
an effector-to-target ratio of 100: 1) (24). 
Again, previous sensitization of F, animals 
with lymphocytes from one of the two 
parental strains reduced the NK-mediated 
lvsis of T cell blasts. 

Second, in some instances heterozygotes 
might be reactive to homozygotes. For ex- 
ample, heterozygotes that bear HLA-Cwl4 
may behave as homozygotes because of low 
or no expression of the HLA-Cw14 allele. 
Thus, they might develop NK cells that lyse 
NK-1+ (but not NK-2+) homozygous cells, 
paralleling at least in part the situation 
observed in murine hvbrid resistance. Both 
of these interpretations would make the 
present observations consistent with the 
view that human NK alloreactivity and 
murine hybrid resistance are analogous. In 
any event, the phenomena described here 
are important in understanding the biology 
of NK recognition and may have a bearing 
on the matching of bone marrow donors 
and recipients in allogeneic bone marrow 
transplantation in humans. 
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Mechanotransduction Across the Cell Surface 
and Through the Cytoskeleton 

Ning Wang, James P. Butler, Donald E. Ingber* 
Mechanical stresses were applied directly to cell surface receptors with a magnetic twisting 
device. The extracellular matrix receptor, integrin p, , induced focal adhesion formation and 
supported a force-dependent stiffening response, whereas nonadhesion receptors did not. 
The cytoskeletal stiffness (ratio of stress to strain) increased in direct proportion to the 
applied stress and required intact microtubules and intermediate filaments as well as 
microfilaments. Tensegrity models that incorporate mechanically interdependent struts 
and strings that reorient globally in response to a localized stress mimicked this response. 
These results suggest that integrins act as mechanoreceptors and transmit mechanical 
signals to the cytoskeleton. Mechanotransduction, in turn, may be mediated simultane- 
ously at multiple locations inside the cell through force-induced rearrangements within a 
tensionally integrated cytoskeleton. 

T h e  process of recognizing and responding 
to mechanical stimuli is critical for the 
growth and function of living cells. Many 
sensory functions including touch, hearing, 
baroreception, proprioception, and gravity 
sensation involve specialized mechano- 
transduction mechanisms. Development of 
tissue oattern is also exauisitelv sensitive to 
changes in mechanical stress ( 1 ) .  Never- 
theless. the molecular mechanism bv which 
individual cells recognize and resiond to 
external forces is not well understood. 
Stretch-sensitive ion channels, adenylate 
cyclase, and protein kinase C change their 
activity in response to applied stress (24) .  
However, these signaling pathways are like- 
lv to lie downstream from the initial mech- 
anoreception event at the cell surface. For 
example, activation of these signaling mol- 
ecules appears to be mediated though 
changes in the cytoskeleton (CSK) (2, 4, 
5). Although changes in CSK organization 
are a ubiquitous response to mechanical 
perturbation (4, 6, 7), the mechanism by 
which forces are transmitted across the cell 
surface and transduced into a CSK response 
remains unknown. 

Analvsis of mechanotransduction in soe- 
cialized force-sensing cells, in both plants 
and animals, suggests that the cell's extra- 
cellular matrix (ECM) attachments are the 
sites at which forces are transmitted to cells 
(6, 8). As in any architectural structure, 
mechanical loads are transmitted across the 
cell surface and into the cell by means of 
structural elements that are physically in- 
terconnected. Transmembrane ECM recep- 
tors, such as members of the integrin fam- 
ilv. are excellent candidates for mechanore- , , 

ceptors because they bind actin-associated 
proteins within focal adhesions and thereby 
physically link ECM with CSK microfila- 
ments (9). The possibility that ECM recep- 
tors mediate mechanotransduction is sup- 
ported by the finding that stretching flexi- 
ble ECM culture substrata alters CSK orea- - 
nization and induces biochemical changes 
in adherent cells (10).  However. in these ~, 

stretching studies, it is not possible to sep- 
arate effects due to transmembrane force 
transfer from those due to global shape 
changes and generalized deformation of the 
plasma membrane and CSK. 

To determine whether ECM receutors 
provide a specific molecular path for me- 

N. Wang and J. P. Butler, Respiratorv Bioloav Pro- chanical signal transfer to the CSK, we 
gram, Haward School of public ~ e a l t h ,  ~ o s g n ,  MA devised a method in which controlled me- 
021 15. 
D. E. Ingber, Departments of Surgery and Pathology, chanical loads be 
Children's Hospital and Harvard Medical School, End- specific cell surface molecules without pro- 
ers 1007,300 Longwood Avenue, Boston, MA 021 15. ducing large-scale changes in cell shape 
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SCIENCE VOL. 260 21 MAY 1993 



system (1 1) by allowing cells to bind spher- 
ical ferromagnetic microbeads that were 
coated with specific receptor ligands that 
mediate attachment but not cell spreading 
(1 2, 13). By magnetizing these surface- 
bound beads in one direction and then 
applying a second, weaker magnetic field 
oriented at 90°, we were able to twist the 
beads in place and thereby exert a con- 
trolled shear stress (0 to 68 dyne/cm2) on 
bound cell surface receptors. An .in-line 
magnetometer was used to simultaneously 
measure changes in the orientation of the 
magnetized beads and hence to quantitate 
angular strain produced in response to the 
applied stress. 

Adherent endothelial cells were first al- 
lowed to bind beads coated with a synthetic 
peptide containing the Arg-Gly-Asp 
(RGD) sequence that is a known ligand for 
fibronectin receptors, such as integrin P1a5, 
which these cells express on their surface 
(1 3). Efficient transmembrane force transfer 
was observed in cells bound to RGD beads; 
the cells became stiffer and increased their 
resistance to mechanical deformation (bead 
twisting) at higher levels of applied stress, 
such that angular strain only reached a bead 
rotation of approximately 25" (Fig. 2). To 
demonstrate the specificity of transmem- 
brane force transfer, we included a soluble 
synthetic peptide, Gly-Arg-Gly-Asp-Ser- 
Pro (GRGDSP) (1 mglml), in the culture 
medium as a competitor (14). This fibro- 
nectin peptide inhibited CSK stiffening 
(Fig. 2), whereas a control hexapeptide 
with a single amino acid substitution (Gly- 
Arg-Gly-Glu-Ser-Pro) had no inhibitory ef- 
fect. Beads coated with antibodies directed 
against integrin p, receptor subunits pro- 
duced a similar stiffening response (Fig. 2). 
In contrast, surface-bound beads coated 
with nonspecific cell attachment ligands, 
such as acetylated-low density lipoprotein 
(AcLDL) (15) or bovine serum albumin 
(BSA), were not nearly as restricted in 
their rotation (Fig. 2). 

To confirm that applied mechanical 
loads were indeed transmitted to the CSK, 
we measured the mechanical properties of 
cells bound to RGD beads before and after 
disrupting microfilament lattice integrity 
with a low concentration of cytochalasin D 
(0.1 p,g/ml) , which had minimal effects on 
cell shape. Angular strain increased after 
exposure to c~tochalasin for only 15 min 
(Fig. 2). Efficient force transfer and associ- 
ated CSK stiffening also correlated with 
focal adhesion formation, as defined by the 
recruitment of talin, vinculin, and a-acti- 
nin to the site of bead binding (Fig. 3). 
These focal adhesion proteins, which ap- 
peared along the surface of RGD beads but 
not AcLDL beads, form the molecular 
bridge that physically interlinks integrins 
with actin microfilaments (9). Recruitment 

of talin also appears to be required for cell 
spreading on ECM (1 6). 

Importantly, disruption of microfilament 
lattice integrity with cytochalasin D did not 
completely suppress CSK stiffening (Fig. 
4A), suggesting that other filament systems 
may also contribute to the CSK response to 
force. Disruption of microtubules or inter- 
mediate filaments with nocodazole (10 p,g/ 
ml) or acrylamide (4 mM; 17), respectively, 
inhibited the stiffening response by approx- 
imately 25% (Fig. 4A), and no additive 
effect was observed when they were com- 
bined. Combination of cytochalasin D with 
acrvlamide reduced stress-induced CSK 
stiffening by more than 85%, and combina- 
tion with nocodazole resulted in complete 
suppression (Fig. 4A). Thus, although in- 
tegrins may initially transmit forces to mi- 
crofilaments within focal adhesions, higher 
order structural interactions among all 
three CSK filament systems appear to be 
responsible for efficient transduction of the 
mechanical stimulus into a cellular re- 
sponse. The finding that actin microfila- 

Fig. 1. The magnetic 
twistina device. Micro- 
beadsW(5 x 1 O4 in each 1000-G 

ments contribute the most to cell stiffness is 
consistent with recent data which show 
that networks of purified actin polymers 
exhibit a higher shear modulus than net- 
works containing microtubules or interme- 
diate filaments (1 8). 

How could a "solid" lattice composed of 
interconnected microfilaments, microtu- 
bules, and intermediate filaments (19) re- 
spond dynamically as a single integrated 
unit? Consider the observation that CSK 
stiffness increased in direct proportion to the 
stress applied to integrins (the slope of the 
curve in Fig. 4A is linear). This type of 
mechanical behavior is not commonly seen 
in man-made materials, but it is often ob- 
served in biological tissues (20). This me- 
chanical response cannot be explained by 
current theories (20). We have proposed 
that in the construction of cells a building 
system may be used that was first described 
by the architect-inventor Buckminster Fuller 
and that depends on tensional integrity (ten- 
segrity) rather than compressional continu- 
ity (2 1 ) . Tensegrity "cell" models that incor- 

0- to 25-G 
twist, 

(1 mln) 
t Maanetometer 

pulse well) were allowed to 
bind to cell surfaces for (1 0 PS) 

10 to 15 min, and un- I.) 
bound beads were re- I I I I I I 
moved before magnetic Before magnet~zation After During 
manipulation was initiat- twist 

ed. Brief application of a strong external magnetic field (1000 G for 10 ks) resulted in magnetization 
and alignment of the magnetic moments of all surface-bound beads. We then applied defined 
mechanical stresses (0 to 68 dyne/cm2) without remagnetizing the beads, using a weaker "twisting" 
magnetic field (0 to 25 G) applied perpendicular to the original field. We measured the average 
bead rotation (angular strain) induced by the twisting field by using a magnetometer to measure 
changes in the component of the remanent magnetic field vector in the direction of the original 
magnetization as a function of time ( 1 7 ) .  In the absence of force transmission across the cell 
surface, the spherical beads would twist in place by 90" into complete alignment with the twisting 
field, and the remanent field vector would immediately drop to zero. In contrast, transmission of 
force to the CSK would result in increased resistance to deformation and decreased bead rotation. 

Fig. 2. Stress-strain relation mea- 
sured with magnetic microbeads 90 0 1  
attached to thg surfaces of living 
cells. Applied stress was deter- - 
mined bv a calibration techniaue in F 1 

were as follows: RGD, A ~ ~ - G & -  o f l I I I I I I I I  I 
Asp-containing synthetic peptide; 10 20 30 40 

Ab-p,, antibodies against integrin Stress (dynelcm2) 

which t(e same beads were iwist- 60 
ed in a standard solution of known nC 

viscosity (22). Angular strain (bead 6 
rotation) was calculated as the arc 3 
cosine of the a of remanent f i e  & 30 
after 1 min of twist to the field at 2 
time 0. Angular strain is plotted 
here as de~rees.  Bead coatings 

p,; ACLDL, acetylated-low density lipoprotein; BSA, bovine serum albumin; GRGDSP, soluble 
fibronectin peptide (1 mglml added for 10 min); Cyt, cytochalasin D (0.1 Fg/ml). Measurements 
analyzing the effects of different bead coatings with or without GRGDSP were made at stresses from 
0 to 40 dyne/cm2; for clarity, intermediate data points are shown only for Ab-p, and RGD beads that 
exhibit integrin-dependent stiffening. The effects of cytochalasin D were measured only at the 
highest stress. Error bars = SEM. 

- A RGD bead t GRGDSP 

- 
0 RGD bead + Cyt 

- Ab-PI bead 
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- 
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porate isolated rigid struts interconnected by 
a continuous series of elastic tensile threads 
predict cell shape changes and mimic specif- 
ic structural patterns that are observed with- 
in the CSK of living cells (2 1 ). 

To explore whether cells might use ten- 
segrity to mediate mechanotransduction 
within the CSK, we carried out stress-strain 
measurements with a stick and elastic string 

tensegrity model. When increasing force 
(metal weights) was applied to these mod- 
els, the mechanically interdependent struc- 
tural elements rearranged without topolog- 
ical disruption or loss of tensional continu- 
ity (Fig. 4B). A plot of stiffness versus 
applied stress (force) based on these models 
(Fig. 4C) mimicked the linear response 
exhibited by the CSK of living cells (Fig. 

Fig. 3. lmmunofluorescence mlcro- 
graphs of cells bound to beads 
coated w~th RGD or AcLDL and 
lmmunostalned for the focal adhe- 
slon protelns talln, v~nculln, and 
a-actlnln 

RGD bead 

AcLDL bead 

Y Cyt + Acr . Cyt+ Noc 

t- 
o' 10 20 30 40 

I I I I I I I  

Stress (dyneIcm2) 

B 

N- tensegrity 
' 

model 

Isolated 
tension 
element 

L 

I 

o 1  I I I I  

1 2 3 4  
Stress (lo6 dyneIcrn2) 

4A) as well as by intact biological tissues 
(20). This linear response was in direct 
contrast to the behavior exhibited by non- 
prestressed tensile filaments taken from the 
same structure (Fig. 4C). Stiffness of the 
com~ression-resistant struts was essentiallv 
infinite over the range of forces applied. 
Viewed in this lieht, the CSK resuonse to - .  
applied stress appears to be a property of the 
integrated system and not a characteristic of 
any one of its individual parts. Gels con- 
taining purified CSK filaments (for exam- 
ule. F-actin) that lack structural continuitv . - 
and internal tension (prestress) either do 
not exhibit force-induced stiffening or, if 
they do, the response is nonlinear (18, 22) 
and appears similar to that exhibited by a 
non-prestressed tensile filament (Fig. 4C). 

Thus, our experimental data are consis- 
tent with the uossibilitv that the CSK is 
organized as a tensegrity network. In living 
cells, contractile microfilaments generate 
and distribute tension to all CSK filament 
systems (23). In addition, microfilaments 
resist compression locally when either 
cross-linked within large bundles or con- 
tracted to their shortest leneth (2 1). Micro- ., . ,  
tubules also resist compression in cells (2 1, 
24), possibly because they are stabilized 
against buckling by lateral interconnections 
with tensionally stiffened intermediate fila- 
ments (25). Our finding that a combination 
of acrylamide and nocodazole did not fur- 
ther reduce CSK stiffness suDuorts this uos- . . 
sibility that intermediate filaments and mi- 
crotubules resist compression as a paired 
unit. The tensegrity paradigm therefore 
provides a novel mechanism for CSK inte- 
gration (2 1) as well as a plausible explana- 
tion for why the CSK stiffening response is 
linear in cells (Fig. 4A) and tissues (20). It 
also could explain how a local stress, in- 
duced by ligation of a subset of CSK- 
associated membrane receptors, can result 
in global modulation (immobilization) of 
receDtors over the entire cell surface (26). 

Fig. 4. Continuum mechanics analysis of living cells and a three-dimensional tensegrity model. (A) 
Stiffness of the CSK of living cells was defined as the ratio of stress to strain (in radians) at 1 min of 
twisting. Noc, nocodazole (10 pglml); Acr, acrylamide (4 mM); Cyt, cytochalasin D (0.1 pglml). (B) 
A tensegrity cell model under different mechanical loads. This model consisted of a geodesic 
spherical array of wood dowels (0.3 cm by 15 cm) and thin elastic threads (0.06 cm by 6 cm). The 
model was suspended from above and loaded, from left to right, with 0-, 20-, 50-, loo-, or 200-9 
weights on a single strut at its lower end. (C) Stiffness of the stick and string tensegrity model was 
defined as the ratio of applied stress to strain (linear deformation of the entire structure). Similar 
measurements were carried out with an isolated tension element, that is, a single thin elastic thread 
of a size similar to that found in the model. 

change in the level ot CSK prestress that 
accompanies changes in cell shape may 
provide regulatory information to the cell 
(2 1, 27). Prestress of the CSK also may play 
a critical role in the cellular mechanism of 
aging, given that the load-bearing proper- 
ties of any structural support element would 
be expected to weaken over time, if con- 
tinually stressed. 

Taken together, these results indicate 
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that at least one type of transmembrane 
ECM receptor, integrin px , can act as a 
mechanoreceptor in that it can transfer 
mechanical signals to the CSK by way of a 
specific molecular pathway. A cell's sensi­
tivity to a mechanical stimulus therefore 
may be altered by changing ECM receptor 
number, location, or adhesion strength or 
by modulating focal adhesion formation. 
Other types of transmembrane molecules 
that interconnect with CSK filaments (for 
example, different integrin subunits, cad-
herins, or cell surface proteoglycans) may 
also transfer external mechanical signals to 
the CSK. The magnetic twisting device 
provides a simple method to directly address 
this possibility. In addition, these results 
suggest that transfer of force from integrins 
to the CSK may represent a proximal step 
in an intracellular mechanical signaling 
cascade that leads to global CSK rearrange­
ments and simultaneous mechanotransduc-
tion events at multiple locations inside the 
cell (21, 28). If cells use a tensegrity-based 
transduction system, then mechanical sig­
nal transfer throughout the entire cell 
would be essentially instantaneous and thus 
more rapid than any diffusion-based signal­
ing system. 
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toxin A (2, 3), and the products of the las A 
and lasB genes, each of which encodes a 
protease with elastolytic activity (4, 5). 
The role of elastase as a virulence factor is 
supported by the list of substrates that it uses, 
including elastin (1), human immunoglob­
ulins G and A (6, 7), some collagens (8), 
serum ax-proteinase inhibitor (9), and com­
ponents of the complement system (10). 

The product of the lasR gene (LasR) has 
been shown to be required for the transcrip-
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Pseudomonas aeruginosa is an opportunistic human pathogen that causes a variety of 
infections in immunocompromised hosts and individuals with cystic fibrosis. Expression of 
elastase, one of the virulence factors produced by this organism, requires the transcrip­
tional activator LasR. Experiments with gene fusions show that gene lasl is essential for 
high expression of elastase. The lasl gene is involved in the synthesis of a diffusible 
molecule termed Pseudomonas autoinducer (PAI). PAI provides P. aeruginosa with a 
means of cell-to-cell communication that is required for the expression of virulence genes 
and may provide a target for therapeutic approaches. 


