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Membrane Tether Formation from Blebbing Cells

Jianwu Dai and Michael P. Sheetz
Department of Cell Biology, Duke University Medical Center, Durham, North Carolina 27710, USA

ABSTRACT Membrane tension has been proposed to be important in regulating cell functions such as endocytosis and cell
motility. The apparent membrane tension has been calculated from tether forces measured with laser tweezers. Both
membrane-cytoskeleton adhesion and membrane tension contribute to the tether force. Separation of the plasma membrane
from the cytoskeleton occurs in membrane blebs, which could remove the membrane-cytoskeleton adhesion term. In renal
epithelial cells, tether forces are significantly lower on blebs than on membranes that are supported by cytoskeleton.
Furthermore, the tether forces are equal on apical and basolateral blebs. In contrast, tether forces from membranes supported
by the cytoskeleton are greater in apical than in basolateral regions, which is consistent with the greater apparent cytoskeletal
density in the apical region. We suggest that the tether force on blebs primarily contains only the membrane tension term and
that the membrane tension may be uniform over the cell surface. Additional support for this hypothesis comes from
observations of melanoma cells that spontaneously bleb. In melanoma cells, tether forces on blebs are proportional to the
radius of the bleb, and as large blebs form, there are spikes in the tether force in other cell regions. We suggest that an internal
osmotic pressure inflates the blebs, and the pressure calculated from the Law of Laplace is similar to independent
measurements of intracellular pressures. When the membrane tension term is subtracted from the apparent membrane
tension over the cytoskeleton, the membrane-cytoskeleton adhesion term can be estimated. In both cell systems, membrane-
cytoskeleton adhesion was the major factor in generating the tether force.

INTRODUCTION

There are several intensive variables of plasma membranesderstand how apparent membrane tension affects cell
that can affect the whole cell, including transmembranefunctions.

electrical potential, bilayer couple imbalance (Sheetz and The tension in plasma membranes of cells in culture has
Singer, 1974), and membrane tension (Sheetz and Dahot been measured. Lipid vesicles and erythrocytes under
1996). The tension in the plasma membrane is hypothesizégotonic conditions have very small membrane tensions, but
to be important in many cellular functions, including mem- micropipette suction has been used to create tension in the
brane trafficking and cell motility (Sheetz and Dai, 1996). hilayer. In irregularly shaped cells with a rigid cytoskeleton,
Tether formation with a micropipette has been used toseveral factors could generate a tension in the membrane
measure membrane tensions of lipid vesicles or red cellsjane. Under certain circumstances, the binding of the
The mathematical relationships between tether force anglasma membrane to the cytoskeleton can create a tension in
tension have been derived for several vesicle shapes (Evafige pilayer, particularly when additional cytoskeleton bind-
and Yeung, 1994; Hochmuth et al., 1973; Waugh et al.jnq sjtes are present (Dai et al., 1998). In cases where the
1992). However, cells are much more complicated tharhiasma membrane has been expanded by hypotonic swell-
lipid vesicles, because membrane-cytoskeleton adhesiqfy the rapid return to isotonic conditions results in an
also contributes to the tether force. Energy is needed t@ycess of membrane. That excess membrane still conforms
separate the tether membrane from the cytoskeleton, Wh'%_the cytoskeleton through the formation of deep invagi-

has behen describgd as at:nembrane osmotic pressure (Qglions of the plasma membrane (Dai et al., 1998). A second
and Sheetz, 1995: Waugh and Bauserman, 1995). Prevféctor is the ratio of plasma membrane area to cell volume

ously, we developed a flexible method to form membranefor a given cell shape. In many cells, there is rapid mem-

tentzesr; ar}[g ng;’ ur$htether f?rﬁﬁnwrlgérlaierttvr\:eezers (Dg'rane exchange, and endocytosis is coupled with exocytosis
a celz, ). The appare embrane tensjomgs to maintain the correct surface area. In separate studies we

calculated from tether forces, arfdcombines membrane . _
: . . have shown that the endocytosis rate is inversely dependent
tension {,,,) with membrane-cytoskeleton adhesiaj), (be- . .
upon apparent membrane tension, suggesting that mem-

cause the two are tightly coupled (Hochmuth et al., 1996 : . .
Sheetz and Dai, 1996). Methods are needed to separate tR(raane area is regulated by apparent membrane tension (Dai

two components of apparent membrane tension to betteert al., 1997).' Thus the gndocync machmgry of the cell COUl.d
create tension in the bilayer by drawing in membrane until
the tension is too great to allow further endocytosis. A third
Received for publication 13 October 1998 and in final form 9 August 1999.factor affecting membrane tension is intracellular pressure
. . fKeIIy and Macklem, 1991). The measured pressures cor-
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surface may be affected by cytoskeletal associations, presaembrane-cytoskeleton adhesion is responsible for a major
sure differences between the cell interior and environmentportion of the tether force.

and the balance of endo- and exocytosis. It is unknown how

these factors affect the apparent tension of plasma mem-

branes as measured by tether formation with the laseATERIALS AND METHODS

tweezers.

Membrane-cytoskeleton adhesion is critical for many cel
functions and cell viability. The linkage between plasmaTthe human melanoma lines M2 and A7 are cultured at 37°C and 5% CO
membrane and cytoskeleton is complex and includes boti minimum essential medium (MEM) supplemented with 8% newborn
membrane protein—cytoskeleton and Iipid-cytoskeleton in_calf serum and 2% fetal calf serum. The M2 ce_II Iine ?s from h_uman
teractions. A number of membrane-cytoskeleton Iinkag n::le;ngénoa cells that lack the e_xpressmn of gctm-bmdmg protein 280

. ) -280). M2 cells show extensive bleb formation. A7 cells are produced
proteins have been found and characterized. The result§m w2 celis that are transfected with wild-type ABP-280 gene, and A7
indicate that the interaction between membrane and Cyeells show decreased bleb formation. The A7 medium also contains G418
toskeleton not only stabilizes the plasma membrane, buf000 ug/ml).
also affects many cell functions. Human melanoma cells Ra_bbit pro_ximal tubules (PTs) are isolateq and purified as previously
lacking an actin-binding protein (ABP-280), which cross- descried (Dickman and Mandel, 1989). Briefly, female New Zealand
. o 7 White rabbits (1-2 kg; Robinson, Winston-Salem, NC) are injected with
links actin filaments and connects these filaments to plasmﬁeparin and anesthetized. The cortices are trimmed from the excised
membrane glycoproteins, bleb extensively and have defectgdneys; minced; digested for 60 min at 37°C in DME-F12 culture medium
in locomotion (Cunningham et al,, 1992)_ Spectrin andcontaining 150 U/ml collagenase, 2 mg/ml bovine serum albumin (BSA),
ankyrin defects also appear to affect a number of importar@nd 1 U/ml DNase; and gassed with 95%/%% CO,. The resulting

isol | hed f f coll .The PT fi
aspects of neural membranes (Bennett et al., 1997). A roli§0/ated tubules are washed free of collagenase. The PTs are separated from
ther segments by centrifugation on a self-generating 50% Percoll gradient

for lipid-cytoskeletal protein interactions has been indicatecfor 30 min at 36,000< g. The PTs are then washed and resuspended at 2
by the presence of multiple lipid-binding domains in many mg protein/ml. For the anoxia treatment, the PTs are subjected to anoxia in
cytoskeletal proteins found at the plasma membrane. the absence or presence of 3 mM glycine for 30 min by gassing with 95%
Cell blebs may provide an opportunity to determine theN=/5% CQ; after the preincubation period.

membrane tension. In the phenomenon of bleb formation,

there is evidence of a complete separation of membrane

from cytoskeleton. At the light and electron microscopic Bead preparation

levels, the plasma membrane lacks most cytoskeleton prar form a membrane tether, a “handle” is required for the laser tweezers
teins in blebs. Membrane glycoprotein diffusion is dramat-to hold a part of the membrane. The handle is a bead that tightly binds to
ically increased to the level seen in pure lipid bilayers (Tankthe cell surface. We used rat IgG-coated beads for melanoma cell experi-
et al., 1982). Membrane blebs are spherical membrane exients and ConA-coated beads for renal cell experiments. To prepare

tensions that are commonlv seen at the periphery of eukar)IgG-coated beads, rat 1IgG (Sigma, St. Louis, MO) is solubilized at a
y periphery concentration of 10 mg/ml in phosphate-buffered saline. Thempl56f

otic cells as they spread on a substrate, during mitosis, or &byaspheres (0.5m; Duke Scientific, Palo Alto, CA) is added to 50 of
the leading edge of migrating cells (Cunningham, 1995)the above IgG solution and incubated at 4°C overnight. The beads are

Alternatively, large, nonretracting blebs form on cells in- pelleted by centrifugation at 2000 g and 4°C for 10 min. Then the beads
jured by physical or chemical stress (Trump et al. 1971)§re resuspended in 1 mg/ml bovine serum albumin—phosphate-buffered

The rabbit renal proximal tubule cells are highl polarizedsaline solution, rinsed by pelleting and resuspension with MEM three
y times, and resuspended in 1ADMEM. Similarly, ConA (Sigma Chemical

epithelial cells that bleb extensively after hprXiC injury Company, St. Louis, MO) was used to coat beads. For the experiments, the
(Chen et al., 1997). Study of blebs and the physical strengtbead solutions were diluted 3:100 in cell medium.

of the membrane-cytoskeleton association in renal tubules
could provide clues about the mechanism of formation of
special membrane domains. Because of the transient natuGalibration of laser tweezers

of blebs in active cells, i.e., the rapidity with which the
piaity y At present there is no theory that can be used to directly calculate the

tranSfOrm into other tYP?S of p_rOtrUS',onS’ studies of b_lebhapping force for beads. All of the forces must be determined empirically,
properties have b?en limited L.mt" the discovery of a cell linéang the forces are commonly calibrated against viscous drag exerted by
that blebs extensively (Cunningham, 1995). fluid flow. For a bead of radius af, the drag force can be obtained from

In this study, we examined tether forces from bleb mem-Stokes’ Law:F = §77an. H_eren_is the fluid ViSCOS'ity ands is the fl'OW
branes and from adjacent membrane regions, which Wel?te' The laser optical Frap is calibrated by measuring thg trap’s stiffness as

ted by the cvtoskeleton. We then estimated the me lescribed before (Dai and Sheetz, 1995). Briefly, a viscous force was

suppor _y y ’ %enerated by moving the specimen at a constant velocity with a piezoce-
brane tension and the membrfine'cytOSkelemn adhesmﬂmic-driven stage. The position of the bead in the trap was tracked using
components of tether forces. This was done for the highlythe nanometer-level tracking program (Gelles et al., 1988) to analyze video
polarized rabbit renal proximal tubule epithelial cells afterrecords of the experiments. T'he v'iscous force on the bead was calculated
anoxic injury and for the human melanoma cells that nor_thrOL_Jgh SFokes Law. The calibration showed a linear for_ce-dlsplacement

Ilv display circumferential blebs of the plasma mem_relanonshlpfor the optical tweezers, and the slope of the linear fit gave the
mally play . P ) trap stiffness. After the trap stiffness was determined, the force on the
brane. From these studies, the membrane tension appearstQds was calculated from the displacement of the beads from the trap

be a continuum property of the whole cell surface, andcenter.

|CeII culture and preparation
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Laser tweezer manipulations which presumably is the atmospheric pressure for the cultured cells. Fig. 1
illustrates the balance of forces on a membrane bleb. By analyzing the

The cells were viewed with a video-enhanced differential interferenceforce balance on the bleb, we can obtain the following equation:
contrast (DIC) microscope (IM-35 microscope; Zeiss, Oberkochen, Ger-
many) with a fiber optic illuminator. The stage was maintained at 38°C AP = 2T./R, (4)
with an air current incubator. The laser trap consisted of a polarized beam
from an 11-W TEMOO-mode near-infrared (1064 nm) Nd:YAG laser whereR, is the radius and ., is the bleb membrane tension. In fact, Eq. 4
(model 116Fn; Quantronix Corp., Smithtown, NY) that was expanded byis an alternative form of the law of Laplace. When Egs. 2 and 4 are
a 3X beam expander (CVI Corporation) and then focused through arcombined, the following is obtained:
80-mm focal length achromatic lens (Melles Griot, Irvine, CA) into the
epifluorescence port of a Zeiss IM-35 microscope. AP = F§/47TZBF% (5)

To prepare a melanoma cell sample, the coverslip containing cells was
mounted on an aluminum coverslip holder with silicone grease, and then B iS & constant parameter (it is assumed Bat 2.7 X 10 ** N'm). With
second cleaned coverslip was mounted on top to form a flow cell. IgG-the measured static tether fordg,( and bleb radiusR;), AP can then be
coated latex beads in medium were exchanged for the normal medium. Tealculated from Eq. 5. We have assumed that the contribution of the tether
form a tether from the melanoma cell, an IgG-coated latex bead was helfprmation to the pressure is insignificant, because the tether force does not
on the cell surface for several seconds. Then the bead was pulled awéange with tether length.
from the cell surface by moving the sample with a piezoceramic-driven
stage (Wye Creek Instruments, Frederick, MD) at a constant velocity. All
of the experiments were recorded on videotape for later analysis. ARESULTS
relatively short tether (2-%um in length) was formed from the bleb L A
membrane to avoid affecting the bleb size. Bead binding and tether formation

To prepare renal cell samples, PTs were mounted on a coverslip wit L L
Cell-Tak (Collaborative Biomedical Products, Bedford, MA) after 30 min QNe have tested the bead binding affinities for the mem

of incubation or 30 min of anoxia. Then a second cleaned coverslip wadranes by trapping a bead ar!d holding the bead on the
mounted on top to form a flow chamber. The ConA-covered latex beadsmembrane for 1-3 s before trying to move the bead away
were added in the flow chamber. Tethers were formed on the PT renal cejyith the laser tweezers. For the melanoma cel50% of
apical region, the basal region, and blebs from the anoxic cells. Because tlme IgG-coated beads bound to either the cell membrane or
size of these blebs is larger than that of the melanoma cell, tethers frorﬂ]e bleb membrane. The laG-coated beads rarelv bound to
cells and blebs are relatively the same in lengt®{10um in length). The . ) g_ y
tether force was independent of tether length over this range. the rabbit ren?' cell Surface'_ th?refor?i _ConA'Coated beads
were used to increase the binding affinity. The same tether
Tether force measurement and the calculation of force was observed when either IgG- or ConA-coated beads
T, and F., were used to form tethers. About 40% of the ConA-coated
m a
_ beads bound to both the cell membrane and the bleb mem-
To ”:eatslure IEeTita“Cthtetg‘e’dfom?i_ a t_e”;her t""asdfor_me‘;' tﬁ;]”d fkept ?t Brane. These observations suggest that the membrane bind-
constant fengih. 1hen the bead posiion in the frap during tetner 'ormation, o o mponent is at the same concentration in the blebs and
was tracked using the nanometer-scale tracking program (Gelles et al. .
1988). The tether force on the bead was calculated from the calibration ohe membrane. When we first formed the tether, we could
the laser trap. The static tether force only contained the contributions froninove the tether laterally on the bleb membrane, but in only
membrane tension, bending stiffness of the bilayer, and membrane-cyrare cases could it be moved on the nonblebbing region. The
toskeleton adhesion. According to Hochmuth et al. (1996), free lateral movement of the tether on the blebs indicates
T=T,+ y=FZ8Br (1) that the bleb membranes lack cytoskeleton support. In ad-
whereT,,, is the membrane tensiof,is the apparent membrane tensibg dition, the probability of tether formation for the bleb mem-
m , ' - i 0 ile itis~309
is the static tether force from the cell surfagas the membrane-cytoskel- brane-bound beads is95%, while it is~30% TOI‘ the beads
eton adhesion term, ariiis the bending stiffness, and the value is assumeddound to the cell sfurface_, further suggesting that the cy-
to be 2.7Xx 10 ~*° N-m (a value typical for lipid bilayer, red cell, and toskeleton support is lost in the bleb membrane.
neutrophil membranes). Because the bleb membrane lacked cytoskeleton
support, the membrane tension calculated from bleb membrane static tether
force (F,) was assumed to be the membrane tension, and Eq. 1 becomes

T.=Fy/8Bm*. 2

We think that it is helpful to calculate the force component of the tether
force generated by membrane-cytoskeleton adhesigy. (f we assume
that the bleb membrane does not contain cytoskeleton support and that the
membrane tension is a constant over the whole cell surface, then the pi
adhesion term is simply the difference between the tether force over the i N
cytoskeleton and the tether force over a bleb:

tether

Lastmp

o —

tether force (F0)

%
Fai=Fo — Fo. 3) CELL bleb Po

Calculation of the intracellular pressure in

melanoma cells .
FIGURE 1 Diagram shows the balance of forces on the bleb membrane.

We define intracellular pressure as the pressure differehB jetween P; is pressure inside the cell, aRyg is pressure outside the cell. In our case,
the inside pressureP() and the outside pressurfj (AP = P, — P,), P, equals the atmospheric pressure.
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Membrane tether forces for the polarized region, whereas for the blebs on either the basal or apical
renal cells regions, the tether forces were the same (Fi§). Zhus, the

. loss of the cytoskeleton-membrane adhesion resulted in a
We have measured the static tether forces of tethers fro@ajor decrease in the tether force, and regional differences

the renal epithelial cell membrane at apical and bagolater ere seen in the membrane-cytoskeleton adhesion compo-
surfaces and from the membrane blebs under anoxic condlll—

. ) _ . ent and not in the membrane tension component.
tions. Blebs induced by anoxia are not self-healing. Many P
smaller blebs eventually fuse and form larger blebs, as

would be expected, because the membrane tension in th€, and F_4 for renal cells

larger blebs is greater with the same_lnternal pressure. Thﬁecause the bleb membrane does not have cytoskeleton
plasma membrane of renal cells still keeps its integrity

under our experimental conditions. However, during Iorc)_support, it is suggested that there is no contribution from the

. : membrane-cytoskeleton adhesion in the bleb membrane.
longed renal anoxia>45 min), the plasma membrane rup- :
. . When the membrane tensions were calculated from the
tures, causing the release of intracellular contents, such

S . )
: 38ther forces using Eq. 2, it was found that the membrane
lactate dehydrogenase (LDH), into the extracellular Spacgensions in the bﬁabsq were the same in apical and basal

(Chen et al., 1997). Tether forces from the basal region and_ . . . .
basal blebs were-14 pN and~8 pN (Chen et al., 1997; regions (Fig. 2B). This suggests that membrane tension was
N ' _small and continuous over the cell surface.

also shown in Fig. 2), respectively. The tether forces from : .
. . Using Eqg. 3, the membrane-cytoskeleton adhesion com-
the apical region were larger than those from the basal .
ponent,F_ of the tether force is calculated for renal cells
(Fig. 3). The membrane-cytoskeleton adhesion accounts for
a force of~14 pN in the apical region ane6 pN in the

A basolateral region. This suggests that membrane-cytoskele-

30 ton adhesion is the major factor in generating the tether
- force. The lower value for the basolateral region is consis-
25t tent with the less extensive cytoskeleton support beneath the
» basolateral membrane.
20
= 1sp |5 Membrane tether forces for melanoma cells
Q : .
ragDP S Several melanoma cell lines were selected for metastatic
100 |- .
- potential and were found to have the property that they
5k / continuously formed blebs under normal growth conditions
- | (Cunningham et al., 1992). The M2 line was deficient in
ok g o actin binding protein 280 (ABP 280). Unlike blebs from
Apical Apical Bleb Basal Basal Bleb renal cells under anoxic conditions, blebs on the melanoma
B cell surface are self-healing. A bleb on a melanoma cell
0.025 progressively goes from expansion to stasis, and then to the
i development of ruffling. Bleb expansion is smooth and
0.025- /, typically requires 4—7 s to reach full size. After reaching its
M full size, a bleb remains extended ferl0 s, then retracts
Q 0.015 /
zZ [ 20
E oo [
- P wh T
0.005]- [ ; %5
F [ m 4 210F
o . . . cor
Apical Apical Bleb Basal Basal Bleb s5f
FIGURE 2 Static tether forceg\ and calculated membrane tensioB ( - "z
from renal cells after anoxia. The average tether force over the cytoskeleton oL [/
at the apical region is higher than that at the basal region. However, when Apical Basal .
cells bleb under anoxic conditions, there is no difference in tether forces for Membrane-Cytoskeleton Adhesion

tethers formed on basal or apical blebs (the data on tether forces from bleb

and nonbleb membranes at the basal region have been published; ChenFdGURE 3 The membrane-cytoskeleton adhesion comportept, of
al., 1997). This indicates that tensions on blebs (assumed to be the mertether forces for renal cells. The valueff, at the apical region is larger
brane tension) at the apical and basal areas are the same. than that at the basal region.
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over~30 s. The stable bleb gives usl0 s to measure the
tether force. F-actin assembly is directly related to the bleb
self-healing (Cunningham, 1995). Fig. 4 is a picture of a
tether formed from a bleb on an M2 cell surface.

We have found that the size of small blebs decreased
dramatically when long tethers were formed from them,
indicating that the tether membrane was preferentially
drawn from the bleb. Short tethers (248n) were formed
from relatively small blebs (less thanan in diameter) for
tension measurements, and these short tethers did not
change the bleb size significantly. As shown in Figh,3he
static tether force for the bleb membrane tether was smaller
than the tether force over regions of cytoskeletally sup-
ported membrane. M2 cells are human melanoma cells that
are ABP-280 deficient. In contrast, A7 cells are a subclone
of M2 cells wherein the level of ABP-280 has been restored
to normal (Cunningham et al., 1992). The normal phenotype
has been partially resorted in A7 cells, and blebbing was
reduced. Tether forces on cytoskeletally supported areas of
A7 cells are larger than those for M2 cells, which is con-
sistent with the hypothesis that ABP-280 is one of the
membrane-cytoskeleton linkers and its expression strength-
ens the membrane-cytoskeleton attachment. The tension on
the blebs, which presumably is the membrane tension, is
about the same for the two cells.

T,, and F_4 for melanoma cells

The apparent membrane tensions are calculated from the
tether forces over the cytoskeletally supported membranes,
and the value for M2 cells is slightly smaller than that for

A7 cells. Compared with the apparent membrane tensions,
the membrane tensions calculated using Eg. 2 for M2 and

A

40 ~
32 L
- A
S’ -
wie - [
- [
R I Ry
ol b
M2

0.06

0.05
. 0.04
E 0.03
~ (.02

0.01

A0 U0 0 20 000 N
i i i i i i

TR T N Rt s

A7

A7 cells are relatlvely small and about equal at0.011 mN/m:IGURE 5 Static tether forceg\ measured from blebs of both M2 cells
and 0.012 mN/m for M2 and A7 cells, respectively (2B) (n = 94) and A7 cells (A7B)1f = 26), and nonblebbing membranes

(Fig. 5 B).

of M2 cells (0 = 40) and A7 cellsif = 26). Tether forces on membrane
blebs are about half of those on nonbleb regions. Apparent membrane
tensions B) calculated from tether forces measured from human melanoma
cells, M2 and A7. Membrane tensions on blebs are very small compared
with apparent membrane tensions on nonbleb regions.

From Eq. 3, the values of the membrane-cytoskeleton
adhesion force that are obtained for M2 and A7 cells are
~11 pN and 14 pN, respectively (Fig. 6). The gredigyin
A7 cells may be due to the fact that these cells have been
transfected with wild-type ABP-280 gene and the mem-
brane-cytoskeleton adhesion is enhanced as expected.

The intracellular pressure of melanoma cells

We noted that the blebs formed by swelling, which indi-
cated that an expansive pressure was present in the cell. As
shown in Fig. 7, the tension of tethers from blebs of differ-
ent size on the same cell increased with the bleb size. The

FIGURE 4 Video-enhanced DIC micrograph of a membrane tetherdata presented are from a single cell but are consistent with

formed from a bleb on an M2 cell.

values from other cells. When the line in Fig. 7 is extrap-
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20 sure should increase bleb formation and vice versa. Chang-
X ing the osmolarity gradient across the plasma membrane
15 _ altered the intracellular pressure. Cell blebbing was en-
- {7 hanced (both the frequency of bleb formation and bleb size
—~ T / were increased) when the medium osmolarity was reduced
2310 N ] by adding 10% HO (v/v) to the medium. Conversely,
(TR blebbing was suppressed (both the frequency of bleb for-
5 ) mation and bleb size were decreased) when the medium
i ) osmolarity was increased by adding 5 mM sucrose. If it is
of assumed that thidP is caused by the salt, NaCl, according
A7 to the relationship between osmotic pressure and concen-
Membrane-Cytoskeleton Adhesion tration differences, only a-4 uM difference in NaCl con-

centration across plasma membrane is needed to generate a
FIGURE 6 The membrane-cytoskeleton adhesion comporiept, of AP of 20 N/n?. If the cell diameter is assumed to be 16,
tether forces for melanoma cells. The valud=gfof A7 cells is larger than then ~10° NaCl molecules more in the cytoplasm or the
that of M2 cells. . .

loss of water equivalent to 0.003% of the cell volume is
sufficient to generate such an intracellular pressure. This
pressure is resisted by the cytoskeleton. The cell appears to
tightly regulate both the pressure and the adhesion between
the membrane and the cytoskeleton.

olated to a small bleb diameter (1m), the estimated
value of the tether force is-17 pN, which is in good

agreement with the observed value for small blebs (Fig. 5). In some of the larger blebs, the membrane tension is quite

This is all consistent with the prediction from Eq. 5. . ) . .
M2 cells display extensive blebbing all the time. On the.h'gh’ and the higher tension should affect membrane tension

e e A7 colwerecutres for 4 roureivo 007D e o erestngy, g g it
of A7 cells stop blebbing. After 8 hours in culture, the ’ P

majority of A7 cells stop blebbing. We measured the tetheﬂcormed on the membrane near the bleb (Fig. 8). In 10

force on blebs from both the M2 cells and A7 celis observations of the spikes in the tether force off the bleb, we
. ; found that the average duration of the spike was less than
hours after plating to allow comparisons to be made. Th
averageAP is 20.7= 5.9 N/n? (STD) for M2 cells and is s. The very small amount of water or salt movement
249+ 8.0 N/n? (.S'FD).in A7 cells. An explanation for the needed to balance the osmolarity difference may explain the
o g Pt . short duration of the increase in tether force during blebbing.
slightly lower bleb membrane tension aa& in M2 cells is

that M2 cells bleb more extensively, releasidd and
lowering tension on blebs. DISCUSSION
Blebs presumably form when the pressure across the . . L . .
plasma membrane exceeds the strength of the bond betwelhPure lipid vesicles, the tension N the membrane b|_Iayer IS
the membrane and cytoskeleton. Therefore, increased pre\é(-ary lOW’ ar_ld the membrane tenS|or_1 of erthrocytes Is about
zero. Little is known about the tension in the plasma mem-

brane bilayer of normal cells. Here we have calculated the

850
O
800 OO
Q750 .
Z S 1504 ¥ a large bleb starts
B 1 & form
o 700 £ 1= o
~ o) = 1 .E
o 650 -‘-_ : '
Elc § e i ,$ i“ﬁ}:‘ !
- [ [N L] i
600 S | % ¢ _ i
s ] g n‘:&.ﬂ*‘&’,‘:" N
550 [ a 50‘::
I | 1 | L 4
500 j
24 26 28 3 32 34 3.6 o : : , : :
Diameter (zm) O 200 400 600 800 1000 1200

Time (frame #)
FIGURE 7 Plot of the tether forces squardgq) versus bleb diameter
on M2 cells, which is linear, as predicted by Eq. 5. Larger blebs have tetheFIGURE 8 Plot of tether force (0.3 pN/nm) versus time (30 frames/s) on
forces that exceed the tether forces normally found on the supported region of the cell off the bleb. Abo@ s after the bleb starts to form, the
membrane areas. tether force rises from 24 to 28.5 pN and stays high for 8®inthis case.
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membrane tension in both human melanoma cells and renahportant in mediating membrane lipid-cytoskeleton adhe-
epithelial cells from tether forces measured on blebs. In botlsion (Hyvonen et al., 1995). Based upon a number of
cases, the membrane tension is the same at different placebservations it appears that the membrane binds to cytoskel-
on the cell, indicating that membrane tension is continuougton continuously, as if supported by a continuum of adhe-
over the cell surface. In addition, we found that membranesive interactions. This can explain why the tether force does
tension is a relatively small component of the apparennot jump when a tether can be moved laterally over the cell
membrane tension. surface (a rare event in these cells) (Dai and Sheetz, unpub-

In many respects, biological membranes can be treated dished results).
two-dimensional materials, because the thickness of the It is clear that the cytoskeleton does not enter the tether
bilayer is only 5 nm. Membrane bilayers are relatively (Berk and Hochmuth, 1992; Hwang and Waugh, 1997).
inelastic (-3% stretch at lytic tensions, which arel00—  Thus a tether force will arise from breaking the membrane-
1000-fold greater than normal membrane tensions; Nichotytoskeleton interaction. The adhesive interactions between
and Hutter, 1996). Furthermore, the fluid nature of themembrane proteins or lipids and the cytoskeleton cause a
bilayer ensures that there are no shear forces as the memepletion of those membrane components in the tethers,
brane conforms to cytoskeletal projections. An importantcreating a different chemical environment for lipids in the
consequence of these mechanical properties is that tensidethers and in the plasma membrane. Because lipids are
generated in one portion of the cell membrane is propagatefiuid and they are in a lower energy state when bound to
through the membrane to potentially alter the whole cell'scytoskeletal proteins, this is analogous to an osmotic pres-
state. We indeed find that the apical and basolateral bilayesure resulting from a difference in the activity of water
tensions are the same, although they are separated by theross a semipermeable barrier. Therefore, membrane os-
gap junctions. In kidney epithelia under anoxic conditions,motic pressure is used to explain the tension caused by
the larger blebs absorb smaller blebs, as would be predictedembrane-cytoskeleton adhesion (Dai and Sheetz, 1995:
because of the higher tension for the same fluid pressure. Waugh and Bauserman, 1995).
melanoma cells, blebs heal rapidly, and blebs of different
sizes are evident on the same cell, because they are rein-
forced with actin. . .

. . - Bleb formation and intracellular pressure

The main concern here is whether it is accurate to assume
that the tension on the bleb membrane is equal to the tensiddecause of their spherical shape and smooth growth, a
in the plasma membrane. Two pieces of evidence may arguawvelling pressure is believed to inflate blebs. A swelling
that this assumption is reasonable. First, bleb membranes gwessure across the plasma membrane has been inferred in
not have cytoskeleton support. Second, membrane in thdifferent eukaryotic cells. Some evidence comes from the
tether is mainly from the bleb. We have found that during afollowing observations: large, nonretracting blisters are
long tether formation from a bleb, the bleb size decreaseseen with cell injury by physical or chemical stress. Spher-
For a very small bleb, the bleb can be almost completelyical membrane blebs are also seen with uninjured cells
removed if a relatively long tether is formed (Dai and during spreading and mitosis or at the leading edge of
Sheetz, unpublished observations). We may expect that theoving cells (Cunningham, 1995). The direct measurement
actual membrane tension is lower than that measured frorof the intracellular pressure has been difficult. By the use of
bleb tethers if some elements of the cytoskeleton are ai@n invasive method, the servo-null technique, the internal
tached to the bleb or if some membrane proteins do nopressure in th&Xenopus laevigocyte andAmoeba proteus
partition equally into the tether. Thus the calculated value ohas been measured (the values varied from an average of 27
membrane tension from the bleb tether force provides ailN/m? in Xenopus laevisocytes to several hundred N7rm
upper limit of the actual membrane tension. the Amoeba proteysKelly and Macklem, 1991; Yanai et
al., 1996; Fein, 1972). In this study, we estimated the
intracellular pressure in a noninvasive manner, and the
value we obtained is comparable to the published results.
Our findings indicate that a significant pressure drives
membrane bleb formation, and tension in the cytoskeleton
Membrane-cytoskeleton interaction provides stabilizatiomnormally balances the outward pressure.
for the plasma membrane and conformity to the cytoskele- The significant implication of the intracellular pressure is
ton, but more importantly, it can be rapidly adjusted in athat because this internal force driving bleb formation al-
variety of cell functions, such as cell signaling, cell migra- ways exists in a cell, this process will influence other cell
tion, and cell polarization. Plasma membranes are supportegktensions as well. The intracellular pressure has been sug-
and confined to domains by the underlying actin cytoskel-gested to be important to different biological functions,
eton (reviewed in Sheetz, 1995). Membrane lipids are alsparticularly in cell motility. It has been suggested that in
shown to directly or indirectly bind to actin cytoskeleton conjunction with weakening of the cell cortex over a local-
(Laliberte and Gicquaud, 1988; Hyvonen et al., 1995). It haszed area, the intracellular pressure could induce the forma-
been proposed that pleckstrin homology (PH) domains aréon of pseudopods (Dong et al., 1994). The intracellular

Membrane-cytoskeleton adhesion and membrane
osmotic pressure
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pressure also has been shown to provide a motive force fd¥ickman, K. R., and L. J. Mandel. 1989. Glycolytic and oxidative metab-

Amoeba proteusell motion (Yanai et al. 1996) In recent (C):Iis:;g iréprigr)nary renal proximal tubule cultureAm. J. Physiol 264:
! ) 439-C449.

studies of Walker carcinosarcoma cell locomotion, mem'Dong, C., S. Aznavoorian, and L. A. Liotta. 1994. Two phases of pseu-
brane protrudes faster (1.2—4uIn/s) than known rates of  dopod protrusion in tumor cells revealed by a micropipéicrovasc.
actin elongation (Keller and Bebie, 1996). Thus protrusion Res.47:55-67.

; ; ; Evans, E. A., and A. Yeung. 1994. Hidden dynamics in rapid changes of
could be analogous to bleb formation in certain cases. bilayer shapeChem. Phys. Lipid73:39_56.

Fein, H. 1972. Microdimensional pressure measurement in electrolytes.
J. Appl. Physiol 32:560-564.

SUMMARY Gelles, J., B. J. Schnapp, and M. P. Sheetz. 1988. Tracking kinesin-driven

We have calculated the membrane tension from tether movements with nanometer-scale precisiNature.331:450—-453.

f f cell bleb d d that it i . Hochmuth, R. M., N. Mohandas, and P. L. Blackshear. 1973. Measurement
orces or ce ebs and suggested that It IS CONtiNUOUS OVET f the ejastic modulus for red cell membrane using a fluid mechanical

the cell surface. We have also found that membrane-cy- techniqueBiophys. J.13:747-762.
toskeleton adhesion is the major component in the appareifochmuth, R. M., J. Y. Shao, J. Dai, and M. P. Sheetz. 1996. Deformation

membrane tension calculated from tether forces. We postu- and flow of membrane into tethers extracted from neuronal growth
’ cones.Biophys. J.70:358-369.

late that membrane_-cytoskeleton adhesion is mamfeste_d q—Ywang, W. C., and R. E. Waugh. 1997. Energy of dissociation of lipid
a membrane osmotic pressure generated by the separation obilayer from membrane skeleton of red blood cefsophys. J.72:
membrane from the cytoskeleton in the tether. An intracel- 2669-2678.

; ; ; Hyvonen, M., M. J. macias, M. Nilges, H. Oschkinat, M. Saraste, and M.
lular pressure 1s observed in the cell that is norma"y Sup Wilmanns. 1995. Structure of the binding site for inositol phosphates in

ported by contractile tension in the cytoskeleton. Intracel- 5 pH domainEMBO J.14:4676—4685.
lular pressure can contribute to membrane tension angeller, H. U., and H. Bebie. 1996. Protrusive activity quantitatively deter-

drives some membrane protrusions as well as bleb formation. mines the rate and direction of cell locomoti@ell Motil. Cytoskeleton.
33:241-251.

Kelly, S. M., and P. T. Macklem. 1991. Direct measurement of intracellular
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