
time period on both the morphology and hemolysis of
RBC. In this case, RBCs were incubated at 20% hema-
tocrit with 6 mM iodoacetamide and 10 mM inosine in
the P; buffer for 30 min to effect rapid ATP depletion
[3]. Then the cells were washed three times with the P,
buffer, prior to incubation with MPPC or alcohols.
There is no significant change for both the morphology
and hemolysis of RBC induced when amphipaths were
studied in the presence or absence of ATP.

Estimation of amphipath concentration in the cell mem-
brane

It is reasonable to assume that a certain critical
concentration of amphipath in the membranes is needed
to achieve morphological changes. This membrane con-
centration (C,,) is given as the number of molecules in
the membrane (V) per unit membrane volume (V).



The partition coefficient (K,) of the amphipath be-
tween membrane and buffer is defined as

Ky =Cpn/Co=(Nn/Va)/(No/ V1) 8y

where C,, and N, are the concentration and the number
of molecules of the amphipath in the buffer medium,
respectively, and ¥V, is the volume of the buffer. Re-
arrangement of Eqn. 1 yields

Vb/Vm= [Kp/(Nm/Vm)](Ivt/Vm)— Kp (2)

By plotting V3, /V,, against N,/V,,, one can estimate K,
for the y intercept and then N, /V,, from the inverse of
the slope [24]. Once the partition coefficient is known,
one may use the following equation to calculate the
concentration in the membrane (C,,,).

G VK,
o= T k) @)
where C; is initial amphipathic concentration in aque-
ous solution and V, is the total volume of aqueous
solution: V, =V, + V. The following numerical values
[25-27] were used for the calculations: 52-10713 g
lipid per ghost; 5.7 - 10~ '* g protein per ghost; 10'° cells
per ml packed RBC; 6-10° ghost cells per ml packed
ghost; K (ethanol) = 0.14; K (butanol) = 1.5;
K ,(hexanol) = 13; and K (MPPC)=17.25- 104,

Measurements of viscoelasticity of RBC by micropipette
aspiration

RBCs were washed and resuspended to 0.01% hema-
tocrit in BSA-Tris buffer with 1% human plasma for
preventing the attachment of cells to the glass slide. The
suspension was transferred to a chamber mounted on
an inverted phase-contrast microscope for measurement
of viscoelasticity of single cell by micropipette aspira-
tion. BSA is known to affect the MPPC uptake of RBC
[2], but it is needed for in the micropipette measure-
ment. We have made concentration correction for 0.01%
hematocrit according to the shape change curves with
and without BSA; the correction factor is in the range
of 180 + 30-fold which is comparable to that in a previ-
ous study [2] if the effect of hematocrit is taken into
account. Although possible deviation of the correction
factor might change the presently determined MPPC
membrane concentration, it will not affect our conclu-
sion on the correlation between membrane viscoelastic-
ity and shape change of RBCs. Morphology of RBCs
used for micropipette aspiration was also measured
during experiments and the results correspond well to
the results shown in Fig. 6. All the viscoelasticity data
are reported after normalization with the control results
of the normal (untreated) cells studied on the same day.

Micropipettes with radii (R,) of 0.4 to 0.8 pm were
used to study the viscoelastic properties of the RBC
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membrane before and after amphipath treatment. The
methodology has been described in detail by Chien et
al. [28], who showed that the deformation entry of the
erythrocyte into the micropipette in response to a step
aspiration pressure (A P) exhibits a two-phase behavior.
After an initial rapid phase (phase I) of deformation,
there is a continuous, slower phase (phase II) with the
final maximum steady-state deformation (D, ) attained
within a 20-s period of observation. The membrane
elastic modulus is calculated from the stress-strain rela-
tionship between (AP)/R, and D,,/R,. When the
aspiration pressure is removed, the deformed erythro-
cyte 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 (recovery
phase). The membrane viscosity of the various phases is
calculated as the product of the time constant of the
response and the membrane elastic modulus. There was
no significant change of the membrane viscosity values
of deformation phases I and II for RBCs treated with
MPPC and ethanol. Therefore, only the membrane
viscosity in recovery and the elastic modulus are re-
ported here.

Measurements of lipid packing of RBC membranes by
CP/MAS "C-NMR

Unsealed RBC ghost membranes were prepared by
lyzing the well-washed RBCs with 5 mM sodium phos-
phate, pH 8.0 (5P8) at 4° C and centrifuged at 22000 X g
for 10 min [29]. The pellet was washed with the same
buffer until it was white. The packed white unsealed-
ghosts were condensed by centrifugation at 3-10° x g
at 4°C for 5 to 6 h. The lowest pellet with yellow-col-
ored membranes (condensed unsealed ghost) was col-
lected and weighed. A known amount of either MPPC
or ethanol was then added to the condensed ghost
membrane in the spinner to a total volume of 300 ul
After 1 h incubation and stirring by vortex at room
temperature, the spinner was used for CP/MAS Be.
NMR detection. Ghost membrane concentrations were
estimated by protein content assayed by the Lowry
method. Membrane concentrations of the added amphi-
path (number of either MPPC or ethanol molecules per
ghost) were calculated according to Eqn. 3 by the known
partition coefficient, total volume, and ghost membrane
concentration [30].

The °C spectra of ghost membrane and synthetic
dipalmitoylphosphatidylcholine dispersions were ob-
tained by combination of CP/MAS approach [31,33]
and proton decoupling, which were performed on a
Britker MSL-200 FT NMR spectrometer in conjunction
with an Andrew type magic angle spinning probe. The
spinner was made of ZrO, or Al,0; with an internal
volume of 350 ul and was spun with compressed air at
1.2-1.5 KHz. Adamantane was utilized to match the
‘Hartman-Hahn’ condition, and to determine the 90°
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Fig. 1. Scanning electron micrograph of erythrocytes treated with MPPC or ethanol, yielding discocytes (a) and stage 1 to 5 echinocytes (b to f,
respectively). The bar represents 1 pm.

pulse of '"H and >C. Under these conditions the H,
fields for "H and "’C were 200.13 MHz and 50.33 MHz,
respectively. Contact times were typically 2 ms. The
chemical shift scale was relative to tetramethylsilane
(Me,Si, TMS). Peak assignment was according to Old-
field et al. [33]. Since the resonances arising from BC ot
phosphocholine headgroup do not show any apprecia-
ble shift upon addition of ethanol or MPPC, these
peaks were used as internal references for the de-
termination of relative change of hydrocarbon chain
signals.

To convert ?C-NMR chemical shift of hydrocarbon
chains into a packing parameter of cell membranes, we
calculate N, the average number of gauche bonds of
fatty acyl hydrocarbon chains in the ghost membrane,
as follows:

P, =(354-CS,,)/(354-28.5) 4
N,=P,-16 (%)

where CS,, is the chemical shift (ppm) of methylene of
lipids in the ghost membrane, P,, the partition of
gauche in acyl chains, is equal to the ratio of number of
gauche to carbon numbers of the lipids (16-carbon
chain-length was used in this calculation). Here, we
assume the chemical shifts of all gauche and all trans

methylenes of the membrane lipids to be 28.5 and 35.4
ppm, respectively. These two values were taken from
cyclotetraeicosane crystal model studies [22]. The results
using this method yield N, numbers for DPPC disper-
sions comparable with those obtained by the Raman
scattering method [34].

Results

Morphology and hemolysis studies

Human RBCs incubated with suspensions of MPPC
or ethanol underwent shape change from discocytes to
echinocytes. The stages of erythrocyte echinocytosis are
demonstrated in Fig. 1. Fig. 2 shows the representative
time courses of both the morphological changes and
hemolysis of RBCs induced by MPPC (Fig. 2A) and
ethanol (Fig. 2B). In the cases of MPPC-treated cells,
the morphological index (MI) reached equilibrium
within 5 min and was stable for the next 3 h. The same
type of time course was observed for hemolysis when it
occurred with a sufficiently high concentration of
MPPC. In contrast, the ethanol-treated RBCs showed
progressive increases in MI and hemolysis with time.
The same time-dependent changes were observed for
other short-chain alcohols such as butanol and hexanol.
Fig. 3 summarizes the results of the concentration-de-
pendence of the morphological change and hemolysis of
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Fig. 2. Time courses of changes in morphology and hemolysis of red blood cells. RBCs at 2% hematocrit were incubated with (A) 3.8 uM of MPPC
and (B) 3.4 M of ethanol. Morphological index (®, ©) and hemolysis (a, A) were determined as described in Materials and Methods.
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Fig. 3. Concentration dependence of changes in morphology and hemolysis of RBCs induced by short-chain alcohols and MPPC. RBCs at 2%
hematocrit were incubated with different concentrations of ethanol (@, ©), 1-butanol (W, O), 1-hexanol (a, o) and MPPC (@, O) for 60 min, and
then assessed for morphologic index (filled symbols) and % hemolysis (open symbols).

RBCs after 1-h incubation with various concentrations
of MPPC and short-chain alcohols. Three points can be
observed. First, the bulk concentrations needed to in-
duce either morphological changes or hemolysis were
several orders of magnitude higher for the alcohols than
for MPPC. This difference can be attributed mainly to
the differences in their partition coefficients and hence
the membrane concentrations. When the data are plotted
in terms of membrane concentrations, the various
amphipaths give much closer results, as shown in Fig. 4.
Second, the MPPC concentration needed to induce
shape change and to cause hemolysis differ by ap-
proximately one order of magnitude, whereas these con-
centrations were close together for short-chain alcohols.
The agreement between the morphology and hemolysis
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Fig. 4. Changes in morphology and hemolysis of RBCs as functions of
membrane concentrations of MPPC and alcohols. Filled symbols are
MPPC data for hematocrits at 0.01 (@), 0.2 (a), 2 (®) and 50% (®).
Open symbols are data for ethanol (0), 1-butanol (O) and 1-hexanol
(a). Membrane concentrations were determined according to Eqn. 3.

curves for short-chain alcohols was even better for
studies performed at 2 or 3 h (data not shown). Third,
the shorter the hydrocarbon chain of the exogenous
molecule, the higher was the concentration needed to
induce the same degree of shape change or hemolysis.
This difference can again be attributed to the partition
behavior of these molecules. Further evidence of the
above argument is supported by the studies of morpho-
logical index and hemolysis of RBC as a function of
hematocrit as well as MPPC concentration (data not
shown). Using the methods described under Experimen-
tal Procedure and the previously obtained partition
coefficient, i.e., 7.25 - 10* for MPPC and 0.14, 1.5, and
13 for ethanol, butanol and hexanol, respectively, one
can calculate the amphipath concentrations needed for
RBC to induce morphological and hemolytic changes
(Fig. 4). To induce the same stage of morphological
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Fig. 5. Viscoelastic properties on MPPC- and éthanol-trated RBCs
measured by micropipette aspiration. RBCs at 0.01% hematocrit were
suspended in BSA-Tris buffer. The viscosity values (®, O) and elastic
moduli (a, A) are expressed as the ratio of the value for MPPC- or
ethanol-treated cells to the value for the control cells. Each data point
consists of approx. 20 pairs of cells. Concentrations of MPPC in RBC
have been calibrated according to the shape change curve in the
presence and absence of BSA.
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Fig. 7. 50.3 MHz CP/MAS ">C-NMR spectra for (A) DPPC multi-

lamellar dispersion at 43°C, (B) DPPC multilamellar dispersion at

25°C, (C) ethanol-treated ghosts at 25°C, (D) normal ghosts at

25°C. Chemical shift was related to tetramethylsilane. The arrows

mark the peaks of methylene resonance for model and biological
membranes.

change of RBC, e.g., for stage 3 echinocytes, the con-
centrations needed are 8-10° and 2.5-10%° mole-
cules/RBC for MPPC and short-chain alcohols, respec-
tively (= 30-fold difference). To induce 50% hemolysis,
7-10" and 3.5 - 10® molecules of MPPC and short-chain
alcohols are needed, respectively (= 5-fold difference).

Micropipette studies

The normal RBC membrane has three major struct-
ural components: the lipid bilayer, integral membrane
proteins and cytoskeletal proteins [14,35]. By using the
micropipette aspiration technique, viscoelasticity of in-
dividual RBC can be studied in detail. RBCs suspended
in media without ethanol or MPPC treatment were
determined as control, and the results on the treated
cells were normalized by using the control experiments

Fig. 6. (A) Membrane viscoelastic moduli versus morphological index

(MI) of RBCs treated with DPPC (closed symbols) and ethanol (open

symbols). Values of viscosity index (circle) and elastic modulus (trian-

gle) were taken from Fig. 5. Shapes of erythrocytes treated with (B)

MPPC or (C) ethanol were viewed by scanning electron microscope

for samples of RBCs exhibiting significant changes in viscoelastic
properties. The bar represents 5 pm.



conducted on the same day. Typical values (mean +
S.D.) of membrane elastic modulus and viscosity in the
recovery phase were determined to be 2.6(+0.5)-107°
dyn-cm™! and 1.0(+£0.1)-10"* dyn-s-cm™!, respec-
tively. As shown in Fig. 5, the elastic modulus decreased
and viscosity of recovery phase increased with increas-
ing concentrations of ethanol and MPPC. Values of
phase I and phase II viscosity during deformation did
not show any significant change (data not shown). In
Fig. 6A, RBC membrane viscosity during recovery and
elastic modulus are plotted as a function of cell mor-
phology studied at the same concentrations of ethanol
or MPPC. MPPC-treated cells exhibited significant
changes in viscoelasticity only after stage 2 echinocyte
formation (Fig. 6B). In contrast, ethanol-treated cells
showed significant changes in viscoelasticity even with a
minimal change in RBC shape (Fig. 6C).

NMR studies
Fig. 7 shows the representative "C-NMR spectra of
(A) DPPC multilamellar dispersions at 43° C, (B) DPPC
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Fig. 8. (A) The average number of gauche bonds for fatty acid
hydrocarbon chains on MPPC- and ethanol-treated ghost membranes.
The number of gauche bonds was calculated from chemical shift
changes of fatty acid hydrocarbons on MPPC- (@) or ethanol-treated
(0) condensed ghost membrane by using Eqns. 4 and 5. (B) Relation-
ship between the number of gauche bonds for fatty acyl chain of
membrane lipids and the degree of hemolysis for MPPC- (®) and
ethanol-treated (O) RBCs.
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multilamellar dispersions at 25°C, (C) ethanol-treated
ghost membranes and (D) normal ghost membranes.
Since DPPC dispersions are known to show lipid phase
transition at 41°C, changes of chemical shift for the
main hydrocarbon chain from 25°C to 43°C are attri-
butable to changes of the population of trans-gauche
isomerization. One can thus infer the changes of gauche
population by amphipathic agents from the changes in
chemical shift of hydrocarbon chain from ghost mem-
brane lipids. By using the method described in Eqn. 4,
one can calculate the number of gauche (N,) as a
function of either ethanol or MPPC concentration in
the ghost membrane (Fig. 8A). Since RBC underwent
hemolysis at these concentrations, we correlated the
degree of hemolysis with the number of gauche bonds
for membrane lipids (Fig. 8B). It can be seen that N,
for ethanol is greater than N, for MPPC at given levels
of hemolysis.

Discussion

In the present study, the effects of MPPC and three
short-chain alcohols on RBC morphology and hemoly-
sis were investigated, and the influences of MPPC and
ethanol on membrane viscoelastic properties of single
RBCs and lipid lateral packing density of RBC ghost
membranes were studied. Quantitative comparisons be-
tween these amphipathic agents showed that the bulk
concentrations required to induce changes in these mor-
phological and biophysical parameters are several orders
of magnitude lower for MPPC than for the short-chain
alcohols and that the bulk concentrations required
varied inversely with the molecular size of the alcohols.
The differences among the three alcohols are almost
entirely attributable to the variations in their partition
coefficients, as the use of RBC membrane concentra-
tions instead of bulk concentrations caused the results
to come into close agreement. The difference between
MPPC and the alcohols in causing shape change and
hemolysis is also in large part attributable to the dis-
crepancy in partition coefficient. The use of membrane
concentration instead of bulk concentration markedly
reduced the 4 to 6 orders of magnitude difference, but
there is still a residual difference of 1 to 2 orders of
magnitude. This indicates that MPPC and alcohols are
different in their interactions with the RBC membrane
in causing morphological changes and hemolysis.
Another difference between MPPC and the alcohols is
that MPPC induces morphologic changes at a much
lower concentration than that needed to cause hemoly-
sis. While morphologic changes also precede hemolysis
for short-chain alcohols (Fig. 3), the discrepancies are
much less than that observed for MPPC. It is known
that lysophosphatidylcholine remains in the outer
hemileaflet of intact RBCs, whereas ethanol can freely
penetrate through the cell membrane [2,4,27]. Thus the
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dramatic effect of short-chain alcohols on RBC shape
can not be explained simply in terms of the asymmetric
distribution of amphipaths between two hemileaflets of
the bilayer [1].

Micropipette aspiration experiments indicate that
MPPC and ethanol causes a decrease in membrane
elastic modulus (Fig. 5), which is different from the
effects of other echinocytic agents, e.g., sodium salicy-
late [35] which cause an increase, and benzylalcohol [16]
which cause no change in elastic modulus. On the other
hand, there are no significant differences in membrane
mechanical properties between fresh biconcave and
ATP-depleted crenated RBC [44,45]. Therefore,
echinocytic shape cannot be simply correlated with
membrane viscoelasticity. It is interesting that, concur-
rent with the decrease in elastic modulus, membrane
viscosity during recovery increases in response to the
amphipathic agents used in the present study. In gen-
eral, membrane elastic modulus and viscosity tend to
change in the same direction [41,42]. In hereditary
spherocytosis, however, the RBCs do show a decrease in
membrane elastic modulus with an increase in mem-
brane viscosity [43]. Since these rheological changes in
hereditary spherocytosis can be correlated with a de-
crease in membrane spectrin content [43], it is possible
that the rheological effects of MPPC and ethanol may
also be mediated by a change in cytoskeletal proteins
through lipid—-protein interactions. At the very high
alcohol concentrations in the medium, mechanical
changes of RBC have also been demonstrated as a
result of changes in cytoskeletal protein structure [46].

It has been shown that the alterations of membrane
deformability in shape-transformed RBCs can return to
normal when either the echinocyte or stomatocyte re-
covers to become a biconcave discocyte [35]. Therefore,
RBC morphology per se has an important relation to
the membrane mechanical properties. This led us to
cross plot the RBC membrane viscoelastic properties
against the morphological index (Fig. 6A). Our results
show that the rheology of ethanol-treated RBCs is
greatly altered when they began to show shape change.
The rheology of MPPC-treated RBCs, however, remains
normal until significant formation of spicules (such as
stage 2 echinocyte). This observation is consistent with
our results that the echinocytic state of RBC induced by
MPPC could remain stable without hemolysis (Fig. 3).
Therefore, the shape transformation of ethanol-treated
RBCs is closely associated with alternations in mem-
brane viscoelastic properties, and this may play a role in
the causing hemolysis.

Membrane fluidity has previously been studied ex-
tensively by electron spin resonance {36,37] and fluores-
cence techniques [38,39]. These techniques report the
dynamics of the incorporated probe as an indicator of
membrane properties and are sensitive to the local
microenvironmental change around the exogenous probe

molecules. Alterations in membrane fluidity can be
detected by fluorescence depolarization without mea-
surable changes in membrane viscoelasticity [{16]. The
NMR method used in the present study to determine
the dynamics and packing of membrane, i.e., cross
polarization/ magic angle spinning (CP/MAS) “C-
NMR, is different in several respects from other meth-
ods of fluidity measurements such as fluorescence an-
isotropy detection [16]. First, naturally abundant Be-
NMR chemical shift is used as an indicator of the
packing of fatty acyl hydrocarbon chain, and hence no
external probe is needed [21]. Second, the chemical
shifts of the hydrocarbon chain signals from all mem-
brane lipids are followed, and hence >’C-NMR provides
information on the average property of the cell mem-
brane, rather than the microenvironment around the
probe. Hence, our present "C-NMR approach is less
sensitive than the probe techniques and it may have a
closer relationship to the macroscopic properties of the
RBC membrane measured by micropipette aspiration.
Third, >C-NMR chemical shift is a sensitive parameter
for hydrocarbon chain conformation and packing den-
sity [22]. From our model membrane studies, the melt-
ing of DPPC dispersions will move the chemical shift of
Bc signals of hydrocarbon chains upfield by approx. 2
ppm (Fig. 7). It is known that the average surface areas
of DPPC molecules in gel and liquid states are approx.
50 A2 and 60 A?, respectively [40]. Therefore 1 ppm
chemical shift change is associated with 10% surface
area expansion as estimated from model membrane
studies. Since our detectable changes for ghost mem-
brane treated with either ethanol or MPPC were up to 1
ppm, it suggests that our ’C-NMR results reflect
changes of lipid lateral packing. To interpret chemical
shift as a useful physical parameters in membrane stud-
ies, we convert its value into number of gauche bonds,
N,. In general, the higher the N, value, the lesser is the
lipid lateral packing density, or the greater is the surface
area expansion. According to previous Raman scatter-
ing and solid-state "H-NMR studies, the N, value for
gel and liquid states are different by approx. 7 units
[34]. Our data on the differences of N, between MPPC
and ethanol induced hemolysis (see Fig. 8B) would
correspond to about 15% of the total lipid lateral expan-
sion observed during lipid phase transition. Therefore,
in the concentration range studied, the surface areas of
RBC membrane during MPPC- and ethanol-mediated
hemolysis differ by approx. 1%. Although it is not clear
whether 1% difference of the surface area expansion in
these two systems could account for the detected dif-
ferences in our results of morphological change and
hemolysis of RBC, it certainly suggests that progressive
changes in the lipid lateral packing are related to he-
molysis.

The effects of MPPC and ethanol on the four types
of measurements made in this study, via morphological



index, membrane viscoelasticity, number of gauche
bonds, and hemolysis, can be summarized as follows.
All these curves show a sigmoid relation with the mem-
brane concentration of the amphipathic agents. For
both agents, as the membrane concentration is raised,
the increase in membrane viscosity precedes the change
in the number of gauche bonds (a function of mem-
brane surface area), and hemolysis correlates well with
changes in lipid lateral packing. These results indicate
that progressive changes in the molecular packing in the
membrane, as detected by the two biophysical tech-
niques, lead eventually to hemolysis. The parameter that
behaves particularly differently in response to the two
agents is the morphological index. While RBC morpho-
logical changes are very prominent at an MPPC con-
centration which causes only minimal membrane bio-
physical alterations, they are absent in ethanol-treated
RBCs until the membrane concentration is raised to a
level when membrane biophysical alterations have ap-
proached their maxima. These results indicate that the
relationship between cell morphology and membrane
biophysics is complex and it varies with the types of
amphipaths, probably due to the different modes of
amphipath interaction with the membrane.

In conclusion, MPPC and ethanol have been shown
to be able to induce mrophological, hemolytic and
biophysical changes of RBCs at certain critical mem-
brane concentrations. MPPC elicits these changes at
lower membrane concentrations than ethanol. While the
shape change induced by ethanol is closely followed by
membrane biophysical changes and hemolysis, the shape
change induced by MPPC needs to be quite extensive
before alterations in biophysical properties and hemoly-
sis set in. These results provide insights into RBC
membrane dynamics and serve to elucidate some of the
interrelationship between RBC morphology and cell
membrane properties.
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