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ABSTRACT The association between the lipid bilayer and the membrane skeleton is important to cell function. In red blood
cells, defects in this association can lead to various forms of hemolytic anemia. Although proteins involved in this association
have been well characterized biochemically, the physical strength of this association is only beginning to be studied.
Formation of a small cylindrical strand of membrane material (tether) from the membrane involves separation of the lipid
bilayer from the membrane skeleton. By measuring the force required to form a tether, and knowing the contribution to the
force due to the deformation of a lipid bilayer, it is possible to calculate the additional contribution to the work of tether
formation due to the separation of membrane skeleton from the lipid bilayer. In the present study, we measured the tethering
force during tether formation using a microcantilever (a thin, flexible glass fiber) as a force transducer. Numerical calculations
of the red cell contour were performed to examine how the shape of the contour affects the calculation of tether radius, and
subsequently separation work per unit area Wsk and bending stiffness kc. At high aspiration pressure and small external force,
the red cell contour can be accurately modeled as a sphere, but at low aspiration pressure and large external force, the
contour deviates from a sphere and may affect the calculation. Based on an energy balance and numerical calculations of the
cell contour, values of the membrane bending stiffness kc = 2.0 x 10-19 Nm and the separation work per unit area Wsk =

0.06 mJ/m2 were obtained.

INTRODUCTION

The fluid character of the membrane bilayer is well known.
Although it is clear that this fluid character necessitates
associations with an elastic cytoskeleton to ensure control
over bilayer membrane shape and stability, the precise na-
ture of the associations between bilayer and skeleton re-
mains obscure for most cells. Even in cells for which
molecular associations between integral proteins and under-
lying elastic elements are well known (e.g., red blood cells),
the precise mechanism by which these interactions stabilize
the surface against fragmentation and loss of bilayer are not
well understood. Although it is true to some extent for all
cells, it is particularly true for red blood cells that the
strength of the association between the bilayer and the
underlying membrane-associated cytoskeleton is fundamen-
tally important for cell function. The fixed area of the red
cell bilayer places strict limits on red cell deformability.
Loss of bilayer area reduces cellular deformability and, if
enough area is lost, leads to the destruction of the cell and
its removal from circulation (Waugh et al., 1992a).
The red cell membrane is a good system for studying

bilayer skeletal associations, not only because of its physi-
ological relevance, but also because of the wealth of struc-
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tural and biochemical information we have about the red
cell. The membrane bilayer and underlying membrane skel-
eton are coupled by specific molecular interactions. One of
the major interactions takes place through associations be-
tween the integral membrane protein band 3 and the mem-
brane skeletal protein spectrin mediated by ankyrin (Bennett
and Stenbuck, 1979). A second set of interactions exists
between another integral membrane protein glycophorin C
and the junctional complex of the membrane skeleton
formed by various skeletal proteins: spectrin, actin, protein
4.1, and adducin (Pinder et al., 1993). Defects or deficien-
cies of proteins involved in these associations can lead to
various forms of hemolytic anemia (Palek and Lambert,
1990). For example, defects in ankyrin and associated de-
ficiencies in the concentration of spectrin on the membrane
have been shown to result in hereditary spherocytosis (HS)
(Palek and Lambert, 1990; Waugh and Agre, 1988).
A micromechanical approach to the study of the physical

characteristics of the bilayer-skeletal association involves
the formation of a small strand of membrane material
(tether) from red blood cell membrane. Various evidence
suggests that formation of a tether involves the separation of
the lipid bilayer from the membrane skeleton (Waugh and
Bauserman, 1995). First, tethers can be formed from pure
lipid bilayers. No membrane skeleton is required during this
process. Second, when tethers formed from red cells were
fixed with glutaraldehyde and labeled with both fluorescent
lipid labels (DiI) and fluorescent membrane protein labels
(eosin maleimide, a band 3 label), only the lipid labels were
detectable on the tether. Third, tethers are soluble in the
detergent Triton X-100, whereas the membrane skeleton is
not. Thus, by measuring the force required to form a tether,
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it is possible to calculate the energy required to dissociate
the lipid bilayer from the membrane skeleton.

In the present study, a microcantilever (a thin flexible
glass fiber) was used as a force transducer to measure the
tethering force as a function of the tether length and the
velocity of tether formation. This method provides a direct
measurement of the mechanical work of tether formation. In
general, this work includes both conservative (elastic, re-
versible) and dissipative (frictional) contributions. A revers-
ible component of the work was observed. This work is
attributable in part to the energy required to bend the mem-
brane bilayer and, in red cells, the additional work of
separation due to the presence of the membrane skeleton
and integral proteins. An analysis of the equilibrium state
enabled us to calculate the bending modulus of the mem-
brane bilayer and to estimate the additional contribution
attributable to the presence of the membrane skeleton and
integral membrane proteins.

MATERIALS AND METHODS

General procedure

To form tethers from red cells, the cells were suspended with latex beads
coated with antibodies raised in rabbits against human red blood cells. The
beads and cells were placed in a small cuvette on the stage of an inverted
microscope. The beads adhered to the cells, and a cell-bead pair was

selected for measurement. The cell was aspirated into a micropipette, and
the cell-bead pair was manipulated so that the bead became caught in a

V-shaped crotch at the tip of a calibrated glass microcantilever. The cell
was withdrawn at a controlled rate until a tether formed between the cell
body and the adherent bead. The microcantilever was deflected and the
force on the tether could be determined from the deflection (Fig. 1). The
procedure was recorded on videotape for subsequent analysis. The cell
diameter, the length of the projection in the pipette, the tether length, the
fiber deflection, and the aspiration pressure used to hold the cell in the
pipette were recorded as functions of time. Two types of protocols were

used. In dynamic tests, tethers were formed at different constant velocities,
and the force (based on the cantilever deflection) was observed as a

function of tether length and time. Alternatively, tethers of different lengths
were formed, and the relaxation of the force was measured as a function of
time at fixed tether length.

Preparation of red blood cells

Red blood cells were collected from healthy donors by venipuncture into

heparin tubes or by finger prick. Red blood cells were then suspended at

low concentration in hypotonic phosphate-buffered saline (PBS) (86.8 mM

FIGURE 1 Schematic of the ex-
periment. A tether was formed be-
tween a latex bead trapped in the
crotch of a glass fiber (left) and a red
cell aspirated into a pipette (right).
Parameters shown in this figure in-
clude pipette radius Rp, aspiration
pressure AP, projection inside the pi-
pette LP, cell radius Rc, tether radius
Rt, tether length Lt, tethering force f,
and the deflection (S) of the fiber
from its initial position.
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NaCl, 13.6 mM Na2HPO4, 3.4 mM KH2PO4, pH 7.3, 160 mOsm/kg)
containing 5% autologous plasma.

Preparation of latex bead

Latex amino-beads (Polysciences, Warrington, PA) (0.2 ml) were washed
three times with 0.25 M P04 (NaH2PO4 and Na2HPO4 mixed in portion to
produce pH 7.5) at pH 7.5. Then an equal volume of glutaraldehyde was
added and mixed overnight at 370C, pH 7.2-7.6. On the second day, the
beads were washed extensively (six times or more) with 0.25 M P04 and
then placed in buffer containing rabbit-anti-human red cell IgG (2 mg/ml,
diluted from 20 mg/ml with 0.5 M P04) (Cappel, Organon Teknika
Corporation, Durham, NC). Beads and antibodies were mixed overnight at
room temperature. Beads were then washed two times in 0.25 M P04, one
time in 1 M NaCl, and one time in 0.05 M P04, then suspended in a lOX
volume of 100 mM ethanolamine (pH 7.5) and kept at room temperature
for 4 h to inactivate unreacted aldehyde groups. The beads were then
washed two times in PBS and stored in PBS at 4°C. Beads kept in storage
remained active for up to 3 months.

Preparation of chambers

Chambers consisted of a plastic spacer (- 1 mm in thickness) held between
two coverslips with silicon grease (Dow Corning, Midland, MI). The
chamber had two openings perpendicular to each other for simultaneous
access of the pipette and the microcantilever.

Preparation of micropipettes
Micropipettes were pulled from glass capillaries (Friedrich and Dimmock,
Millville, NJ) using a pipette puller (Kopf, Tujunga, CA). Pipette tips were
then fractured to the desired size and geometry by a microforge. Before the
experiment, the interior of the pipette was filled with PBS of the same
concentration as that used in cell suspension. Two different sizes of
pipettes were used during the experiment. A large pipette (4-,um inside
diameter) was used for microcantilever calibration. A smaller pipette
(2-3-,um inside diameter) was used during tether formation.

Fabrication of microcantilevers

A small glass fiber (1 ,um in diameter or less) was pulled from glass
capillaries using the pipette puller. A second small piece of curved fiber
was first cemented to the tip of the first fiber with methacrylate cement.
Then the two pieces of fiber were fused together using a microforge, thus
forming a microcantilever with a V-shaped tip.

Microscope system

Cells were viewed on a Nikon inverted microscope with monochromatic
illumination at 436 nm. The image from the objective was split into two
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images using a beam splitter. One image was further magnified to provide
a clear image of the cell projection inside the pipette. The region of the
magnified image could be translated across the optical field to follow the
red blood cell as it traversed the field of view of the microscope. The other
lower magnification image was used to observe the tether length and the
deflection of the microcantilever. These two images were combined elec-
tronically along with digital readings for time and aspiration pressure to
produce a single image (Fig. 2). The composite image was recorded on
videotape (super VHS) for further analysis.

where Rt is the tether radius, Rp is the pipette radius, RC is the cell radius,
and dLp/dLt is the change in projection length with increasing tether length
during tether formation. During force relaxation, the tether radius increases
at constant tether length. This is reflected in a measurable decrease in the
projection length Lp with time. Based on conservation of area and volume,
and assuming the portion of the red cell outside of the pipette is spherical,
the change in tether radius at constant tether length can be estimated by

AR,-LP ( RP)(-ALP) (3)

Microcantilever calibration

Microcantilevers were calibrated by using a large pipette (4-,um inside
diameter). During the calibration, a red cell-bead pair was identified and
slid into the V-shaped tip of the microcantilever. The red cell was then
aspirated into the calibration pipette. The size of the pipette was large
enough that the entire red cell could be aspirated into the pipette like a
piston inside a cylinder. The force on the microcantilever was taken as the
product of the aspiration pressure in the pipette AP times the cross-
sectional area of the pipette:

f = AP .Rp (1)

where Rp is the pipette radius. The beam constant of the microcantilever
was obtained by plotting the forces for a series of aspiration pressures
against the corresponding deflections of the microcantilever. To avoid
adhesion between the red cell and pipette wall, autologous plasma (5% v/v)
was added to the solution.

Analysis and interpretation of data

Calculation of tether radius

Tethers are too small to be resolved under an optical microscope. Therefore
the tether radius was calculated from other measurable quantities. Based on
conservation of area and volume, and assuming that the tether radius is
constant and the portion of the cell outside the pipette is spherical, it can
be shown that the tether radius is (Hochmuth and Evans, 1982)

Rt-Rp dLp)(I_ Rp) (2)

FIGURE 2 Still image obtained from an experiment. A cell aspirated
into a micropipette is visible at low magnification (upper left) and centered
in the high-magnification inset. Also visible is the latex bead caught in the
tip of a glass microcantilever (left). A tether (invisible in this picture
because of its small size) is formed between the red cell and the latex bead.
The fiber is deflected from its initial position, which is indicated by the
vertical white bar.

Simulation of red blood cell contour

Under certain conditions (low aspiration pressure and large external force),
the red cell contour may deviate from a sphere. To estimate how this might
affect the accuracy of calculations based on Eqs. 2 and 3, numerical
calculations of the membrane contour were performed. The calculations
were based on membrane equations of equilibrium and on approximate
constitutive models of the membrane elastic behavior (see Appendix for
details). For a given tether length and tether radius, the cell projection
length Lp was obtained, which satisfied the equations of equilibrium and
constraints of fixed cell area and cell volume.

THEORETICAL FRAMEWORK

We assume that the free energy of the system is the sum of
the contributions from external forces (the pressure and the
tether force) plus elastic energy stored by the tethered cell.
This elastic energy is assumed to be the sum of local and
nonlocal contributions to the bending energy of the mem-
brane bilayer plus an energy per unit area of association
between the membrane bilayer and the underlying mem-
brane skeleton (Wsk). This energy Wsk is assumed to be
independent of the tether length and the tether radius. In this
case, the energy of the system can be written in differential
form as (Bozic et al., 1992)

dF = Tkcd + y(Lt - Lt)dLt (4)

-_nTR2APdLp- fdLt + Wskd(2wRtLt)
where the terms on the right-hand side of Eq. 4 from left to
right represent the local bending energy, the nonlocal bend-
ing energy, the work done by the aspiration pressure, the
work done by the microcantilever, and the additional work
required to separate the lipid bilayer from the membrane
skeleton, respectively. An energy minimization approach,
subject to constraints of conservation of area and volume,
was used to obtain two equations to be used for calculating
kc and Wsk:

fR y(Lt - Lt)Rt R APR'
2c- 2ir 2(Rc- Rp)

f y(L,- L*t) RpAP(3Rt- 2RJ)WA = _,Rt 4 4
sk4 R 4 7TRt 4(RC -Rp)

(5)

(6)

Equations 5 and 6 can be further simplified. In Eq. 5,
because the tether radius is small, the third term on the
right-hand side of the equation can be neglected. The second
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term on the right-hand side of Eq. 5 arises from the nonlocal
bending stiffness of the membrane and is expected to in-
crease in proportion to the tether length. The constant of
proportionality gives the value of y. In the case that yLt <<
f, the second terms in Eqs. 5 and 6 can also be neglected. In
this case, Eqs. 5 and 6 can be written as

fR,

Wsk
f RpRcAP

sk 47rRt 2(Rc- Rp)

(7)

(8)

The bending stiffness of the membrane kc and separation
work per unit area WSk were calculated from Eqs. 5 and 6 or
(when yLt << f) Eqs. 7 and 8, using measured values of the
tethering forcef, the pipette radius Rp, the cell radius Rc, the
aspiration pressure AP, and the value of the tether radius Rt
obtained via Eqs. 2 and 3.

RESULTS

Cell contour and the accuracy of the tether
radius calculations

Numerical calculations of the cell contour were carried out
as described in the Appendix. Simulations of each experi-
ment were performed in which the initial cell dimensions
and the experimental force and tether length were used as
input. A value for the tether radius based on the data and Eq.
2 was chosen, and the program calculated the length of the
cell projection and the shape of the cell contour outside the
pipette for each force, tether length data pair. The shape of
the membrane contour (Fig. 3) and the calculated projection
lengths did not differ significantly from experimental ob-
servations, indicating that Eq. 2 provides a reliable estimate
of tether radius for these experiments. Values of the tether
radius that provided the closest agreement between calcu-
lated and measured projection lengths typically agreed
within 3% with the radius calculated from the data using Eq.
2. Thus, although in principle changes in cell contour would
affect the calculation of Rt, the conditions of the present
experiments were such that Eq. 2 provides a reliable esti-
mate of Rt-

Results from dynamic studies

In dynamic studies of tether formation, tethers were formed
at different growth rates. Tethering forces were monitored
as a function of time. The tethering force increased on an

apparently exponential time course as the tether grew and
appeared to approach a steady-state value (Fig. 4). In gen-

eral, this steady-state value increased with tether growth rate
(Fig. 5). By extrapolating the steady-state force to zero

tether growth rate, the steady-state force at zero tether
growth rate was estimated to be 53 ± 6 pN. The tether
radius was found to decrease with increasing tether growth
rate. By extrapolating to zero growth rate, the value of the
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FIGURE 3 Results from red cell contour simulation. (a) Comparison
between contour obtained from simulation and contour obtained from
experiment. (b) Lp-4 plot of experimental data versus simulation data.
Solid squares represent experimental data. Open circle represents simula-
tion data assuming tether radius is 23 nm. Open triangles represent simu-
lation data assuming tether radius is 24 nm. The tether radius calculated
from the data via Eq. 2 was 23.8 nm.

tether radius corresponding to the force at zero growth rate
was estimated to be 26 ± 1 nm. Using these values in Eqs.
7 and 8, the separation work per unit area between the lipid
bilayer and the membrane skeleton WSk was evaluated to be
0.06 mJ/m2, and the bending stiffness of the membrane kc
was found to be 2.2 ± 0.3 X 10-19 Nm. (Note that these
calculated values do not account for possible contributions
from nonlocal bending stiffness.)

Results from equilibrium studies

In equilibrium studies, tethers were first formed and then
kept at constant length. The tethering force was monitored
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FIGURE 4 The tethering force appears to approach a steady value as the
tether grows. (Top curve) Tethering force as a function of time. (Bottom
curve) Tether length as a function of time. The velocity of tether growth
was 0.3 ,Lrm/s, and the steady-state tethering force was estimated to be 104
pN.
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FIGURE 6 The tethering force decreases exponentially to an apparent
equilibrium value during force relaxation. The relaxed force is independent
of tether growth rate. (Top curve) Tethering force as a function of time.
(Bottom curve) Tether length as a function of time.

as a function of time. The tethering force decreased expo-

nentially to a steady "equilibrium" value (Fig. 6). This
apparent equilibrium value ranged between 40 and 60 pN
and was independent of the rate at which the tether was

formed. Consistent with expectations based on Eqs. 3 and 7,
as the force decreased there was a decrease in Lp indicative
of an increase in tether radius. The apparent increase in Rt
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FIGURE 5 Steady-state tethering forces at various tether growth rates.

Steady-state tethering forces increase with the tether growth rate. The rate

of increase of equilibrium tethering force is found to be 214 + 22
pN/(,u m/s).

was calculated via Eq. 3. The equilibrium force showed a

very slight dependence on the tether length at which the
force relaxation was measured (Fig. 7). According to Eq. 5,
this dependence of the relaxed force on tether length can be
used to determine the nonlocal bending parameter y, which
reflects a contribution from the nonlocal bending stiffness
of the membrane. From the data shown in Fig. 7 a, the value
of y was determined to be 0.11 + 0.07 pN/,um. Using this
value in Eq. 5, we obtained a mean value for kc, of 2.0
0.6 X 10-19 J for 16 measurements of tether relaxation
length ranging from 38 to 110 ,um. The value of y also
affects the calculation of Wsk (Eq. 6). Using Eq. 6 and taking
-y = 0.11 pN/,um, the mean value of Wsk for 16 measure-

ments was 0.05 + 0.04 mJ/m2, in excellent agreement with
the result obtained from dynamic studies.
The dependence of the equilibrium tethering force on

tether length is small, and there is considerable scatter in the
data. Nevertheless, the 95% confidence interval for y indi-
cates that it is not zero (Fig. 7 a). This could result in a slight
overestimation of kc when calculated via Eq. 7, as was the
case for the dynamic measurements. The contribution from
the neglected term for an average tether length (-50 ,m) is
-5.5 pN, or 10% of the equilibrium tethering force. Thus,
neglecting the y term in Eq. 5 might have resulted in an

overestimation of kc of approximately 10%. Taking y into
account, we estimate for the dynamic experiments that kc-
2.0 X 10-19 J. This value is in good agreement with the
value determined from relaxation measurements, in which
the value of -y was included.
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relaxation on the order of 10 min) may be very close to zero.
A Although this has major implications for understanding the

role of nonlocal stiffness in determining the response of the
cell membrane to prolonged deformation, the impact on our
estimations of kc and Wsk is relatively slight. If we take y =
0, the calculated values are kc = 2.5 ± 0.8 X 10-19 J and
Wsk = 0.06 ± 0.03 mJ/m2, only 25% larger than the values

* obtained using the value of y obtained directly from the data
* in Fig. 7.

DISCUSSION

" l i . i'i'i . i| | . , These data provide the first definitive measurements of the
,, N,.t1 6( 8l) )K l2l contribution of the red cell membrane skeleton to the sta-

S1n- I (pmll) bilization of the red cell membrane against loss of surface
through the preferential loss of membrane bilayer. A previ-

55- B ous study of tether formation from red cells in this labora-
tory focused on ultrastructural aspects of tether formation

1(KI _ and provided evidence that the formation of tethers involves
separation of bilayer from the underlying membrane skele-
ton and lateral segregation of some integral membrane
components (Waugh and Bauserman, 1995). The segrega-
tion of bilayer from skeleton appears to be absolute. Band 3,
which has been shown to follow the distribution of the
underlying membrane skeleton (Discher et al., 1994), was

2_ * ~-* not detectable in tethers labeled with eosin maleimide, a
fluorophore that labels band 3 preferentially (Waugh and

*_ I, l'l'IWI~ IW W w w | |Bauserman, 1995). Furthermore, treatment of tethered cells
1X1 21 30 N' with the detergent Triton X-100 and subsequent examina-

L, (pll') tion by electron microscopy revealed the complete destruc-
tion of the tether structure, whereas the membrane skeleton

IRE 7 Steady-state tethering force as a function of tether length. (a) associated with the main body of the cell was clearly evi-
lope, df/dL, y, is 0.11 ± 0.07 pN/,um. The extrapolated value of y y
orce at zero tether length is 48 pN. Thus for a tether 100 tum in length, dent (Waugh and Bauserman, 1995). Other evidence mdi-
ontribution to the force due to the nonlocal bending resistance is cates that at least some integral protein finds its way into the
oximately 12 pN. (b) Force relaxations performed on the same tether tether (Berk and Hochmouth, 1992), but which proteins and
nicrocantilever for individual pairs. Force relaxations performed on at what surface concentration remains a subject of investi-
Lme tether were line-connected. The average value of the slope, df/dLt gation. Nevertheless, all available evidence indicates that
is -0.04 ± 0.15 pN/,um.is-0.04± 0.15 pN/lim. there are no membrane skeletal components in the tether.

In our previous work, preliminary estimates of the work
of tether formation were made, but these measurements

le recognize the possibility that the nonzero value of the could not be interpreted unambigously because the depen-
Lrent nonlocal stiffness of the membrane could be the dence of the tethering force on tether length was not known.
It of measurement error. We note that the longest tethers Measurements of the length dependence of the equilibrium
ed to be formed by using fibers with a large stiffness. tethering force presented here make it possible to distin-
reason for this is technical: the field of view is limited, guish clearly between contributions to the work of tether
the smaller deflection of the stiffest fibers allowed formation due to the bending rigidity of the membrane
;er tethers to be formed without losing sight of the cell. bilayer and contributions due to the presence of the mem-
s measurements at the shortest and longest tether brane skeleton and integral membrane proteins. The reader
ths were generally performed on different cells using should also note that the separation work defined in our

,rent microcantilevers. In five cases we succeeded in former publication is somewhat different from Wsk as de-
Drming relaxation measurements on the same tether by fined in Eq. 4 of the present work. Specifically, the former
g the same cantilever at both short and long tether definition included all contributions to the work of tether
ths. For these five cases, the mean value of the y formation, including both elastic and dissipative contribu-
iLt) was found to be -0.04 ± 0.15 pN/,um. While these tions and the work required to deform (bend) the membrane
remain somewhat inconclusive, we cannot rule out the bilayer. In the present work, Wsk represents only the elastic
,ibility that the effective value of -y (after periods of component of the work required to separate bilayer and

1 5( -

125, -

-s -

5u) -

25r -

0

S.
go* *-
-0

-

:X
m

FIGU
The s:
the fo
the c
appro
and n
the sa
= 'y'

w
appa
resul
tend(
The
and
longo
Thus
lengi
diffe
perf(
usini
lengi
(df/
data
poss:

2674 Biophysical Journal

I



Bilayer-Skeleton Association Energy

skeleton, and does not include the work required to bend the
membrane bilayer. Thus the values of W reported in the two
papers are not directly comparable, but for the equilibrium
case they are related by

kcWsk = Ws - 2R

where W. represents the "elastic" contribution to the work
reported previously. Taking kc = 2.3 X 10-19 J and Rt = 28
nm, and using the value reported previously for Ws (0.22
mJ/m2), we obtain a value for WSk of 0.07 mJ/m2, in good
agreement with the values obtained in the present, more
extensive study.

These measurements also provide the first measurements
of the so-called nonlocal bending stiffness of red cell mem-
brane, a quantity that heretofore has only been estimated
theoretically (Waugh and Hochmuth, 1987). According to
theory, assuming no exchange of molecules between the
two leaflets, the nonlocal bending stiffness of the membrane
kr is related to the area expansivity modulus of the mem-
brane by (Waugh et al., 1992b)

Kh2
kr = 4 (9)4

where K is the area expansivity modulus of the membrane
and h is the separation distance between the neutral surfaces
of the two leaflets. The area expansivity modulus for red
cells, K -500 mN/m, and the separation distance, h -2.5
nm, indicate that the nonlocal bending stiffness kr would be
- 7.8 X 10-19 J. The nonlocal bending modulus of the
membrane kr is related to the nonlocal bending parameter -y
by

ryA
(10)

where A is the total area of the membrane (Waugh et al.,
1992b). Based on a total area of the red cell membrane of-
135 tkm2 (Fung et al., 1981), and using the experimentally
determined value of -y, we obtain kr = 3.8 X 10-'9 J. The
fact that the measured nonlocal bending stiffness was
smaller than predicted from theory suggests that the leaflet
strains resulting from the area difference between the two
leaflets of bilayer induced by tether formation may have
been relaxed during tether formation, possibly by a net
transport of molecules between the membrane leaflets.
There is evidence that cholesterol can move rapidly from
one leaflet to the other (Lange et al., 1981), and this could
account in part for the relaxation. Another possibility is that
passive exchange of lipid molecules between leaflets may
be accelerated because of the presence of facilitating inte-
gral membrane proteins (Devaux, 1992) or because of the
stress difference between the leaflets that arises as a result
of tether formation. Evidence for such accelerated transbi-

branes subjected to mechanical stress has recently been
reported (Raphael and Waugh, 1996).
The forces required to form tethers from red cells are

significantly greater than forces of tether formation that
have been measured in pure phospholipid vesicles (Raphael
and Waugh, 1996) or forces required to form tethers from
neuronal growth cone membranes (Dai and Sheetz, 1995).
The difference between tethering forces for bilayer vesicles
and for red cells provides direct evidence of the important
role of the red cell membrane proteins in preventing loss of
membrane bilayer by fragmentation or vesiculation. Teth-
ering forces for red cells (-50-60 pN) are approximately
an order of magnitude larger than tethering forces for neu-
ronal growth cone membrane (-5 pN), indicating that dif-
ferences in the properties of the membrane-associated cy-
toskeleton and the nature of the association between the
bilayer and underlying structural components in these cell
types have enormous effects on membrane stability. Inter-
estingly, the forces we report here for red cells are nearly
identical to those recently reported by Shao and Hochmuth
for neutrophils (Shao and Hochmuth, 1996). This similarity
may be coincidental or it may report a common "design" of
these membranes to resist surface loss as a result of hydro-
dynamic forces or adhesive interactions in the circulation.

Although the precise mechanisms responsible for determ-
ing the strength of the bilayer-skeletal association remain
obscure, quantitative measurements of the work of separa-
tion provide important insights into the possible mecha-
nisms responsible for this association. The measured work
of dissociation (0.06 mJ/m2) is 3-7 times larger than the
adhesive energy density between phospholipid membranes
mediated by van der Waals interaction alone (Evans and
Metcalfe, 1984), and yet is significantly smaller than adhe-
sion mediated by receptor-ligand interactions at moderate
density (Evans et al., 1991; Leckband et al., 1995). One
possible origin of this additional contribution is a chemical
potential difference generated by the segregation of mem-
brane proteins (for example, band 3) between the tether and
the cell body during tether formation. It was estimated that
complete segregation of band 3 proteins would correspond
to an energy of tether formation of 0.16 mJ/m2 (Waugh and
Bauserman, 1995). Given the large number and diversity of
integral proteins present in the red cell membrane, and
evidence that many of these undergo lateral redistribution in
deformed membranes (Discher et al., 1994), this remains as
a possible mechanism for the additional energy costs we
have observed. Other mechanisms, such as the elastic de-
formation of the membrane skeleton near the cell-tether
junction, may also play a role.

The present work provides quantitative measurement of
the bilayer-skeletal dissociation energy for normal red cell
membranes. Previous measurements indicate that this asso-
ciation can be markedly reduced in abnormal red cells
(Waugh and Agre, 1988). Although the mechanisms respon-
sible for the association between the lipid bilayer and the
membrane skeleton remain obscure, quantitative measure-
ments of this association energy such as those performed in
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this study are expected to provide definitive insights into the
mechanisms of membrane stabilization in future studies on
chemically modified or abnormal membrane.

APPENDIX: NUMERICAL CALCULATION OF RED
CELL CONTOUR
The shape of the red cell contour was calculated based on the equations of
membrane equilibrium. In the cell body region, the cell radius is much
larger than the thickness of the membrane. As a result, the bending
contribution to the force balance is negligible in this region, and shear
elasticity alone is sufficient to reproduce the red cell contour satisfactorily,
although very near the tether region accurate representation of the cell
contour may require taking the bending contribution into account. In the
present case, in which we are concerned only with the area and volume of
the contour, bending stiffness is neglected.

The axial and tangential equations of mechanical equilibrium for an
axisymmetrical membrane are, respectively (Hochmuth and Evans, 1982),

2TrTmsin 0 = (PC- P0)irr2 +f

and

aTm ar
r a + (Tm T) =0

as ~ as

this model does provide a reasonable approximate description of the
membrane behavior, and it vastly simplifies calculation of the membrane
strain. In this case, the shear resultant T. is related to the membrane
deformation by

TS:m- 14_(22 _ ) (A3)

Substituting this expression into Eq. A2, and recognizing that dr/ds =
cos 0, we obtain the tangential force balance in the form

dTm = _g (Am-A2 )COS 0
dT - (- A)cs

ds - r
(A4)

where ,u is the membrane shear elasticity modulus, and Am, A< are the
surface extension ratios in the meridional and circumferential directions,
respectively.
Combining Eqs. Al and A4 to eliminate Tm, it can be shown that

(Al) dO

ds

(A2)

where Tm is the membrane tension in the meridional direction, T4, is the
membrane tension in the circumferential direction, P, the pressure inside
the red cell, P. is the pressure outside of the red cell,f is the tethering force,
r is the radial coordinate, and 0 is the angle between the surface normal of
the membrane and the axis of symmetry (Fig. 8).

The quantity (Tm - T,,) is two times the membrane surface shear
resultant, which is constitutively related to the surface deformation. Al-
though recent evidence shows clearly that deformation of the membrane
skeleton involves both shear and dilational components (Discher et al.,
1994), for purposes of calculation in the present analysis, the simpler,
incompressible approximation of membrane elasticity is used. Although it
is not a perfect description of the deformation of the membrane skeleton,

(2P sin0-_(f+ PWX7rr)sin 0) - (2± sin20(A -A2))

(Pwr + fklrr)

(A5)

where Pw P - Po. From geometry, we have

dz
= sin 0ds

dr
= cos 0ds

(A6)

(A7)

B

'I
_ S,

FIGURE 8 Coordinates in red cell contour simulation. (a) Coordinate in the undeformed (reference) state. The distance along the surface is so, and the
radial coordinate is ro. The system is assumed to be symmetrical about the z axis. (b) Coordinate in the deformed state. The surface normal, n, makes an
angle 0 with the z axis. The distance along the surface is s, and the radial coordinate is r. The system is assumed to be symmetrical about the z axis. Also
shown is the mapping of a material element from its location in the undeformed state (ro, sQ) to its location in the deformed state (r', s'). The material
deformation is defined in terms of the extension ratios: Am = ds/dso and Ak = r/ro. For an incompressible surface, the mapping is achieved by equating
the areas of the deformed and undeformed membranes.
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For an incompressible axisymmetrical membrane, the extension ratios
are related to the radial coordinates in the deformed (r) and undeformed
(ro) geometries (Fig. 8):

rOrm= (A8)Am r
M

r
(A9)

rO

The reference state of the red blood cell contour is taken to be a biconcave
disk, which can be described by the following (Fung et al., 1981):

T(x) = (1_- 2)12(Co + c1X2 + C2x4) (AlO)

Numerical Simulation of Red Cell Contour

initialize parameters

set Rt

*| set new f,Lt

10 set Lp

10 set 0-

|calculate contour |

no no no no

dataisfet

yes

LpLspoatchie

yes

. es

blood cell contour.

where T(x) is the half-thickness of the red cell; x- rdR0; ro is the radial
coordinate; Ro is the radius of the cell; and co, cl, c2 are constants.
Published values of these coefficients based on optical interference mea-
surements of the thickness are co = 0.405 ,um, cl = 3.915 ,um, and c2 =
-2.195 ,um, respectively (Evans and Fung, 1972). The surface area of the
reference state red blood cell contour is simply

(Ii IldT 2 1/2

R ( (oJ 1+ d)x (All)
0

Numerical integration of Eqs. A5, A6, and A7 was performed using a
fourth-order Runge-Kutta algorithm. The logical flow of the calculations is
diagrammed in Fig. 9. The starting point for the integration was the
intersection of the cell contour with the opening of the pipette. The cell area
and volume were specified, and the radius of the resting cell shape was
chosen such that the area given by Eq. Al 1 matched the specified area. The
pipette radius was specified, and a trial value of the projection length Lp
was chosen. The extension ratios were calculated at each step via Eqs. A8
and A9, where the undeformed radius ro was obtained by equating the area
of the undeformed geometry corresponding to ro with the area of the
deformed geometry, including the projection length plus the integrated area
of the contour up to the surface location of interest. Integration stopped
when r = Rt or when the area of the trial contour exceeded the specified
cell area.

Trial contours were generated for different starting values of the surface
angle 0. The starting angle 0 was adjusted to obtain a closed contour with
the correct area. Then the projection length of the cell was adjusted to
obtain the correct cell volume. The procedure was repeated iteratively,
adjusting the starting value for 0 and the projection length Lp until a closed
contour with the specified area and volume was obtained.

This procedure was repeated for each set of experimental conditions. To
simulate tether growth, the initial cell area was reduced by 2IrRtLt, where
Rt was the trial value of the tether radius and f and Lt were assigned
successive values obtained from experiment. The computed values for Lp
as a function of tether length were compared with experiment, and the
value of R, was adjusted until a match was found.
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