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Mechanical factors play an important role in the
egulation of cell physiology. One pathway by which
echanical stress may influence gene expression is

hrough a direct physical connection from the extra-
ellular matrix across the plasma membrane and to
he nucleus. However, little is known of the mechani-
al properties or deformation behavior of the nucleus.
he goal of this study was to quantify the viscoelastic
roperties of mechanically and chemically isolated
uclei of articular chondrocytes using micropipet as-
iration in conjunction theoretical viscoelastic model.
solated nuclei behaved as viscoelastic solid materials
imilar to the cytoplasm, but were 3–4 times stiffer and
early twice as viscous as the cytoplasm. Quantitative

nformation of the biophysical properties and defor-
ation behavior of the nucleus may provide further

nsight on the relationships between the stress–strain
tate of the nucleus and that of the extracellular ma-
rix, as well as potential mechanisms of mechanical
ignal transduction. © 2000 Academic Press

Key Words: nuclear matrix; tension; tensegrity; me-
hanical signal transduction; osteoarthritis; cartilage;
hondrocyte; micropipet aspiration.

Under normal physiological circumstances, cells of
he body are exposed to a complex and diverse environ-
ent of mechanical stresses and strains due to passive

eformation and active behavior. Within the musculo-
keleton, tissues such as the articular cartilage lining
he joints of the body may be exposed to cyclic stresses
ith peak magnitudes exceeding 10 MPa (1). Cells of

he body are not only able to withstand such stress
nvironments, but in fact respond to mechanical stress
nd other biophysical factors related to mechanical
tress (e.g., strain, fluid flow and pressure, electroki-
etic effects) as “signals” to regulate their gene expres-
ion and metabolic activity. The mechanisms of me-
hanical signal transduction at the cellular level are
ot fully understood, and may involve activation of ion
781
ng pathways (2–4). More recently, it has been hypoth-
sized that one pathway which mechanical stress may
egulate cellular activity at the genome is through a
irect physical connection from the extracellular ma-
rix across the plasma membrane and to the nucleus
5, 6).

In support of this hypothesis, previous studies have
hown evidence of cytoskeletal connections between
he extracellular matrix and the nucleus via integrin
eceptors (5), as well as coordination of nuclear shape
ith that of the cell via the cytoskeletal proteins (7).
ther studies have demonstrated that nuclear pore

ize and the rate of nucleocytoplasmic transport may
epend on cell and nucleus shape during cell attach-
ent (8, 9). Specific to articular cartilage, the nuclei of

hondrocytes change shape and volume with physio-
ogic magnitudes of extracellular matrix compression
10), and nuclear shape is coordinated with alterations
n the biosynthesis of matrix components such as ag-
recan (11).
Taken together, these various studies support the

ypothesis that mechanical deformation of the nucleus
lays a role in signal transduction. To directly test such
hypothesis, it would be important to have an accurate
nowledge of the stress–strain state of the cell and
ucleus. However, a quantitative description of the
tress and strain environment at the cellular and sub-
ellular levels may be difficult or even impossible to
easure in certain circumstances. In this regard, the-

retical models of cellular mechanics can provide in-
ight on the biophysical factors which influence cell
hysiology, and a measure of the biomechanical prop-
rties of the cell nucleus would be important for theo-
etical models of cell mechanics or cell-matrix interac-
ions (12, 13). A number of studies have utilized
icromechanical techniques to measure the properties

f the cytoplasm (e.g., 14–22), but little or no quanti-
ative information is available on the deformation be-
avior or mechanical properties of the cell nucleus.
reliminary studies using micropipet aspiration with a
0006-291X/00 $35.00
Copyright © 2000 by Academic Press
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viscoelastic fluid model have suggested that the inho-
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ogeneities in the properties of neutrophils may be
ue to significantly different nucleus stiffness as com-
ared to the cytoplasm (15). More recently, scanning
robe microscopy has revealed inhomogeneities in the
roperties of adherent cells which have been attributed
o differences in cytoplasmic and nuclear properties
20).

The goal of this study was to test the hypotheses that
he cell nucleus behaves as a viscoelastic solid, and
hat it possesses biomechanical properties that are dis-
inct from those of the cytoplasm. The nuclei of primary
hondrocytes were isolated using both mechanical (mi-
rodissection using micropipet aspiration) and chemi-
al (detergent) methods, and direct quantitative mea-
urements of the viscoelastic properties of cells and
uclei were made using the micropipet aspiration tech-
ique in conjunction with a viscoelastic solid model of
he cell nucleus.

ATERIALS AND METHODS

Isolation and culture of cells. Unless otherwise noted, reagents
nd chemicals were purchased from GibcoBRL (Grand Island, NY).
nee joints of 2-year-old pigs (N 5 4) were obtained from a local
battoir. Under aseptic conditions, the joints were dissected and
xplants of articular cartilage was harvested from the femoral con-
yles. Chondrocytes were isolated from the extracellular matrix us-
ng previously described methods (23). Briefly, the tissue was minced
nd incubated in wash media containing 1320 PUK/mL of pronase
Calbiochem, San Diego, CA) and 10% fetal bovine serum (FBS)
Gibco, Grand Island, NY) for 1 hour at 37°C, 95% air, 5% CO2. The
issue pieces were centrifuged and rinsed in wash media twice. The
issue pellet was then resuspended in wash media containing 0.4%
ollagenase (Worthington, Freehold, NJ) and 10% FBS (Gibco) for 3
ours at 37°C, 95% air, 5% CO2. Following the incubation, the cell
uspension was filtered through a sterile nylon filter (70 mm) (Becton
ickinson, Franklin Lakes, NJ) to remove extracellular debris. Cell
iability were determined using a trypan blue exclusion assay and
as found to be greater than 95% in all cases. The cells were resus-
ended at a density of 106 cells/ml in 1.2% (w/v) alginate (Alginic
cid, Sigma Chemical) dissolved in 150 mM NaCl. Beads were

ormed by dropwise addition of the alginate into 102 mM CaCl2, as
escribed previously (23) and allowed to cure for 10 min. The beads
ere rinsed three times with 150 mM NaCl and cultured overnight

n culture medium consisting of Ham’s F-12 medium with 10% FBS,
00 units/ml penicillin, 100 mg/ml streptomycin, and 1 mg/ml Fungi-
one.
Immediately prior to testing, the alginate beads were dissolved in
55 mM sodium citrate and 50 mM sodium chloride solution to

elease the cells. The cells were then suspended in Dulbecco’s
hosphate-buffered saline (without Ca21 or Mg21) at room tempera-
ure containing 0.1% bovine serum albumin. Approximately 1 ml of
ell suspension was placed in a custom-built chamber designed to
llow for the entry of two micropipets from the sides (16). A coverslip
No. 1), coated with Sigmacote, was used as the bottom of the cham-
er, providing a short, optically clear path between the objective lens
nd the cells. All experiments were performed between 1 and 3 days
ollowing cell isolation.

Micropipet manipulation. Micropipet micromanipulation and as-
iration were performed using techniques similar to those described
reviously (16, 17, 19). Micropipets were made by drawing glass
782
apillary tubes (A-M Systems, Inc., Everett, WA) with a vertical
ipet puller (Model 700C, David Kopf Instruments, Tujunga, CA)
nd were then fractured on a custom-built microforge to an inner
adius (a) of 2–3 mm for nuclear isolations and cell aspiration testing,
r a 5 1–2 mm for nuclear aspiration testing. A range of micropipet
iameters was used to maintain a constant ratio of cell or nucleus
iameter to micropipet diameter. Micropipets were coated with Sig-
acote (Sigma Chemical) to prevent cell adhesion during testing.

Mechanical isolation of nuclei. Chondrocytes were suspended in
he testing buffer in a chamber on an inverted video microscope. A
lass micropipet of radius a 5 2–3 mm was used to repeatedly
spirate the cell completely until the membrane ruptured (Figure 1).
he micropipet was then used to aspirate the nucleus in order to
hysically extract and separate it from the surrounding cellular
ebris.

Chemical isolation of nuclei. Nuclei were chemically isolated by
reatment with detergent (0.1% IGEPAL CA-630 in phosphate-
uffered saline), followed by centrifugation at 500g for 20 min. to
eparate the nuclei from the cellular debris. The nuclei were then
uspended in a testing buffer consisting of 0.75% bovine serum
lbumin in Hank’s balanced salt solution with 15 mM Hepes.

Viscoelastic testing. Micropipet aspiration of the cell was per-
ormed by applying a pressure gradient to the cell surface using a
ustom-built adjustable water reservoir, and pressures were mea-
ured directly with an in-line pressure transducer (Validyne Engi-
eering Corp., Northridge, CA) with a resolution of 0.1 Pa. The

nitial diameter of each cell or nucleus was obtained by averaging the
easured values of the vertical and horizontal diameter before as-

iration.
A tare pressure of 10 Pa was first applied to the cell or nucleus

urface for 60 s to achieve an initial test geometry and to ensure a
omplete pressure seal. A test pressure (DP) of 100 to 500 Pa was
hen applied to the cell or nucleus and images of the specimen
spiration into the micropipet were recorded at video rates (60
elds/s) with a CCD camera (Cohu, San Diego, CA) through a bright-
eld microscope (Nikon, Melville, NY), using a 603 oil immersion
bjective (numerical aperture 5 1.4) (Nikon) and a 103 wide field

FIG. 1. Mechanical isolation of the cell nucleus using micropipet
spiration. A glass micropipet with an inner diameter of 4 to 6 mm
as used to completely aspirate the cell repeatedly until the mem-
rane ruptured. The micropipet was then used to aspirate the nu-
leus in order to physically extract and separate it from the sur-
ounding cellular debris. Arrowheads indicate the nucleus.
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yepiece (Edmund Scientific Co, Barrington, NJ). The applied pres-
ure magnitude and the time were recorded simultaneously on
-VHS videotape using a digital multiplexer (Vista Electronics,
amona, CA). The initial diameter of each cell was obtained by
veraging the measured values of the vertical and horizontal diam-
ters before it was drawn into the micropipet. Initial cell volume was
alculated from the cell diameter assuming a spherical geometry.
he length (L) of cell protrusion into the micropipet as a function of
ime was measured from videotape at a resolution of 60.2 mm with
video dimensional analysis system (Vista Electronics) in synchro-

ization with the time and applied pressure readings.

Theoretical modeling of micropipet aspiration. The viscoelastic
echanical properties of the cell were determined from the experi-
ental pressure and cell deformation data using a theoretical model

19) which represents the cell as a homogeneous half-space under
mall deformation with an applied uniform axisymmetric pressure
rom the micropipet (Figure 2A). A three-parameter viscoelastic
odel (standard linear solid) was used to represent the material

ehavior of the cell (Figure 2B), assuming intrinsic incompressibility
nd isotropy (Poisson’s ratio 5 0.5) (19). The governing equations for
his model were solved for the elastic parameters (k1 and k2) and the
pparent viscosity (m) of the cell as a function of the radial (r) and
xial (z) coordinates, the applied pressure (DP), the displacement (L)
t the cell surface, and the inner (a) and outer (b) radii of the
icropipet, assuming a boundary condition of no axial displacement

f the cell at the micropipet end. For this “rigid punch” model, a
imensionless parameter F was used to incorporate the effect of the
all thickness of the micropipet (21). For the micropipet geometries
sed in the present study, a value of F 5 2.1 was applicable for the
ntire range of values of a and b used in our experiments. The radial
nd axial coordinates were set to zero to obtain a simple equation for
he displacement L(t) at the surface of the cell in the center of the
icropipet, which were solved by nonlinear regression to obtain k1,

2, and m

L~t! 5
FaDP

pk1
F 1 2

k2

k1 1 k2
e 2t/tG , [1]

here

m 5
t z k1k2

k1 1 k2
. [2]

hese elastic constants k1 and k2 are related to standard elasticity
oefficients by the following relationships

FIG. 2. Theoretical model of the micropipet aspiration test. (A)
he cell or nucleus was represented as a homogeneous half-space
nder small deformation with an applied uniform axisymmetric
ressure from the micropipet (19). (B) A three-parameter viscoelastic
odel (standard linear solid) was used to represent the material

ehavior of the cell.
783
E0 5 2 ~k1 1 k2!, E` 5 2 k1, [3]

here E0 is the instantaneous Young’s modulus and E` is the equi-
ibrium Young’s modulus.

Statistical analysis. The micropipet aspiration technique was
sed to determine the viscoelastic properties of the intact chondro-
ytes (n 5 15), chemically isolated nuclei (n 5 15), and mechanically
solated nuclei (n 5 20). A multivariate analysis of variance
MANOVA) with a Student–Newman–Keuls post hoc test was used
o test for differences in diameter, k1, k2, k1 1 k2, and m between cells
nd the mechanically and chemically isolated nuclei. Statistical sig-
ificance was reported at the 95% confidence level (P , 0.05). Sta-
istical analysis was performed using the Statistica software pack-
ge (Statsoft, Inc., Tulsa, OK). All results were reported as mean 6
ne standard deviation.

ESULTS

Both chemical and mechanical isolation techniques
ielded whole intact nuclei with little or no remnants of
ytoplasmic material, as visualized by differential in-
erference contrast (DIC) microscopy (Figure 3A) or
uorescent labeling of nuclei acids (Figure 3B) or the
uclear membrane (Figure 3C).
Cells and their nuclei displayed creep behavior typ-

cal of a viscoelastic solid, characterized by an initial
ump in displacement with the application of step pres-

FIG. 3. Micrographs of intact cells and isolated nuclei. (A) Dif-
erential interference contrast image of intact chondrocyte. (B) Flu-
rescent confocal image of the same cell labeled with acridine orange,
marker of nucleic acids. (C) DIC image of a chemically isolated

ucleus and (D) acridine orange labeling of the same nucleus. Both
hemical and mechanical isolation techniques yielded whole intact
uclei will little or no remnants of the cytoplasm. Scale bars 5 5 mm.
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ure, followed by asymptotic creep displacement until
quilibrium (Figures 4A–4C). Overall, nonlinear re-
ression curve-fits to an exponential rise function were
xcellent, with a mean correlation coefficient of R2 5
.96 (Figure 4D).
Highly significant differences were observed in all
easured mechanical properties of cells as compared

o mechanically or chemically-isolated nuclei (Figure
). Chondrocyte nuclei exhibited instantaneous and
quilibrium elastic moduli that were approximately 3
imes that of the cytoplasm in intact cells. Nuclei also
xhibited an apparent viscosity that was more than
wice that of intact chondrocytes. The mechanically
solated nuclei also exhibited a significantly higher
quilibrium modulus as compared to chemically iso-
ated nuclei. No significant differences were observed
n the exponential time constant (t).

ISCUSSION

The findings of this study indicate that the nucleus
ehaves as a viscoelastic solid material, similar to that
f the chondrocyte cytoplasm. However, nuclear prop-
rties were distinct from those of the cell cytoplasm,
nd nuclei were significantly stiffer and more viscous

FIG. 4. Micropipet aspiration and viscoelastic creep behavior of
ells and nuclei. Cell and nuclear behavior was characterized by an
nitial jump in displacement with the application of step pressure,
ollowed by asymptotic creep displacement of the edge of the nucleus
arrows) until equilibrium. (A) Resting state of nucleus at time t 5 0;
B) transient deformation at time t 5 10 s after application of test
ressure; (C) equilibrium state at t 5 300 s after application of test
ressure; (D) nonlinear regression curve fits to an exponential rise
unction were excellent, with a mean correlation coefficients of R2 5
.93–0.99. Data points represent experimental measurements and
ines represent theoretical curve fits.
784
ant evidence of the constitutive behavior and vis-
oelastic properties of the cell nucleus. In this manner,
direct, quantitative measurement of the biomechani-

al properties of the nucleus has important implica-
ions regarding theoretical models of cell mechanics
hich have generally assumed cells to be homogeneous

n properties. This finding is in general agreement with
revious confocal microscopy studies of intact cartilage
hich showed that chondrocyte nuclei deform less than

ntact cells under the same loading conditions (10). The
arge differences between cytoplasmic and nuclear
roperties suggest that the nucleus may provide a ma-
or contribution to the inhomogeneity, and thus, the
pparent mechanical properties of the cell (15).
In this study it was found that the chondrocyte nu-

leus behaved as a viscoelastic solid. This conclusion
as based on the theoretical model of a viscous fluid
rop with an elastic cortical shell being drawn into a
icropipet (22), which would predict complete aspira-

ion of the nucleus into the pipet beyond a threshold
eformation (i.e., L/a 5 1) (24). However, aspiration of
he cell into the micropipet beyond this threshold
ength suggests that the nucleus is exhibiting behavior
haracteristic of a solid rather than that of a viscous
uid with cortical tension. In the present study, chon-
rocytes and their nuclei exhibited an initial “jump” in
eformation with applied pressure, followed by a slow
symptotic entry into the micropipet up to two times
heir radii (Figure 4), which is behavior that is char-
cteristic of a viscoelastic solid. The equilibrium
oung’s modulus (E`) of the nucleus was found to be on

he order of 1 kPa, which is consistent with an elastic
odulus of 1–5 kPa reported for isolated eukaryote

hromosomes studied by micromanipulation and mi-
ropipet aspiration (25) as well as previous reports on
icrodissected or osmotically isolated neutrophil nu-

lei (15).

FIG. 5. Mechanical properties of cells and mechanically or chem-
cally isolated nuclei. Chondrocyte nuclei exhibited instantaneous
nd equilibrium elastic moduli that were 3–4 times greater and an
pparent viscosity that was more than 2 times greater than that of
ntact chondrocytes. The mechanically isolated nuclei also exhibited

significantly higher equilibrium modulus as compared to chemi-
ally isolated nuclei, *P , 0.05 vs intact cells, **P , 0.05 vs mechan-
cally isolated nuclei. Results are presented as mean 6 SD, n 5
5–20 per group.
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ignal transduction may be regulated by mechanical
eformation of the nucleus (5, 6). Changes in nuclear
hape or volume may alter the properties of the pore
omplex of the nuclear membrane, which regulates the
ransport of nucleic acids, proteins, and ions between
he cytoplasm and nucleus (26). Previous studies have
emonstrated that the rate of transport of nucleoplas-
in-coated gold particles into the nucleus, as well as

he functional size of the nuclear pores, was greater in
ells which had a more flattened shape (8). Alterna-
ively, mechanical signals may have a direct effect on
ntranuclear transcription or translation processes.
he evidence for this hypothesis is still indirect, but it
as been suggested that mechanical perturbations of
uclear matrix proteins may influence gene expression
y exposing or obscuring molecular binding sites dur-
ng mRNA transcription or through changes in DNA
onformation (5).

To model such phenomena, recent studies have de-
cribed cells and their nuclei as elastic “tensegrity”
tructures which assume that specific components of
he cell are in tension while others bear compressive
tresses (27, 28). These models have provided an in-
riguing paradigm which has been able to describe
any of the behaviors of adherent cells. Our findings

urther suggest that in such a paradigm, the intrinsic
iscoelasticity of the nucleus may play a significant
ole in the biomechanical interactions between the nu-
leus, cytoskeleton, and extracellular matrix. In the
uture, a more thorough understanding of the mechan-
cs of the nucleus may require an investigation of the
hysical properties of the nucleic acids and nuclear
atrix proteins, as well as their structural arrange-
ent within the nucleus (25, 29).
The “microdissection” method used to mechanically

solate the cell nucleus allowed direct testing of the
ucleus while minimizing the confounding effects of
he cell membrane, cytoskeleton, and cytoplasm. It is
mportant to note that mechanically-isolated nuclei ex-
ibited significantly higher stiffness as compared to an
stablished procedure for chemical isolation of cell nu-
lei. The source of this differences is not clear, but may
e due to partial disruption of the nuclear matrix or
embrane which has been observed during chemical

solation (30). Each of the two isolation procedures has
pecific advantages. The mechanical isolation tech-
ique provides a direct correlation of cell and nuclear
roperties and possibly less damage to the nucleus but
s difficult to perform on large numbers of cells. Chem-
cal isolation can be performed on a large number of
ells simultaneously, but its effects on nuclear proper-
ies are not fully understood and are sensitive to the
oncentration and time of exposure to the detergent.

Knowledge of the viscoelastic properties of the nu-
leus also may have important implications in the
785
ndicate that the intact nucleus behaves as a viscoelas-
ic solid, with properties that are distinct from those of
he cytoplasm. Previous studies suggest that mechan-
cal factors may play an important role in the regula-
ion of cell activity. In this regard, quantitative infor-
ation on the deformation behavior and mechanical

roperties of the nucleus could provide new insight on
he relationship between the stress-strain state of the
ucleus and that of the extracellular matrix.

CKNOWLEDGMENTS

This study was supported by NIH Grants AR43876 and AG15768.
e thank Robert Nielsen for technical assistance and Geoffrey
rickson for assistance with the chemical isolation protocol and
uorescent microscopy.

EFERENCES

1. Mow, V. C., Ratcliffe, A., and Poole, A. R. (1992) Biomaterials 13,
67–97.

2. Guilak, F., Sah, R. L., and Setton, L. A. (1997) in Basic Ortho-
paedic Biomechanics (Mow, V. C., and Hayes, W. C., Eds.), pp.
179–207. Lippincott–Raven, Philadelphia.

3. Sachs, F. (1988) Crit. Rev. Biomed. Eng. 16, 141–169.
4. Watson, P. A. (1991) FASEB J. 5, 2013–2019.
5. Ingber, D. E., Dike, L., Hansen, L., Karp, S., Liley, H., Maniotis,

A., McNamee, H., Mooney, D., Plopper, G., Sims, J., et al. (1994)
Int. Rev. Cytol. 150, 173–224.

6. Maniotis, A. J., Chen, C. S., and Ingber, D. E. (1997) Proc. Natl.
Acad. Sci. USA 94, 849–854.

7. Sims, J. R., Karp, S., and Ingber, D. E. (1992) J. Cell Sci. 103,
1215–1222.

8. Feldherr, C. M., and Akin, D. (1993) Exp. Cell Res. 205, 179–186.
9. Hansen, L. K., and Ingber, D. E. (1992) in Nuclear Trafficking

(Feldher, C., Ed.), pp. 71–86. Academic Press, San Diego.
0. Guilak, F. (1995) J. Biomech. 28, 1529–1542.
1. Buschmann, M. D., Hunziker, E. B., Kim, Y. J., and Grodzinsky,

A. J. (1996) J. Cell Sci. 109, 499–508.
2. Guilak, F., and Mow, V. C. (1992) ASME Adv. Bioeng. BED-20,

21–23.
3. Guilak, F., Jones, W. R., Ting-Beall, H. P., and Lee, G. M. (1999)

Osteoarthritis Cartilage 7, 59–70.
4. Evans, E. A., and Hochmuth, R. M. (1976) Biophys. J. 16, 1–11.
5. Dong, C., Skalak, R., and Sung, K. L. (1991) Biorheology 28,

557–567.
6. Hochmuth, R. M. (1993) J. Biomech. Eng. 115, 515–519.
7. Jones, W. R., Ting-Beall, H. P., Lee, G. M., Kelley, S. S., Hoch-

muth, R. M., and Guilak, F. (1999) J. Biomech. 32, 119–127.
8. Putman, C. A., van der Werf, K. O., de Grooth, B. G., van Hulst,

N. F., and Greve, J. (1994) Biophys. J. 67, 1749–1753.
9. Sato, M., Theret, D. P., Wheeler, L. T., Ohshima, N., and Nerem,

R. M. (1990) J. Biomech. Eng. 112, 263–268.
0. Shroff, S. G., Saner, D. R., and Lal, R. (1995) Am. J. Physiol. 269,

C286–292.
1. Theret, D. P., Levesque, M. J., Sato, M., Nerem, R. M., and

Wheeler, L. T. (1988) J. Biomech. Eng. 110, 190–199.
2. Yeung, A., and Evans, E. (1989) Biophys. J. 56, 139–149.



23. Hauselmann, H. J., Aydelotte, M. B., Schumacher, B. L., Kuett-

2
2

2

27. Chen, C. S., and Ingber, D. E. (1999) Osteoarthritis Cartilage 7, 81–94.
2

2

3

Vol. 269, No. 3, 2000 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
ner, K. E., Gitelis, S. H., and Thonar, E. J. (1992) Matrix 12,
116–129.

4. Evans, E., and Yeung, A. (1989) Biophys. J. 56, 151–160.
5. Houchmandzadeh, B., Marko, J. F., Chatenay, D., and Libchaber,

A. (1997) J. Cell Biol. 139, 1–12.
6. Gerace, L. (1992) Curr. Opin. Cell Biol. 4, 637–645.
786
8. Stamenovic, D., Fredberg, J. J., Wang, N., Butler, J. P., and
Ingber, D. E. (1996) J Theor. Biol 181, 125–136.

9. Smith, S. B., Finzi, L., and Bustamante, C. (1992) Science 258,
1122–1126.

0. Scheer, U., Kartenbeck, J., Trendelenburg, M. F., Stadler, J.,
and Franke, W. W. (1976) J. Cell Biol. 69, 1–18.


	MATERIALS AND METHODS
	FIG. 1
	FIG. 2

	RESULTS
	FIG. 3
	FIG. 4

	DISCUSSION
	FIG. 5

	ACKNOWLEDGMENTS
	REFERENCES

