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ABSTRACT Bilayer membranes exhibit an elastic resistance to changes in curvature. This resistance depends both on the intrinsic
stiffness of the constituent monolayers and on the curvature-induced expansion or compression of the monolayers relative to each
other. The monolayers are constrained by hydrophobic forces to remain in contact, but they are capable of independent lateral
redistribution to minimize the relative expansion or compression of each leaflet. Therefore, the magnitude of the expansion and
compression of the monolayers relative to each other depends on the integral of the curvature over the entire membrane capsule.
The coefficient characterizing the membrane stiffness resulting from relative expansion is the nonlocal bending modulus kr. Both
the intrinsic (local) bending modulus (kc) and the nonlocal bending modulus (kr) can be measured by the formation of thin
cylindrical membrane strands (tethers) from giant phospholipid vesicles. Previously, we reported measurements of kc based on
measurements of tether radius as a function of force (Song and Waugh, 1991, J. Biomech. Engr. 112:233). Further analysis has
revealed that the contribution from the nonlocal bending stiffness can be detected by measuring the change in the aspiration
pressure required to establish equilibrium with increasing tether length. Using this approach, we obtain a mean value for the
nonlocal bending modulus k, of - 4.1 x 10-'9 J. The range of values is broad (1.1-10.1 x 10-19 J) and could reflect contributions
other than simple mechanical equilibrium. Inclusion of the nonlocal bending stiffness in the calculation of kc results in a value for that
modulus of 1.20 ± 0.17 x 10-19 J, in close agreement with values obtained by other methods.

INTRODUCTION

A number of biological processes require the formation
and deformation of bilayer membranes at high curva-
ture. Fusion of intracellular transport vesicles during
endocytosis and membrane biosynthesis (25), the forma-
tion of tubulovesicular processes of the Golgi and the
endoplasmic reticulum (3, 4, 14), and release of neuro-
transmitters at the neural synapse (20) are a few notable
examples. An understanding of the physical characteris-
tics of the membrane and its resistance to deformation is
essential for understanding these processes at a funda-
mental level.

Bilayer membranes have been well described as two-
dimensional fluids: they exhibit a strong resistance to
changes in their surface area, but readily undergo
surface shear deformations at constant surface area. In
addition, the bilayer exhibits an elastic resistance to
changes in curvature. Quantitative descriptions of mem-
brane properties were developed by Evans and co-
workers (7, 10), Helfrich (13), and others. Because of its
lamellar structure, the resistance of the membrane to
bending is complex. It is due in part to the intrinsic
resistance of the individual monolayers to changes in
curvature in a local region. In addition, there is a
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contribution due to the expansion/compression of the
outer/inner monolayer when the bilayer bends. The
contribution from such curvature-induced changes in
monolayer area is a nonlocal effect because the monolay-
ers are capable of independent lateral redistribution to
equalize the area per molecule of each leaflet over the
entire surface of the membrane. Therefore, the net
contribution depends on the integral of the membrane
curvature over the entire membrane capsule (2, 6). The
qualitative aspects of this behavior were first popular-
ized by Sheetz and Singer (18). Quantitative descrip-
tions of this characteristic, that bending resistance
depends on both the local curvature as well as the
integral of the curvature over the whole surface, were
developed by Evans (6) and by Helfrich (12), and
subsequently analyzed by Svetina et al. (21, 22). The
nonlocal resistance to bending is described as the
"relative expansivity" of the constituent monolayers. An
intrinsic modulus, the nonlocal bending modulus (kr),
characterizes the membrane stiffness arising from the
bending-induced changes in monolayer area (12).
Measurement of the membrane bending stiffness is

difficult because it is very small. A number of groups
have used observations of thermally-driven fluctuations
of the membrane contour to deduce a value for the
bending coefficient (5, 11, 16, 17). However, interpreta-
tion of these observations is not straightforward. A
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number of factors other than the local bending stiffness
(e.g., relative expansion of the constituent monolayers
and the constraints of constant vesicle surface area and
volume) influence the nature of the fluctuations. In
addition, the calculated coefficient depends on the
assumptions of the model used to interpret the data.
Consequently, the values obtained from such measure-

ments vary over a wide range (0.4-3.0 x 10-19 J). More
recently, Evans and Rawicz (9) have developed an
approach using micropipettes to measure the membrane
tension generated by thermal fluctuations. The method
takes advantage of the fact that the magnitude of the
fluctuations and the corresponding lateral tension de-
pend on the availability of excess membrane area. This
method properly accounts for the constraints on area

and volume and avoids the experimental difficulties of
trying to resolve small movements of the nearly invisible
membrane. They obtain a value for kc of 0.9 x 10-19 J

for stearoyl-oleoylphosphatidylcholine (SOPC) mem-

branes.
Another approach for measuring the membrane bend-

ing stiffness involves the formation of thin cylinders of
membrane (tethers) from large thin walled phospholipid
vesicles (1, 19). This approach was developed after
theoretical analysis of the equilibrium of a membrane
cylinder under an axial load led to the prediction that
the radius of the cylinder (tether) R, should be inversely
proportional to the axial forcef, and that the coefficient
relating these two quantities is the membrane bending
stiffness kc (24):

2'rrk.
(1)

the nonlocal bending coefficient (y) to improve our
calculation of kc from these measurements.

THEORETICAL BACKGROUND
The differential of the free energy functional used to derive the
conditions of equilibrium for tether formation at constant membrane
area is (see Eq. 12 in reference 2):

dF= TkC d() p-fdLt - rRpApdLp + y(Lt - L*)dtL (2)

where L, and Rt are the length and radius of the tether, Lp is the length
of the projection in the pipette, Rp is the pipette radius, RV is the radius
of the vesicle, f is the force on the tether and Ap is the difference in
pressure between the inside of the pipette and the surrounding
medium. (The change in energy associated with membrane area
dilation during tether formation can be neglected [see reference 2 and
Appendix 2]). The first term represents the elastic energy storage due
to the intrinsic (local) bending elasticity of the membrane. The second
and third terms represent the work done by the external forces: the
force on the tether and the aspiration pressure, respectively. The last
term contains the contribution from nonlocal bending resistance. It is
recognized that as the tether forms, the inner monolayer is progres-
sively compressed and the outer monolayer is expanded. The frac-
tional change in the areas of the two leaflets resulting from the tether
formation increases approximately linearly with the tether length (2).
The quantity L' is introduced to account for the possibility that there
may be a difference between the areas of the two leaflets before tether
formation. Such a difference would result in a tendency for the
membrane to form a tether (of length L*) that would alleviate this
difference. The coefficient -1 is an extrinsic factor which, in this
analysis, is assumed to depend only on the intrinsic nonlocal bending
modulus kr and the total area of the vesicle,A:

47r2kr

A
(3)

An estimate of the nonlocal bending contribution to
these measurements indicated that under typical condi-
tions, it would be small. Consequently, the relative
expansion and compression of the constituent monolay-
ers was neglected in the interpretation of those measure-
ments. Recent measurements of kc for phosphatidylcho-
line-phosphatidylserine (PC-PS) mixtures gave a value
of 1.6 x 10-19 J, that was independent of the concentra-

tion of charged lipid (PS) in the membrane (19).
In a companion report, the importance of curvature-

induced changes in monolayer area during tether forma-
tion is analyzed in detail. Inclusion of the nonlocal
bending rigidity affects the calculated value of the
bending stiffness kc, the condition of equilibrium be-
tween the force on the tether and the suction pressure in
the micropipette, and the calculation of the tether
radius. In this report, we take advantage of the predicted
influence of nonlocal bending resistance on the condi-
tions of equilibrium to estimate the nonlocal bending
modulus of the membrane. We use our measurement of

The nonlocal bending modulus is expected to depend on the area

expansivity modulus of the bilayer (K) and the square of the separation
of the neutral surfaces of the constituent monolayers (h) (21):

kr= 4 (4)

The equilibrium conditions are obtained by minimizing the free energy
functional subject to the constraints of constant vesicle area and
volume. Two independent equations are obtained (2):

2'rrk,
feff

= C+ yLtRt
kc 1 1

Rt(Rp R,)

where the effective force fff is defined as (2):

feff=f+ yL*.

(5)

(6)

(7)
These equilibrium equations are identical to those obtained previously
(1), but with the additional terms containing the nonlocal bending
coefficient y. The quantities k,, y,f,f(L *), and R, are to be determined
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from the measured values forf, Rp, RV, (the vesicle radius when L, = 0),
Rp, and the dependence ofLp and Ap on L,.

METHODS
The procedures for making vesicles and forming tethers are described
in detail elsewhere (19). The lipids, 1-stearoyl-2-oleoyl-phosphatidyl-
choline (SOPC), and 1-palmitoyl-2-oleoyl-phosphatidylserine (POPS)
were obtained from Avanti Polar Lipids (Birmingham, AL). Lipids
were mixed to the desired proportions, dried onto a teflon surface,
then rehydrated in 100 mM sucrose and allowed to stand at room
temperature for 2-5 d. On the day of the experiment, the vesicles were
dispersed into 110mM glucose containing 10 ,M NaCl and placed in a
vertical chamber in the stage of a microscope oriented so that the
optical axis was horizontal. Between the second and fifth days after
rehydration of the lipids, an adhesive contact could be obtained
between the vesicle and a small (10-30 pm diameter) glass bead. The
vesicle-bead pair was picked up with a micropipette (7.0-10.0 p,m
inside diameter [ID]) and positioned in the chamber. When the
aspiration pressure in the pipette holding the vesicle was reduced
below a critical value, the bead fell away from the vesicle forming a
strand of membrane (tether) between the bead and the body of the
vesicle. By adjusting the aspiration pressure to an appropriate value,
the bead could be stopped at any desired tether length. Thus, the
aspiration pressure at equilibrium could be measured as a function of
the tether length. The process of tether formation was reversible, and
several series of measurements for increasing and decreasing tether
length were performed on each tether. The aspiration pressure was set
using a micrometer drive to adjust the height of a water-filled reservoir
connected to the back of the pipette by a continuous water-filled
pathway. The experiments were recorded on video tape, and the
micrometer setting at each equilibrium point was recorded in the video
image. The recordings were played back to obtain the dimensions of
the vesicle and the change in the length of the projection in the pipette
as a function of the tether length. Changes in the equilibrium pressure
could be resolved to less than 0.1 mm H20 (10 dyn/cm2). The absolute
magnitude of the aspiration pressure (i.e., the pressure difference
between the pipette interior and the chamber) was subject to greater
uncertainties because the pressure in the chamber was affected by
changes in the depth of the suspending fluid or in the curvature of the
interface at the top of the chamber where the pipette was inserted.
Some drift in the zero pressure was typically observed because of
evaporation or "settling" of the fluid in the chamber. It was essential to
perform multiple series of measurements to ensure that the changes in
pressure observed at different tether lengths were not the result of
changes in the zero pressure. If the changes in pressure with L, were
not reproducible, the data were discarded.

Calculations. To calculate the coefficients y, kc, andfff from the data,
it was first necessary to obtain expressions for these coefficients in
terms of the measured parameters. These relationships (derived in
Appendix 1) take the following form:

(11)

It should be noted that in Eq. 11, the second term is typically an order
of magnitude larger than the first term. Thus, the value of y depends
primarily on the derivative, dAp /dL,. Knowing the effective force fff
the parameter L* can be calculated via Eq. 7.
The values for pressure and projection length at L, = 0, Ap. and Lpo,

and the slopes dAp/dLt and dLp/dLt were determined by linear
regression. In fact, the slope dLp/dLt is not constant, but the linear
regression gives an accurate measure of the slope at the midpoint of
the pull. Therefore, the parameters were evaluated at the "average"
tether length L,,,, halfway between the minimum and the maximum
measured values. The values for Ap and Lp at L,., were calculated from
the linear regressions:

diL
Lpa LPO +- L

P.

dL

(dAp\

/Pav = AP. + dL Ltav.

(12)

(13)

The vesicle radius at the midpoint is calculated from Lpav and the
measured values for RV and Lp at an initial reference state (Rvj and Lpi).
The condition of constant vesicle volume requires that:

Rvav = Rvi + -RIp(Lp - Lpav). (14)

At constant force, the tether radius is expected to increase with
increasing tether length (Eq. 5). This is reflected by an increasingly
negative slope in the relationship between Lp and L, (see Figs. 5 A and
6A in reference 2). The theoretical relationship between L, and Lp
takes the form:

Lp = Lpo + R2 (- (1 -4LIf f)2bAp2 ]

3wRhere(t cfe )2- bAp

where the constant coefficient b is:

4rr2Rpk.
b =

fJ2_ff

(15)

(16)

Eq. 15 reveals that the curvature of the Lp vs. L, relationship (i.e.,
terms that are second order or higher in L,) depends primarily on the
ratio of the coefficient -y to the force fff. (In reference 2, -y is contained
in the parameter q = kr/kc.)

RESULTS

fff = -2rApRp (dp)

Xfeff

Ap + XLt'

and

(fff yLt)21 1
-

1
4c=4r2Ap Rp RV,'

(8) Measurements were obtained from 22 different tethers
formed from SOPC vesicles with either 2.0% (n = 9) or

(9) 10.0% (n = 13) POPS. The dependence of the equilib-
rium pressure on tether length for two typical vesicles is
shown in Fig. 1. Data from three successive pulls for
each vesicle are shown. The theoretical prediction for

(10) the relationship between pressure and tether length
shows a slight upward curvature (2), but precision of our
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FIGURE 1 The aspiration pressure at equilibrium (Ap) as a function
of the tether length (L,). Open and filled symbols represent data from
two different tethers, and different symbols designate data from three
successive pulls on each tether. The solid lines represent the linear
regressions to the data. The values for y obtained from these data sets
were 5.2 x 10-6 dyn/cm (open symbols) and 17.1 x 10-6 dyn/cm (filled
symbols).

pressure measurements was insufficient to test this
prediction. Within the resolution of the measurements,
the change in pressure with tether length was linear.
Note that the equilibrium pressure at a given tether
length is nearly the same from one pull to the next. Data
that did not exhibit this consistency were discarded. For
3 of the 22 vesicles tested, data from only 1 pull were

obtained, and stability of the pressure could not be
confirmed. Of the 19 vesicles for which data from 2 or

more pulls were obtained, 4 were rejected because of
apparent instabilities in the pressure. The reported data
include only the remaining 15 vesicles.
The dependence of Lp on tether length is shown in

Fig. 2. The relationship between L, and Lp was predicted
to be nonlinear, but the degree of nonlinearity varied
from vesicle to vesicle, depending on the vesicle dimen-
sions and properties and the magnitude of the applied
forces. For many of the tethers the data were well fit by
linear regression. In all cases the slope of the L1, Lp data
pairs at the midpoint of the curve (L, = Ltav) could be
determined reliably by linear regression. The accuracy
of the theoretical predictions is illustrated in Fig. 2.
There were two free parameters used to fit the theoreti-
cal curve to the data: the slope of the L, Lp data pairs at
the midpoint determined by linear regression (dashed
lines in Fig. 2), and a vertical displacement of the curves.

FIGURE 2 The length of the projection of the vesicle in the pipette
(LP) as a function of the tether length (L,). Open and filled symbols
represent data from three successive pulls on each of two different
tethers. The solid curves show the theoretical prediction for the
dependence of Lp on L, given by Eqs. 15 and 16. Note the excellent
agreement between the data and the prediction. Dashed lines show a
linear regression to the data. The values for the tether radius at the
midpoint of the curve (L, = 350 ,m) obtained from these two data
sets were 37.0 nm (open symbols) and 31.0 nm (filled symbols).

The different curvatures in the Lt. Lp data for different
vesicles are accurately predicted by the theory (2).

Histograms showing the distributions for the calcu-
lated values of kce, y, kr, and -yL * are shown in Fig. 3, a-d.
In these figures each individual pull was counted as a

separate observation. The values for the experimental
parameters for each tethered vesicle are listed in Table
1. These values represent averages of from two to five
pulls on each vesicle. The mean values for the local and
nonlocal bending moduli kc and kr were 1.2 + 0.2 x
10- 9J and 4.1 + 2.4 x 10i-' J, respectively. Note that
the mean value for L* was essentially zero. Also note
(Eqs. 7 and 8) that the value ofL* directly reflects errors
in the absolute magnitude of the measured pressure. In
view of the uncertainties in that measurement, it is likely
that the distribution of values for L* primarily reflects
errors in the pressure measurements. These errors will
also contribute to the distribution in the values of kc. No
significant difference in the parameters was observed
between vesicles containing 2.0 or 10.0% POPS (stu-
dent's t test).

Proper calculations including the nonlocal bending
contribution have a significant effect on the apparent
relationship between tether radius and axial force. This
effect is illustrated in Fig. 4, which shows the tether
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radius as a function of the force on the tether calculated
with (solid line, filled circles) and without (dashed line,
open circles) the nonlocal bending contribution. The
curves were generated by least squares regression be-
tween the data and Eq. 5 with one free parameter, k,.
For both curves, L* was taken to be zero, and for the
dashed curve, y was also taken to be zero. The value for
kc obtained by regression for the dashed curve was 1.7 x
10-9 J, consistent with the value obtained previously by
this method (19). The value obtained by regression for
the solid curve (i.e., including the nonlocal bending
contribution) was 1.2 x 10-19 J.

DISCUSSION

10. 15. 20. 25. 30. 35. 40.

7 (jsdyn/cm)

2. 4. 6. 8.

kr (10-"' J)

10. 12.

These data document the importance of nonlocal stiff-
ness in interpreting observations of tether formation
from lecithin vesicles and have made it possible to make
the first experimental estimates of the nonlocal bending
modulus kr, an intrinsic property of bilayer membranes.
The magnitude of the nonlocal stiffness contribution is
expected to increase linearly with the tether length.
Thus, the experimentally relevant parameter is the
nonlocal bending coefficient -y. This parameter has an
important influence on the calculation of the tether
radius and the intrinsic (local) bending stiffness kc.
The coefficient kr is expected to be related to the

membrane area expansivity modulus K and the separa-
tion between neutral surfaces of the monolayers h via
Eq. 4. Based on the mean value of kr given in Table 1,
and a value of 200 dyn/cm for the membrane expansivity
modulus (8), the separation between the neutral sur-
faces of the constituent monolayers is calculated to be

2.8 nm. According to x-ray diffraction measurements,
the thickness of the membrane, including the polar head
group region, is 5.0-5.6 nm (15, 23). Thus, consistent
with our expectations, the calculated mean value of the
separation distance between the neutral surfaces of the
monolayers, h, is very nearly equal to half the thickness
of the membrane. The intrinsic bending modulus kc is
also expected to be related to the membrane thickness
and the area expansivity modulus. Assuming that the
two monolayers act independently of each other and
that for each monolayer the resistance to area expansion
(or compression) is uniformly distributed over the cross
section, this relationship takes the form (10, 24):

kc = Kh' /12, (17)

FIGURE 3 Histograms showing the distribution of parameter values
obtained in this study. Each individual pull (i.e., one cycle of increasing
and decreasing tether length) was counted as one observation. The
number of pulls per tether ranged from two to five.
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TABLE 1 Values of the experimental parameters

Area Rv f AP Rt kc 'y k, -yL
(pLm2) (Pm) (p.dyn) (dyn/cm2) (nm) (10-'9 J) (p.dyn/cm) (10-19 J) (pLdyn)

10% POPS
1230 9.0 4.10 680 20 1.0 15 4.6 -0.37
680 6.4 3.28 300 29 1.2 19 3.2 -0.22
1020 7.7 2.63 340 31 1.6 4.3 1.1 0.81
650 6.4 4.12 380 25 1.4 11 1.8 -0.46
1300 7.8 2.51 230 36 1.5 22 6.5 0.73
2070 12.0 4.20 890 20 1.2 19 10.1 0.29
1160 8.2 4.25 690 14 0.9 5.2 1.5 0.00
990 7.2 3.30 280 23 1.0 10 2.6 -0.09
1160 8.2 2.75 220 31 1.2 11 3.1 0.11

2% POPS
1170 8.4 3.97 610 22 1.3 17 5.1 0.22
850 7.6 4.47 730 16 1.2 15 3.3 0.38
1230 8.6 3.28 250 29 1.2 12 3.6 -0.12
1100 7.5 3.05 180 34 1.0 10 2.9 -0.85
740 6.6 3.88 300 26 1.2 38 7.1 -0.26
910 6.7 2.07 90 44 0.8 20 4.5 -0.42

where hm is the thickness of one monolayer (half the expectation, we obtain a ratio of the means kF/kC of
membrane thickness). Thus, the nonlocal bending mod- 3.3.

ulus is expected to be approximately three times as large The range of values for the parameter -y is quite large.
as the local bending stiffness. Consistent with this Furthermore, the differences between vesicles are much

greater than the variability in the values obtained from

70.0 multiple measurements on the same tether, suggesting
0 ° that the differences between vesicles are physical and

60.0 not simply the result of measurement error. The accu-

racy of the theoretical prediction for the curvature of the
50.0\o L vs. L1 data supports the conclusion that these differ-

40.0 \ 0 ences are physically real and significant because the
\_;) 'r 0 predicted curvature depends primarily on the ratio yIfeff

30.0- (Eq. 15), which is calculated from independent measure-

20 02 ~ ments of the change in the equilibrium aspiration20.0- pressure with tether length (Eqs. 9 and 11). Some

10.0- differences in -y from one vesicle to the next are to be
expected, because y is an extrinsic parameter that

0.0- depends on vesicle area. What is disturbing is that the

0.0 1.0 2.0 3.0 4.0 5.0 6.0 expected inverse correlation between -y and area (Eq. 3)
f or (f - yLtav) is not observed (see Fig. 5). This lack of a correlation is

reflected in the range of values that we obtained for kr.
(,udyn) Although the mean value for kr was consistent with our

expectations, the range of values was quite broad. This is

FIGURE 4 The effects of nonlocal bending stiffness on the calculation inconsistent with the notion that this parameter ought to
of the bending modulus, kc. From the same data, the tether radius (at be characteristic ofmembranes of a certain composition.
Lt = LtaV) is calculated via Eq. AS with y = 0 (open symbols) or -y 0 The physical origin of the variability remains unclear.

(filled symbols) and plotted either as a function of force (open symbols) One possibility is that the vesicles have been

or force minus YyLtv (filled symbols). Curves were calculated by least
squares regression according to Eq. 1 (dashed curve) or Eq. 5 (solid multilamellar. The measurements of tether radius and

curve). For the solid curve, yL*= 0. The one free parameter in the the value of the local bending stiffness kC indicate that
linear regression corresponded to the membrane bending stiffness, kc. the tether itself was formed from a single bilayer.
For the dashed curve, kc = 1.7 x 10'" J; for the solid curve, kc = 1.2 x However, it is possible that the outer, tether forming

10-19 J. bilayer could have been associated with one or more
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40.0- in the vicinity of the tether and/or the existence of
multilamellar regions on the surface that might impede
lateral redistribution of the adjacent monolayers. Based

30.0- on literature values for the lateral mobility of lipid
molecules, we estimate that there should be sufficient

c) time during tether formation for the redistribution to
occur. For a diffusion constant of 1.0 x 10-8 cm2/s and

% 20.0- 0 a characteristic length of 10 pLm, lateral redistribution
0

should occur over a time of 100 s. The time for tether
* formation was typically several minutes. Furthermore,

10.0- o @00* for the rates of tether formation in this study, we could
detect no dependence of the parameter values on

o ° formation rate. However, multilamellar structures could
have affected the extent of the redistribution in some

0.0- , , , , vesicles. We tried to select vesicles that appeared unila-
600 900 1200 1500 1800 2100 mellar, but some multilayers could have been included

Area (Am2) because of our inability to detect them microscopically.
The theoretical analysis presented in the companion

report indicates that for certain dimensions of the
FIGURE 5 The nonlocal bending coefficient y as a function of vesicle system and membrane properties, the existence of the
area. An inverse correlation according to Eq. 3 was expected, but none tether will be unstable. The conditions for instability

was observed. Solid symbols denote data from vesicles containing 2.0% correspond to small ratios of k to k (q) and vesicle radii
POPS; open symbols, 10% POPS. r

that approach the radius of the pipette. Comparison of
the appropriate parameters from the experiment with

bilayers in the vesicle interior. Such additional layers the predictions for instability indicate that the ratio q in
might affect the value of y because tether formation the experiments is at least three times larger than the
might require a reversible deformation of these inner ratio qc that marks the transition from stable to unstable
layers. Such a deformation would result in an additional configurations for the corresponding vesicle dimensions.
energy term in Eq. 2 corresponding to the energy Thus, all of these data were obtained under stable
required to deform the inner bilayers. This energy would conditions.
depend on the stiffness of the inner layers, the number One of the most surprising outcomes of these results
of layers involved, the closeness of their association with is the large effect of the parameter -y on the calculated
the tether-forming layer, and the nature of the deforma- value of the intrinsic (local) bending stiffness kc. As is
tions involved. Recognizing that the area of the vesicle evident in Fig. 4, the contribution from nonlocal bending
body decreases as the tether is formed (because mem- resistance affects both the relationship between the
brane material from the outer bilayer moves into the effective "force" on the tether and the tether radius (Eq.
tether), but that the outer vesicle radius R, actually 5) as well as the calculation of the tether radius itself
increases as the tether forms, it is possible to imagine (Eq. A5). The combination of these two corrections
multilayer configurations in which inner layers might be results in a 30% reduction in the calculated value of kc.
required to expand or compress as the tether is formed. Previous calculations of kc from measurements of tether
Thus, without detailed knowledge of the structure of a formation did not account for these contributions (1, 19),
given vesicle, it is impossible to predict the magnitude or and consequently, the reported values were larger than
sign of such a contribution. Nevertheless, such a mecha- the actual modulus. Comparisons of those earlier mea-
nism is consistent with a number of features of the data: surements with the measured values of force and tether
it accounts for the fact that values for -y are consistent for radius in this study reveal no significant differences in
a given vesicle but may be very different for different the data themselves, and indicate that if the data needed
vesicles, and it explains how the distribution in the to calculate y were available from those earlier studies,
values of kc can be narrow even though there is wide the results would be indistinguishable from the results of
variability in the estimate of kr. this study. The value of kc obtained in this study agrees
A second possible mechanism for the variability in kr well with the value reported by Evans and Rawicz (9)

may be that the effective area available for redistribution based on micropipette measurements of thermal ten-
of molecules to or from the tether may be different from sions in lecithin membranes.
the apparent surface area of the vesicle. Such a situation This study demonstrates the importance of nonlocal
might occur as a result of dynamic trapping of material bending resistance in determining the response of bi-
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layer membranes to applied forces. The experimental
results show that these effects are important even in
vesicles with surface areas as large as 1,000 pLm2. The
theoretical model predicts that the contribution from
nonlocal bending rigidity will become more significant as

the size of the vesicle decreases. In addition, in dynamic
situations, the relative redistribution of molecules in the
constituent monolayers may be limited by frictional
interactions, thus limiting the effective area over which
redistribution can occur over short time scales. Thus, the
membrane response is expected to depend on both the
size of the membrane capsule and the rate of surface
deformation, the effective membrane rigidity becoming
larger with decreasing size and increasing deformation
rate. Recognizing the importance of these contributions
and incorporating them into theoretical models will be
essential for proper interpretation and accurate predic-
tions of membrane behavior. For example, the forma-
tion of the endoplasmic reticulum is thought to involve
the extrusion of lipid cylinders by microtubule-associ-
ated molecular motors. Although the characterization of
some of the protein molecules involved in this process is
progressing, little is known about the physical mecha-
nisms or requirements for the formation of these struc-
tures. The magnitude of the forces and the energy
required to form these cylinders is not known. While a

detailed analysis of the formation of endoplasmic net-
works is beyond the scope of this work, the fundamental
characterization ofmembrane properties presented here
is an essential first step in understanding the physical,
mechanochemical basis for the formation of such struc-
tures.

APPENDIX 1
Derivation of the expressions for the material coefficients in terms of
measurable quantities involved some algebraic manipulations. The
basis for the calculated relationships are the two equilibrium equations
(Eqs. 5 and 6). Additional geometric relationships come from the
constraints of constant area and volume:

R R 1 dLp L dRt ~(Al)Rt = p (R-l dLv t d4 A1

p-*( (A2)dLt 4R2 (dL A2

To obtain an expression for the effective forcefff, Eqs. 5 and 6 were
combined to eliminate kc.

2-TrApR,RPR,(At
f0ff -yLt RV -Rp ( )

The geometric relationship given in Eq. Al can be substituted for R,
after the derivative dR,/dL, is evaluated via Eq. 5. Taking the
derivative with respect to L, of Eq. 5, we obtain:

which yields the following expression for R,:

Rt=Rp1-R ) (dLt)f(eff , (A5)

Substituting these results into Eq. A3 we obtain the desired expression
forf,ff in terms of measurable quantities (Eq. 8). The expression for y is
obtained by taking the derivative of Eq. A3 with respect to L, and using
the expressions given in Eqs. A2 and A4 to obtain Eq. 9. Finally,
knowing fff and -y, the modulus kC can be calculated from the
relationship obtained by combining Eqs. 5 and 6 to eliminate R, (Eq.
10).

APPENDIX 2

Justification of the assumption that membrane area remains fixed during
tetherformation. The methods of calculation used in this work neglect
the possibility that the area of the vesicle membrane might change
during tether formation. Such a change in area might affect the
calculations in two ways: first, in the calculation of the vesicle
dimensions and changes in the dimensions during tether formation, it
is assumed that the membrane area is constant; second, in the
derivation of the equations of equilibrium from the energy variation, it
is assumed that the change in energy due to variations in membrane
area is small compared with energy changes resulting from other
variations. This latter assumption was evaluated in a companion report
(2) and the energy associated with changes in membrane area was
found to be less than 1% of the energy change due to bending. To
assess the potential errors that might occur in calculating vesicle
dimensions, we calculate here the magnitude of the change in area that
occurs during tether formation. The surface area of the vesicle is
functionally related to the isotropic force resultant in the membrane,
T: AA/A. = TIK, whereA. is the stress-free area of the membrane, AA
is the change in area relative to A., and K is the expansivity modulus.
The change in membrane area during tether formation can be
calculated from the change in the membrane force resultant, which
can in turn be calculated from the measurements of the change in
aspiration pressure with increasing tether length. The largest change
in pressure observed in these experiments was 0.5 dyn/cm2/Wm. For
a tether 300 p.m in length, and a pipette radius of 0.5 p.m, this
corresponds to a change in membrane tension of - 0.075 dyn/cm. The
area expansivity modulus of SOPC membrane is -200 dyn/cm (8),
and so the corresponding change in membrane area is 0.0375%.
Clearly, such a small change in area would have a negligible effect on
the calculation of the vesicle dimensions. The contribution of area
change to the change in energywith tether formation under experimen-
tal conditions can also be calculated. The energy change due to a
change in membrane area is: AFA = K(AAIA )2/2 = - 1.4 x 10-10 erg.
This is small compared with the work done by the gravitational force
on the bead. Even for the smallest forces used in these experiments
( 2.0 x 10-6 dyn), the work to form a 300 p.m tether is - 6.0 x 108
erg. Thus, the assumption that the area is constant will not result in
appreciable errors in the calculations.
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