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“...The fact that the germ-cell develops into a very complex structure is no absolute proof that the cell itself is structurally &
very complicated mechanism: nor yet does it prove, though this is somewhat less obvious, that the forces at work oiatent with

it are especially numerous and compléx...

Summary

In 1993, a Commentary in this journal described how a
simple mechanical model of cell structure based on
tensegrity architecture can help to explain how cell shape,
movement and cytoskeletal mechanics are controlled, as
well as how cells sense and respond to mechanical forcés (
Cell Sci. 104, 613-627). The cellular tensegrity model can
now be revisited and placed in context of new advances in
our understanding of cell structure, biological networks
and mechanoregulation that have been made over the
past decade. Recent work provides strong evidence to
support the use of tensegrity by cells, and mathematical
formulations of the model predict many aspects of cell
behavior. In addition, development of the tensegrity theory

D’Arcy W. Thompson Growth and Form1917)

and its translation into mathematical terms are beginning
to allow us to define the relationship between mechanics
and biochemistry at the molecular level and to attack the
larger problem of biological complexity. Part | of this two-
part article covers the evidence for cellular tensegrity at the
molecular level and describes how this building system may
provide a structural basis for the hierarchical organization
of living systems — from molecule to organism. Part I,
which focuses on how these structural networks influence
information processing networks, appears in the next issue.

Key words: Cytoskeleton, Microfilaments, Microtubules,
Intermediate filaments, Integrins, Cell shape, Cell mechanics

Introduction who do study mechanical behavior at the whole cell level
Cellular biochemistry plays out in a world of structuralgenerally focus on the load-bearing function of the cortical
complexity that is nothing like the controlled solution of a tes{Submembranous) cytoskeleton and ignore the internal
tube. Rather than being filled with a liquid ‘protoplasm’ cytoskeletal lattice (Albrecht-Buehler, 1987). Mechanical
as imagined a century ago, eukaryotic cells contain amodels of the cell similarly depict the cell as an elastic
intricate molecular framework, the cytoskeleton, composed ghembrane or cortex surrounding a homogeneous cytoplasm
interconnected microfilaments, microtubules and intermediat#at is viscous, viscoelastic or elastic, sometimes with a
filaments within their viscous cytosol (Heuser and Kirschnerucleus in its center (Evans and Yeung, 1989; Dong et al.,
1980; Fey et al., 1984). Cytoskeletal filaments both generaf®91; Fung and Liu, 1993; Schmid-Schonbein et al., 1995).
and resist mechanical loads, and they are largely responsibl&is view of the cell as a ‘tensed balloon filled with molasses
for the cell's ability to resist shape distortion. These scaffolder jello’, however, is of little use when one tries to understand
also function as tracks for the movement of organelles, arldow mechanical forces regulate cell behavior, because it
they orient many of the enzymes and substrates involved ignores internal microstructure. We must therefore search for
biochemical reactions that mediate critical cellular function®@ model of the cell that will allow us to relate mechanics to
(Ingber, 1993a; Janmey, 1998). Moreover, cells respond tehemistry at the molecular level and to translate this
mechanical forces and to changes in cell shape or cytoskeletiscription of the cell into mathematical terms. The former
structure by altering these same chemical activities (reviewewlill permit us to define how specific molecular components
in Chicurel et al., 1998). contribute to complex cell behaviors. The latter will allow us
So how do the distinct molecular components of thé¢o develop computational approaches to address levels of
cytoskeleton contribute to cell mechanics, cell shape contr@lomplexity and multi-component interactions that exist in
and cellular mechanochemistry? Unfortunately, althoughiving cells but cannot be described by current approaches.
great advances have been made in our understanding of fhee long-term goal is to understand biological processes
polymerization behavior and physical properties of isolatedesponsible for cell behavior as integrated, hierarchical systems
cytoskeletal filaments and gels, material properties measuredther than as isolated parts.
in vitro cannot predict mechanical behaviors observed in living In this two-part Commentary, | discuss a model of the cell
cells (Janmey et al., 1991; Gittes et al., 1993). Those biologisbkased on ‘tensegrity architecture’ that appears to meet these
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goals (Ingber et al., 1981; Ingber and Jamieson, 1982; In
and Jamieson, 1985; Ingber, 1993b). Here, in Part I, | exal
the evidence that the cytoskeleton that mechanically stabi
the cell is a tensed tensegrity framework composed
molecular struts, ropes and cables on the nanometer scal
examine the utility of computational models based on
theory. | also explore the implications of this theory for h
molecules function as elements within more comp
hierarchical structures composed of systems within syst
within systems (i.e. cells, tissues and organs). In Part II, w
appears in the next issue of JCS (Ingber, 2003), | discus
implications of the cellular tensegrity model and biocomple»
for our understanding of mechanobiology and biologi
pattern formation, with a particular focus on how cells harr
complex molecular networks, such as gene and prc
networks, for information processing.

Cellular tensegrity

Tensegrity is a building principle that was first described by
architect R. Buckminster Fuller (Fuller, 1961) and fi
visualized by the sculptor Kenneth Snelson (Snelson, 1€
Fuller defines tensegrity systems as structures that stal
their shape by continuous tension or ‘tensional integrity’ ra
than by continuous compression (e.g. as used in a stone i
This is clearly seen in the Snelson sculptures, which
composed of isolated stainless steel bars that are he
position and suspended in space by high tension cables . .y.

1A). The striking simplicity of these sculptures has led to &ig. 1. Tensegrity structures. (A) Triple crown, a tensegrity sculpture,
description of tensegrity architecture as a tensed network of the artist Kenneth Snelson, that is composed of stainless steel bars
structural members that resists shape distortion and selnd tension cables. Note that this structure is composed of multiple
stabilizes by incorporating other support elements that resi&nsegrity modules that are interconnected by similar rules. (B) A
compression. These sculptures and similar  structurd§nsedrity sphere composed of six wood struts and 24 white elastic
composed of wood struts and elastic strings (Fig. 1B trings, which mimics how a cell changes shape when it adheres to a

. . . . ~.—substrate (Ingber, 1993b). (C) The same tensegrity configuration as

beautifully illustrate the gnderlylng fo.rce balance’ Wh'gh 'Sin B constguc%ed entirely)fr(gm)springs with diffe?en)t/ elasti?:ities.
based on local compression and continuous tension (Fig. 2Ar}
that is responsible for their stability. However, rigid elements
are not required, because similar structures can be constructedsome investigators use tensegrity to refer only to the
from flexible springs that simply differ in their elasticity (Fig. prestressed ‘bar and cable’ structures or particular subclasses
1C). of these (e.g. unanchored forms) (Snelson, 1996; Heidemann

According to Fuller's more general definition, tensegrityet al., 2000). Since Fuller defined the term tensegrity, | use his
includes two broad structural classes — prestressed amibre general definition here. The existence of a common
geodesic — which would both fail to act like a single entity orstructural basis for these two different classes of structure is
to maintain their shape stability when mechanically stressealso supported by recent work by the mathematician Robert
without continuous transmission of tensional forces (FullerConnelly. He developed a highly simplified method to describe
1961; Fuller, 1979; Ingber, 1998; Chen and Ingber, 1999). Tharestressed tensegrity configurations and then discovered that
former hold their joints in position as the result of a ‘prestressthe same fundamental mathematical rules describe the closest
(pre-existing tensile stress or isometric tension) within thgacking of spheres (Connelly and Back, 1998), which also
structure (Fig. 1). The latter triangulate their structuradelineate the different geodesic forms (Fuller, 1965).
members and orient them along geodesics (minimal paths) to The cellular tensegrity model proposes that the whole cell is
geometrically constrain movement. Our bodies provide @ prestressed tensegrity structure, although geodesic structures
familiar example of a prestressed tensegrity structure: oware also found in the cell at smaller size scales. In the model,
bones act like struts to resist the pull of tensile musclesgensional forces are borne by cytoskeletal microfilaments and
tendons and ligaments, and the shape stability (stiffness) oftermediate filaments, and these forces are balanced by
our bodies varies depending on the tone (prestress) in oumterconnected structural elements that resist compression,
muscles. Examples of geodesic tensegrity structures incluaieost notably, internal microtubule struts and extracellular
Fuller's geodesic domes, carbon-based buckminsterfullerenesatrix (ECM) adhesions (Fig. 2B). However, individual
(Bucky Balls), and tetrahedral space frames, which arélaments can have dual functions and hence bear either tension
popular with NASA because they maintain their stability inor compression in different structural contexts or at different
the absence of gravity and, hence, without continuousize scales (e.g. rigid actin flament bundles bear compression
compression. in filopodia). The tensional prestress that stabilizes the whole




Fig. 2.(A) A high magnification view of a Snelson sculpture with
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cell is generated actively by the contractile actomyosin
apparatus. Additional passive contributions to this prestress
come from cell distension through adhesions to the ECM and
other cells, osmotic forces acting on the cell membrane,
and forces exerted by filament polymerization. Intermediate
filaments that interconnect at many points along microtubules,
microfilaments and the nuclear surface provide mechanical
stiffness to the cell through their material properties and their
ability to act as suspensory cables that interconnect and
tensionally stiffen the entire cytoskeleton and nuclear lattice.
In addition, the internal cytoskeleton interconnects at the cell
periphery with a highly elastic, cortical cytoskeletal network
directly beneath the plasma membrane. The efficiency of
mechanical coupling between this submembranous structural
network and the internal cytoskeletal lattice depends on the
type of molecular adhesion complex that forms on the cell
surface. The entire integrated cytoskeleton is then permeated
by a viscous cytosol and enclosed by a differentially permeable
surface membrane.

Do cells use tensegrity architecture?

Ten years ago, much circumstantial evidence already supported
the idea that cells are prestressed tensegrity structures with
internal molecular struts and cables (Ingber, 1993b). For
example, biophysical studies with isolated microfilaments and
microtubules revealed that the former are better at resisting
tension, whereas the hollow microtubules with their higher
second moment of inertia are much more effective at
withstanding compression (Mizushima-Sugano et al., 1983).
Because of their increased stiffness (persistence length),
microtubules are rigid and straight when in solution and even
push out long membrane extensions when enclosed within
liposomes (Hotani and Miyamoto, 1990), whereas isolated
microfilaments and intermediate filaments are bent or highly
entangled, respectively (Janmey et al., 1991; Mackintosh and
Janmey, 1995). Yet, microtubules often appear to be curved in
living cells (Fig. 3A), whereas microfilaments are almost
always linear (Fig. 3B). This is consistent with the engineering
rule that tension straightens and compression buckles or bends.
Linearization of tangled intermediate filaments also occurs

sample compression and tension elements labeled to visualize the during cell spreading (Fig. 3C) as a result of outward extension
tensegrity force balance based on local compression and continuousof the whole network, which depends on the presence of intact
tension. (B) A schematic diagram of the complementary force balanggjcrotubules (Maniotis et al., 1997a); actomyosin-based
between tensed microfilaments (MFs), intermediate filaments (IFs), tensjon instead promotes inward retraction of the network (Tint

compressed microtubules (MTs) and the ECM in a region of a ceIIuIaét al
tensegrity array. Compressive forces borne by microtubules (top) are; ssu.é

transferred to ECM adhesions when microtubules are disrupted
(bottom), thereby increasing substrate traction.

Fig. 3. Microtubules,
microfilaments and
intermediate filaments withir
the cytoskeleton of endothel
cells visualized with GFP-
tubulin, rhodaminated-
phalloidin and antibodies to
vimentin, respectively.

(A) Microtubules (green) spau:

1991). In fact, studies of both cultured cells and whole
s indicate that cell shape stability depends on a balance
between microtubules and opposing contractile microfilaments

C

large regions of the cytoplasm and often appear curved in form. (B) Microfilaments (green-yellow) appear linear in forong/hiess
fibers and triangulated actin ‘geodomes’; blue staining indicates nuclei. (C) Intermediate filaments (red) appear withioed sisread
reticulated network that extends from the nucleus to the cell periphery.
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or intermediate filaments (Burnside, 1971; Tomasek and Hapredicts that mechanical loads are borne by discrete molecular
1984; Domnina et al., 1985; Vasiliev, 1987; Madreperla andietworks that span the cell surface and extend through the
Adler, 1989; Bailly et al., 1991; Maniotis et al., 1997a; Browncytoplasm. More specifically, transmembrane molecules that
et al., 2001). physically couple extracellular anchors (e.g. ECM molecules
Given these observations and the finding that cells exedr cell-cell adhesions) to the internal cytoskeletal lattice should
tensional forces on their ECM adhesive substrate (Harris @trovide preferred paths for mechanical stress transfer into the
al.,, 1980), some investigators were initially receptive to theell, whereas other transmembrane receptors would dissipate
tensegrity model; however, others remained scepticaitress locally and thus fail to transmit the same signals. If the
(Brookes, 1999). Following arguments for and against theell is a prestressed tensegrity structure, then a local stress can
model (Heidemann et al., 2000; Ingber, 2000a), it has becomesult in global structural rearrangements, even at a distance.
clear that experimental validation of the cellular tensegritylhis is because the discrete structural elements within the load-
model requires convincing demonstration of three majobearing network change orientation and spacing relative to one
behaviors of living cells. First, cells must behave mechanicallgnother until a new equilibrium configuration is attained (Fig.
as discrete networks composed of different interconnecte#id). Thus, tensegrity differs from conventional models of the
cytoskeletal flaments and not as a mechanical (e.g. viscogell in that application of local stresses on the cell surface may
or viscoelastic) continuum. Second, and most criticalresult in directed deformation of structures, both locally and
cytoskeletal prestress should be a major determinant of cealeep inside the cell, depending on the molecular connectivity
deformability. And, finally, microtubules should function asacross the surface membrane and through the viscous cytosol.
compression struts and act in a complementary manner with Ning Wang and | set out to discriminate between these
ECM anchors to resist cytoskeletal tensional forces andonflicting models by developing a micromanipulation method
thereby, establish a tensegrity force balance at the whole cefilled magnetic twisting cytometry, in which controlled
level. Below, | describe the evidence demonstrating thesmechanical stresses are applied directly to cell-surface
behaviors that has accumulated over the past decade. receptors by applying torque (shear stress) to receptor-bound
magnetic microbeads (~1 to 10n diameter) (Wang et al.,
1993; Wang and Ingber, 1994; Wang and Ingber, 1995). In
The cytoskeleton behaves like a discrete mechanical separate studies, magnetic tweezers (Bausch et al., 1998;
network Alenghat et al., 2000) were developed and used to apply linear
Established models of cell mechanics developed by biologistensional stresses to cells, and optical tweezers were utilized to
and engineers assume that the dense cortical microfilamem@anipulate non-magnetic beads that were similarly bound to
network that lies directly beneath the cell membrane is theell-surface receptors (Schmidt et al., 1993; Choquet et al.,
primary load-bearing element in the cell (Albrecht-Buehler1997).
1987; Evans and Yeung, 1989; Dong et al., 1991; Fung and These techniques revealed that cell-surface adhesion
Liu, 1993; Schmid-Schonbein et al., 1995). These modeleceptors, such as integrins, that link to the internal
predict that externally applied stresses are transmitted into tlogtoskeleton provide a greater degree of mechanical coupling
cell equally at all points on the cell surface and are bornacross the cell surface than do other transmembrane molecules,
exclusively by the cell cortex. In contrast, the tensegrity modedven though all connect to the submembranous cytoskeleton

Fig. 4. Tensegrity cell models
composed of sticks-and-strings. (A) A
model was suspended from above and
loaded, from left to right, with O, 20,
50, 100 or 200 g weights on a single
strut at its lower end. Note that a local
stress induces global structural
arrangements. Reprinted (abstracted/
excerpted) with permission from (Wang
et al., 1993) American Association for
the Advancement of Science. (B) A
tensegrity model of a nucleated cell
when adherent and spread on a rigid
substrate (left) or detached and round
(right). The cell model is composed of
large metal struts and elastic cord; the
nucleus contains sticks and elastic
strings. In this cell model, the large
struts conceptually represent
microtubules; the elastic cords
correspond to microfilaments and
intermediate filaments that carry
tensional forces in the cytoskeleton.
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(i.e. the actin-spectrin-ankyrin lattice). For example, when wéloreover, cells from mice lacking vinculin exhibit a large drop
used magnetic twisting cytometry to stress transmembrarie transmembrane mechanical coupling that is independent of
acetylated-low density lipoprotein (AcLDL) metabolic integrin binding and can be restored by transfection of the cells
receptors or histocompatibility antigens, there was detectableiith this focal adhesion protein (Ezzell et al., 1997; Alenghat
but minimal, resistance to mechanical distortion (Wang et algt al., 2000). In optical tweezer studies, beads bound to cell-
1993; Yoshida et al., 1996). In contrast, when ECM-ligandsurface integrins also exhibit very little resistance to stress
coated beads bound fil integrins were similarly stressed, during the first seconds to minutes after binding; however, once
the cells responded by increasing their stiffness in diredhe integrins have formed focal adhesions, the beads stiffen so
proportion to the applied stress. Importantly, we could partiallghat they can no longer be displaced (Schmidt et al., 1993;
inhibit the integrin-dependent stiffening response by disruptin@€hoquet et al., 1997). Local recruitment of focal adhesion
microfilaments, microtubules or intermediate filaments, angbroteins to integrin-binding sites also can be induced by pulling
completely prevent it by disrupting all at once (Wang et al.on integrins with ECM-coated micropipettes in conjunction
1993). Thus, although each cytoskeletal filament systewith a micromanipulator (Riveline et al., 2001). This effect is
imparts mechanical stiffness, the mechanical properties of threediated by an increase in cytoskeletal tension, either activated
cell are not determined by the material properties of any singlaternally by the GTPase Rho and its downstream target Rho-
type of molecular filament. The same finding has been obtainedsociated kinase (ROCK) or by external application of tension
in studies with non-adherent, circulating lymphocytes (Browrto the cytoskeleton via integrins in the presence of the active
et al., 2001). Cellular mechanical behavior is therefore aform of another downstream Rho target, mDial.
emergent property that results from collective interactions When larger mechanical stresses are applied to
among all three filament systems. transmembrane integrin receptors on living cells, using ligand-
Differences in transmembrane mechanical coupling deperzbated micropipettes, both local and distant effects are
on the ability of the receptor to form a membrane adhesioobserved. Application of these higher forces to integrins and
complex that physically links to the internal cytoskeletalassociated focal adhesions results in physical distortion of the
lattice. For example, binding of magnetic bead8ltantegrins  surface membrane and immediate repositioning of cytoskeletal
induces formation of molecular links to the internalfilaments along the applied tension field lines within the
cytoskeleton, as indicated by local assembly of focal adhesiorgtoplasm (Fig. 5A,B), as well as realignment of molecular
containing integrins, associated actin-binding proteins (e.gelements within nucleoli deep in the center of the nucleus (Fig.
vinculin, talin anda-actinin) and filamentous actin at the site 5C-F) (Maniotis et al., 1997a). Application of tension to
of bead binding (Plopper and Ingber, 1993; Wang et al., 1993jransmembrane AcLDL receptors produces no such changes.

Fig. 5. Force transfer through discrete molecular networks in living cells. Polarization optics (A,B,E,F), phase contrast (C,Dgscehtteo
(G) views of cells whose integrin receptors were mechanically stressed using surface-bound glass micropipettes coateeatitth(AkiF)
or uncoated micropipettes with ECM-coated microbeads (G). (A) Cells exhibiting positively (white) and negatively (blariQdvitefr
cytoskeletal bundles aligned horizontally and vertically, respectively, in the cytoplasm of adherent cells. (B) Bireftiogiezietal bundles
that originally appeared white in A immediately changed to black (black arrow) as they tutraed 98aligned vertically along the axis of the
applied tension field when integrins were pulled laterally (downward in this view). (C,E) An adherent cell immediatelyfietorectin-
coated micropipette was bound to integrin receptors on its surface and pulled laterally (downward in this view) using @aipoietomas
shown in D,F. (D) The black arrow indicates nuclear elongation and downward extension of the nuclear border along tleasippligeld
lines. (F) White arrows abut on white birefringent spots that indicate induction of molecular realignment within nucleoériethef the
nucleus by applying mechanical stress to integrins microns away on the cell surface (see Maniotis et al., 1997a). (Glaitejl EYFP-
labeled mitochondria that was stressed by pulling on a surface-bound RGD-microbead using a micromanipulator. Verticaciooverdi
extent of bead displacement; white circle, position of bead after stress application; green, position of mitochondrieebefpeltation;
red, their position approximately 3 seconds after stress was applied; Nuc, nucleus of the cell. Note that long distarafertecisiaical
force across integrins result in movement of mitochondria deep in the cytoplasm. Panel G reproduced with permission fionathe Na
Academy of Sciences (Wang et al., 2001).
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Cells that lack intermediate filaments fail to support efficienfHarris et al., 1981) or quantifies cell-generated forces
mechanical coupling between integrins and the nucleugKolodney and Wylomerski, 1992; Pelham and Wang, 1997;
instead tension produces cytoplasmic tearing (Maniotis et aM/ang et al., 2001; Balaban et al., 2001). Microsurgical
1997a; Eckes et al., 1998). Intermediate filament disruptiotechniques can also demonstrate this directly: sever the cell
also destabilizes the microtubule and microfilament networkanywhere and the cut edges spontaneously retract (Pourati
(Goldman et al., 1996). Yet, the intermediate filament latticet al., 1998). Engineers use a similar technique to quantify
alone is sufficient to provide some mechanical stiffness to therestress (residual stress) within whole living tissues and
cell as shown, for example, when lymphocytes that are devointgans (Fung and Liu, 1989; Omens and Fung, 1990). Altering
of intact microfilaments or microtubules are compressedytoskeletal prestress by modulating actomyosin-based
against a substrate by centrifugation (Brown et al., 2001). contractility using drugs (Hubmayr et al., 1996; Wang et al.,
Other studies used micropipettes to pull on microbead2001), varying transmembrane osmotic forces (Cai et al.,
bound to integrins on living cells transfected with a construc1998), transfecting cells with constitutively active myosin light
that produces a fusion protein of enhanced yellow fluorescenhain (MLC) kinase (Cai et al., 1998) or quickly distending a
protein (EYFP) and cytochrome C oxidase to makeell’s adhesive substrate (Pourati et al., 1998) also results in
mitochondria fluorescent. Real-time fluorescence microscopicnmediate changes in cell shape stability (shear modulus).
analysis revealed coordinated movement of mitochondria as f&fost importantly, experimental measurement of cultured cells,
as 20um into the cell (Fig. 5G) (Wang et al., 2001). Again, using traction force microscopy to quantify prestress within
pulling on transmembrane AcLDL receptors that couple onlyndividual cells (Pelham and Wang, 1997; Butler et al., 2002)
to the membrane cortex failed to produce this effectand magnetic twisting cytometry to measure cell stiffness,
Mitochondria directly associate with microtubules and argeveals a linear correlation between stiffness (elastic modulus)
excluded from the cell cortex. Thus, forces transmitted byand cellular prestress (Wang et al., 2002), as predicted a priori
integrins to microfilaments in the focal adhesion apparently caby the tensegrity model (Stamenovic et al., 1996). Cells also
be passed to microtubules at distant sites and so these differerhibit a nearly linear dependence of their dynamic mechanical
filament networks must be mechanically connected insidbehavior (dynamic modulus) on cytoskeletal prestress
living cells. Application of fluid shear stresses to the apical cel{Stamenovic et al., 2002a).
surface of cultured endothelium also results in mechanical Those who view cell mechanics as largely a function of the
distortion of GFP-labeled intermediate filaments deep insidelastic cell cortex might ascribe these results to the importance
the cytoplasm (Helmke et al., 2001). of tensional prestress in the cortical cytoskeleton. However,
Thus, the cellular response to stress does depend ameasurements of cell mechanics using magnetic twisting
connectivity within discrete molecular networks that span theytometry in conjunction with two different-sized magnetic
cell surface and extend through the cytoplasm, and obeads conflict with this interpretation; cell stiffness scales
cooperative interactions between all three cytoskeletal filameulirectly with bead size for a given applied stress, which is
systems. The data discussed above therefore provide dirébhe opposite of what would be predicted by a prestressed
support for the tensegrity model and are not consistent wittnembrane cortex model (Wang and Ingber, 1994). Moreover,
models that view the cell as an elastic membrane surroundimgp change in mechanics can be detected in round versus flat
a viscous cytosol. These studies, however, also reveal a caveatlls or in cells expressing constitutively active MLC kinase
Even though the internal cytoskeletal lattice is clearly criticalvhen they are probed with techniques that measure only the
for the cellular response to mechanical stress, the cell mayprtical cytoskeleton (Wang and Ingber, 1994; Cai et al., 1998).
appear to behave like an elastic cortex surrounding a viscolis contrast, major differences are evident in the same cells
cytosol, if the highly elastic, submembranous cytoskeletalvhen one measures cell mechanics through integrins that
network is probed independently of the internal cytoskeletatouple to the internal cytoskeleton by magnetic twisting
lattice. This was observed in experiments in which noneytometry. Differences in shape stability owing to altered
adhesion receptors (Wang et al., 1993; Wang and Ingber, 199estress therefore cannot be explained solely on the basis of
Wang and Ingber, 1995) or inactive (unligated) integrincchanges in the cell cortex.
(B. Mathews, F. Alenghat and D.E.l., unpublished) were Cytoskeletal prestress is also important for shape stability in
magnetically twisted, and when activated integrins were pullethe cytoplasm and nucleus. For example, addition of ATP to
in the plane of the membrane (Bausch et al., 1998). This caveaembrane-permeabilized cells results in coordinated retraction
might also explain why only local responses are observeand rounding of the entire cell, cytoskeleton and nucleus, and
when mechanical stresses are applied to cell surfaces Myis response can be prevented by blocking cytoskeletal tension
micropipettes coated with laminin (Heidemann et al., 1999); igeneration (Sims et al., 1992). Tensegrity models of nucleated
this study, efficient mechanical coupling between cell surfaceells composed of struts and tensed cables (Fig. 4B) exhibit
adhesion receptors and the internal cytoskeleton (i.e. focalmilar coordinated retraction behavior when their anchors are
adhesion formation) does not appear to occur. dislodged. Moreover, quantification of changes in cell stiffness
in membrane-permeabilized cells using magnetic twisting
cytometry confirmed that cytoskeletal tension (prestress) is
Prestress is a major determinant of cell mechanics a critical determinant of cell and nuclear shape stability
The most fundamental feature of the cellular tensegrity mod@hdependently of transmembrane osmotic forces (Wang and
is the importance of tensional integrity and internal tensiléngber, 1994). The stiffness of the cell, cytoskeleton and nucleus
stress (prestress) for cell shape stability. There is no questiatso can be altered by disruption of the tensed intermediate
that mammalian cells experience isometric tension, becausitament lattice by drugs (Wang et al., 1993; Maniotis et al.,
this can be visualized if one plates cells on flexible substratd997a; Wang and Stamenovic, 2000; Brown et al., 2001),
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synthetic inhibitory peptides (Goldman et al., 1996) or genetitike fried eggs. This is not the case, because cells also use
techniques [e.g. vimentin-knockout mice (Eckes et al., 1998nternal compression struts to refine their shape. During
Wang and Stamenovic, 2000; Brown et al.,, 2001)] or byheurulation in the embryo, developing epithelial cells extend
modifying the ability of the ECM substrate to resist cell tractioninternal microtubule struts along their vertical (apical-basal)
(Wang and Ingber, 1994). Thus, as predicted by the tensegriéxis to transform themselves into columnar cells (Burnside,
model, continuous transmission of tension between differert971). One can also induce round lymphocytes (Bailly et al.,
cytoskeletal filament systems, and from the cytoskeleton to bot991) and erythrocytes (Winckler and Solomon, 1991) to
the nucleus and ECM receptors, is critical for cell shapérm long membrane extensions by promoting microtubule
stability. Interestingly, even the submembranous cytoskeletopolymerization. If microtubules did not resist compression and
(the cortical actin-ankyrin-spectrin lattice) appears to requirevere tensed like rubber bands, then these cells would not be
tensional prestress for its mechanical stability (Discher et alable to create highly elongated forms, and spherical contraction
1998; Coughlin and Stamenovic, 2003). would result. In other words, these cells must contain some
internal element that resists inward-directed cytoskeletal forces
in order to extend outward; this is a key feature of tensegrity
Establishment of a tensegrity force balance between architecture.
microtubules, microfilaments and ECM The remaining concern that has been raised is whether long
The feature of the cellular tensegrity model that most troublemicrotubules that extend throughout the cytoplasm of cultured
investigators is the presence of compression struts inside thells actually bear compression. To envision how this might
cell. Some argue that the cytoskeleton is like a network ofvork in the tensegrity model more clearly, think of a camp tent.
muscles, tendons and ligaments without the bones (BrookeBhe surface membrane of the tent is stabilized (made stiff) by
1999). So where are the compression elements? The ansvpdgicing it under tension. This can be accomplished by various
depends on the size scale and hierarchical level that omeeans: pushing up tent poles against the membrane, pulling
examines. From the physiological perspective, the moghe membrane against fixed tent pegs in the ground and
relevant level relates to how the cell controls its shape artgthering the membrane to an overlying tree branch. The
structure within living tissues. When cells are enzymaticallyinternal tent poles and external tethers provide complementary
dislodged from tissues, they spontaneously round up and lo&®d-bearing functions because both resist the inward-directed
their characteristic forms. When the ECM is carefully removedorces exerted by the tent membrane. It is through this
from developing tissues without disrupting cell-cell contactstensegrity force balance that the tensional prestress is generated
cells do not completely round up; however, they partiallythat stabilizes the tent's form.
retract and lose specialized tissue morphology, such aslIf cells use tensegrity and the cytoskeleton is organized liked
epithelial branches and buds (Banerjee et al., 1977). In othartent, then if you were to disrupt the microtubules (tent poles),
words, cells cannot stabilize their specialized shapes in thbe force they normally carried would be transferred to the cell's
absence of their ECM adhesions. Thus, one cannot define thdhesive anchors. This transfer of forces would cause increased
critical determinants of cell shape stability in anchoragetraction on the cell’s adhesions (i.e. the tent pegs would be
dependent cells without considering the mechanics of theulled upward and closer together, and the tree branch would
adhesion substrate, just as one cannot describe the stabilitybsf wrenched downward) (Fig. 2B). By contrast, if all CSK
a spider web without considering the tree branches to whichfitaments experience tension, like a bunch of tensed rubber-
is tethered. bands, then if you were to break any of the filaments, tension
Studies of cultured cells confirm that cell shape depends am the substrate would rapidly dissipate (the tree branch would
the ability of local regions of the ECM anchoring substrate tdeap back up to its starting position). Importantly, many
withstand compression. Cells are not evenly glued to theixperiments have shown that when microfilaments or
adhesive substrate, rather they are spot welded in regioimgermediate filaments — the tension elements in the model — are
known as focal adhesions (Burridge et al., 1988) that contaichemically disrupted, cell tractional forces exerted on ECM
clustered integrin receptors and cytoskeleton-coupling proteiredhesions decrease (Kolodney and Wyslomerski, 1992; Eckes
as well as immobilized signal transduction molecules (Ploppest al., 1998). Moreover, when microtubules — the struts in the
and Ingber, 1993; Plopper et al., 1995; Miyamoto et al., 1995nodel — are disrupted, traction on the ECM substrate rapidly
Focal adhesions generally form at the base of the cell directlycreases in many cell types and experimental systems
beneath the ends of each contractile stress fiber (Burridge @anowski, 1989; Kolodney and Wyslomerski, 1992; Kolodney
al., 1988); thus, they represent discrete points of cytoskeletahd Elson, 1995; Wang et al., 2001; Stamenovic et al., 2002b).
insertion on the ECM analogous to muscle-insertion sites on Although these results directly support the tensegrity model,
bone. To support cell spreading, isolated regions of ththere is one potential concern: microtubule depolymerization
extracellular substrate located between focal adhesions musso activates MLC kinase (Kolodney and Elson, 1995). This
resist local compression produced by the shortening of eadould mean that the observed increase in ECM traction is
internal stress fiber. It is for this reason that adherent cells pwghtirely controlled through a chemical mechanism (e.g. through
flexible substrates up into ‘compression wrinkles’ betweerubulin monomer release) and a subsequent increase in active
their localized adhesions (Harris et al., 1980). Thus, these locinsion generation, rather than mechanically through a
regions of the ECM act like external support elements to resigensegrity force balance (Danowski, 1989; Kolodney and Elson,
cytoskeletal tensional forces and thereby establish a tensegrit995). Other investigators have proposed that microtubule-
force balance. dependent changes in intracellular calcium levels are
If these ECM regions were the only elements that resistegsponsible for these effects (Paul et al., 2000). Importantly,
cell tension, then all cells adherent to planar ECMs would lookecent studies have shown that microtubule disruption results in
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an increase in tractional forces exerted on the ECM subst
even under conditions in which MLC phosphorylation a
intracellular calcium levels do not change (Wang et al., 20
Stamenovic et al., 2002b). Quantification of cell tractior
forces and the amount of prestress within individual cells us
traction force microscopy revealed that microtubul
counterbalance ~5-30% of the total cellular prestre
depending on the cell. Thus, the ability of microtubules to b
compression locally contributes significantly to cellul
prestress and cell shape stability. Note that both application ui , ) ,

mechanical force to cell-ECM adhesions (Riveline et al., 2001719 6. Three sequential fluorescent images from a time-lapse
and microtubule disruption (Liu et al., 1987) activate the Rh ecording of the same cell expressing GFP-tubulin showing buckling

. . . of a microtubule (arrowhead) as it polymerizes (from left to right)
signaling pathway that leads to MLC phosphorylation. S.Oand impinges end-on on the cell cortex at the top of the view

tensegrity-based transfer of mechanical loads to ECM adhesigRoduced with permission from the National Academy of Sciences
sites following microtubule disruption could, in part, increasgyang et al., 2001)].

active contraction through a mechanochemical mechanism [see
Part 1l of this Commentary for more discussion of tensegrity
and mechanochemistry (Ingber, 2003)]. Furthermore, the curvature of individual microtubules (a
Because of complementary tensegrity-based forceeadout of compressive buckling) decreases when drugs are
interactions between microtubules, contractile microfilamentssed to decrease cytoskeletal tension, whereas buckling
and ECM adhesions, the relative contribution of microtubulegcreases when agents are added that increase contraction, such
to cellular prestress will vary depending on the structurahs thrombin in endothelial cells (Waterman-Storer and Salmon,
context. For example, the poles in the tent bear lest997; Wang et al., 2001). Disruption of microtubules also
compressive load when the tent membrane is partially secursgynificantly reduces the stiffness (shear modulus) of the cell
to the overlying tree branch. Similarly, microtubules may beafWang et al., 1993; Stamenovic et al., 2002) and induces
less compression (and the ECM more) in highly spread celletraction of long processes in various cell types (Tomasek and
on rigid substrates, whereas more compression will belay, 1984; Domnina et al., 1985; Vasiliev, 1987; Madreperla
transferred from the ECM onto these internal struts when thand Adler, 1989; Bailly et al., 1991; Ingber et al., 1995).
ECM is compliant or when the cell's ECM adhesions are Taken together, these studies indicate that at least a subset
dislodged. Experiments analyzing the effects of ECM adhesioof microtubules function as compression struts within the
and mechanical forces on microtubule polymerization ircytoplasm and act in a complementary manner with ECM
various adherent cells (Joshi et al., 1985; Dennerll et al., 1988dhesions to resist microfilament-based tensional forces in the
Dennerll et al., 1989; Lamoureux et al., 1990; Mooney et algytoskeleton of adherent cells. In this manner, a tensegrity
1994; Putnam et al., 1998; Putnam et al., 2001; Kaverina et alarce balance is established. Moreover, microtubules appear to
2002) and a thermodynamic model of microtubule regulatioprovide a similar compression-bearing function in the mitotic
(Buxbaum and Heidemann, 1988) support this notion. Thispindle: Pickett-Heaps and co-workers severed a single
may explain why microtubules did not appear to contributenicrotubule within the spindle with a UV microbeam, and the
significantly to smooth muscle cell mechanics in a study imemaining microtubules buckled as if the total compressive
which these cells were held under external tension (Obara keiad was distributed among a decreased number of semiflexible
al., 2000), whereas in other studies they were found to play aompression struts (Pickett-Heaps et al., 1997). However,
important mechanical role in both smooth muscle cells (Wangicrotubules have a dual function in that some (kinetochore)
et al., 2001; Stamenovic et al., 2002) and cardiac muscle celsicrotubules experience tension when they shorten and pull
(Tagawa et al., 1997). the chromosomes apart and toward the spindle poles during
It remains difficult for some to envision how a single anaphase at the end of mitosis (Zhou et al., 2002).
molecular filament, such as a microtubule, could withstand
compressive forces. The ability of individual microtubules to _ ) _
resist buckling when compressed could be greatly enhancedathematical formulation of the tensegrity theory
however, by the presence of lateral tensile connections th@ihe cellular tensegrity theory was initially an intuitive model,
would function as molecular guy wires. On the basis of thand prestressed tensegrity structures constructed out of sticks
frequency of lateral connections along microtubules, engineeesd elastic strings were used to visualize the concept (Ingber
have calculated that intermediate filaments could provide thisnd Jamieson, 1985; Ingber, 1993b; Wang et al., 1993).
function (Brodland and Gordon, 1990). However, electrorNevertheless, these simple models closely mimicked living
microscopy reveals many types of lateral molecular linkageells. For example, the cell and nucleus of a round tensegrity
that could act in this manner (Heuser and Kirschner, 1980; Feyodel spread in a coordinated manner, and the nucleus moves
et al., 1984). to the base (polarizes) when it attaches to a rigid substrate (Fig.
Importantly, microscopic visualization of the dynamics of4B), which is just like living cells in culture (Ingber et al.,
green fluorescent protein (GFP)-labeled microtubules providek986; Ingber, 1990). Also, like cultured cells, the models
direct evidence of end-on compressive buckling of individuatontract and wrinkle flexible substrates, and they take on a
microtubules in living cells (Fig. 6). Buckled microtubules alsoround form when detached (Ingber, 1993b). In addition, the
immediately straighten when they slip by an obstacle inmodels exhibit the linear stiffening behavior (strain hardening)
the cytoplasm (Kaech et al., 1996; Wang et al., 2001)displayed by cultured cells (Wang et al., 1993) and whole
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living tissues (McMahon, 1984), apparently because increasingables that link the cytoskeletal lattice and surface membrane
numbers of the struts realign along the applied tension fielth the cell center (Wang and Stamenovic, 2000). This model
lines (Fig. 4A). Another model, composed of multiple sodagenerates predictions of mechanical behavior in the absence of
straws tensionally linked by elastic string, kinematicallyintermediate filaments that closely mimic results obtained in
transforms into three-dimensional forms that closely resembigtudies of living cells in which vimentin has been knocked out
structures observed within actin geodomes and stress fibersg#netically or intermediate filaments have been disrupted by
living cells by light (Fig. 3B) and electron microscopy (Osbornpharmacological approaches.
et al.,, 1978), including strut-for-strut and vertex-for-vertex Moreover, all of these tensegrity models yield elastic
identity on the nanometer scale (Ingber, 1993b). moduli (stiffness) that are quantitatively similar to those of
Although these conceptual models were impressive, furthewultured adherent cells (Stamenovic and Coughlin, 1999;
advance in this field required the development of &tamenovic and Coughlin, 2000). Importantly, although
mathematical formulation of the cellular tensegrity model. Amodels of the cytoskeleton that incorporate only tensile
theoretical formulation of the model starting from firstelements (i.e. they lack internal compression struts) can mimic
mechanistic principles was developed by Dimitrije Stamenovithe cell’s response to generalized membrane deformation (e.g.
working with my group (Stamenovic et al., 1996) and by otherswing to poking of a cell with an uncoated micropipette), they
(Wendling et al., 1999; Wendling et al., 2002; Volokh et al.cannot explain many other cell mechanical behaviors,
2000; Volokh et al., 2002). In this model, actin microfilamentsespecially those that are measured through cell-surface
and intermediate filaments carry the prestress that is balancezteptors that link to the internal cytoskeleton (Coughlin and
internally by microtubules and externally by focal adhesions t&tamenovic, 2003).
the ECM substrate. Work on variously shaped models revealed Stamenovic has also carried out an energy analysis using
that even the simplest prestressed tensegrity sculptutpiantitative results from traction force microscopy studies of
embodies the key mechanical properties of all members of thising cells (Stamenovic et al.,, 2002b). An energy analysis
tensegrity class. Thus, for simplicity, we used a symmetricas independent of microstructural geometry and, thus, it
cell model in which the tensed filaments are represented by 2#cumvents potential limitations of using a specific tensegrity
cables and the microtubules by six struts organized as shownnfiguration (network architecture) in the theoretical
in the structure in Fig. 1B. The cytoskeleton and substratealculations. This analysis revealed that microtubules
together were assumed to form a self-equilibrated, stableontribute significantly to the contractile energy budget of the
mechanical system; the prestress carried by the cables weall and, thus, it provides independent support for the concept
balanced by the compression of the struts. that compression-bearing microtubules play an important role
A microstructural analysis of this model using the principlein the determination of mechanical behavior within adherent
of virtual work led to two a priori predictions: (1) the stiffnesscells. In contrast, the amount of contractile energy stored in
of the model (or cell) will increase as the prestrpes-€xisting  extension of actin microfilaments was found to be negligible.
tensile stress) is raised; and (2) at any given prestress, stiffnédsese results are therefore consistent with the tensegrity
will increase linearly with increasing stretching forepglied  model, because they suggest that the primary mechanical role
stress). The former is consistent with what we know about howaf microfilaments is to carry prestress and to transfer tensional
muscle tone alters the stiffness of our bodies, and it closefprces throughout the cell, whereas microtubules carry
matches data from experiments with living cells (Wang et algompression and balance a substantial fraction of the
2002; Stamenovic et al., 2002a; Stamenovic et al., 2003). The®ntractile prestress within the actin network. Stamenovic’s
latter meshes nicely with the mechanical measurements ahalysis also provided evidence for the notion that intermediate
stick-and-string tensegrity models, cultured cells and wholélaments provide a lateral mechanical support to microtubules
living tissues, although it also can be explained by otheand thus enhance their ability to carry compression without
models (Heidemann et al., 2000). This mathematical approadiuckling, as predicted previously (Brodland and Gordon,
strongly supported the idea that the architecture (the spati2890).
arrangement of support elements) and prestress (the level ofTaken together, these results show that, although the current
isometric tension) in the cytoskeleton are key to a cell’'s abilitjormulation of the tensegrity theory relies on the use of a highly
to stabilize its shape. simplified architecture (six struts and 24 cables), it nevertheless
Largely through the work of Stamenovic and co-workersgffectively predicts many static mechanical behaviors of living
this oversimplified micromechanical model continues to benammalian cells. Most critically, the a priori prediction of the
progressively modified and strengthened over time (Coughlitensegrity model that cell stiffness will increase in proportion
and Stamenovic, 1997; Coughlin and Stamenovic, 1998yith the prestress has been confirmed in various experimental
Stamenovic and Coughlin, 1999; Stamenovic and Coughlirstudies (Wang et al., 2002; Stamenovic et al., 2002a;
2000; Stamenovic and Ingber, 2002). A more recenStamenovic et al., 2003). However, what is more surprising is
formulation of the model includes, for example, semiflexiblethat this model also leads to predictions of dynamic behavior.
struts analogous to microtubules, rather than rigid compressidfor example, it predicts that at a given frequency of loading,
struts, and incorporates values for critical features of thboth the elastic (storage) and frictional (loss) moduli should
individual cytoskeletal filaments (e.g. volume fraction, bendingncrease with increasing prestress, whereas the fraction of the
stiffness and cable stiffness) from the literature (Coughlin anftictional energy loss relative to the elastic energy storage
Stamenovic, 1997; Stamenovic and Coughlin, 1999). Thishould be independent of prestress. Recent experiments again
more refined model is qualitatively and quantitatively superioconfirm these predictions (Wang et al., 2001; Stamenovic et al.,
to that containing rigid struts. Another formulation of the2002a).
tensegrity model includes intermediate filaments as tension Interestingly, recent work suggests that the dynamic
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mechanical behavior of mammalian cells depends on gen
system properties, as indicated by a spectrum of time const
when the cells are stressed over a wide range of fc
application frequencies (Goldmann and Ezzell, 1996; Fabr
al., 2001). This work suggests that these dynamic behav
reflect a non-deterministic property of the cell at some hig
system level of molecular interaction. It is not consistent w
the notion of a single type of cytoskeletal filament or molect
interaction (e.g. actin crosslinking) being responsible for ¢
dynamic behavior. It is also not consistent with standard ad
models of cell mechanics that assume that the elastic
frictional behaviors of the cell originate from two distin
compartments (the elastic cortex and the viscous cytoplas
Importantly, computer simulations suggest that dynar
mechanical behaviors exhibited by living cells, including t
dependence of both their elastic and frictional moduli

prestress, are natural consequences of their use of tense
(Canadas et al., 2002) (C. Sultan, N. Liang, D. Stamenovic
D.E.l., unpublished). In other words, tensegrity could provi
a common structural basis for both the elastic and visc
behaviors of living cells.

Other micromechanical models of the cell have be
proposed over the past decade; these are based on p
cellular solids (Satcher and Dewey, 1996), filament dynarr
[i.e. thermal fluctuations (MacKintosh and Janmey, 1995)] ¢
percolation theory (Forgacs, 1995). As in the tensegrity the:
these models incorporate microstructure and assume tha
cytoskeleton is organized as a porous network compose
discrete structural elements. However, these models differ f
tensegrity in that they do not take into account contributic
from collective interactions among different cytoskelet
filament systems (or the ECM) and do not explain how hig
organized structures [e.g. actin geodomes (Lazarides, 19
appear in the cytoskeleton. More importantly, they do 1
include a role for cytoskeletal prestress in cell shape stab
or lead to a priori predictions of complex mechanical behaviorgig. 7. Multimodular tensegrities. (A) A side view of a tensegrity
in whole living cells. Thus, although these or other models oftructure composed of four interconnected modules which each
the cell may be able to describe particular cell behaviorsontain five struts. (B) A top view of the tensegrity structure shown
(Heidemann et al., 2000), they cannot explain many otheiis A, showing five-fold symmetry and a central pore. (C) A
(Ingber, 2000a). Only the tensegrity theory provides all thesgnsegrity lattice comprising seven similar tensegrity modules; a
features and, thus, it appears to be the most unified and robgigle three-strut module is shown in red.
model of the cell available at present.

because some have ruled out the relevance of tensegrity as a
Incorporating structural complexity: multimodularity model for living cells on the basis that, if cells used tensegrity,
Although the simple six-strut tensegrity model of the cell hashen disruption of one molecular support element would
been very useful, the reality is that the living cell is moreproduce total cellular collapse, as in a single tensegrity module
complex because it is a ‘multimodular’ tensegrity structure. B{Forgacs, 1995). The fact that individual fragments of cells
multimodularity, | mean that the cell is composed of multiplecontinue to exhibit specialized behaviors, including movement
smaller, self-stabilizing tensegrity modules that are linked byAlbrecht-Buehler, 1980), after mechanical disruption of the
similar rules of tensional integrity (see the structures in Fig. €ell confirms that multiple structural modules exist in the
and the sculpture in Fig. 1A). As long as these modules a@ytoplasm, even though they exhibit spatially coordinated
linked by tensional integrity, then the entire system exhibitdehavior in the whole cell. Use of a multimodular tensegrity
mechanical coupling throughout and an intrinsic harmoni@rrangement provides another important advantage:
coupling between part and whole (Ingber and Jamieson, 1988ybsystems or small groups of modules can be repaired and
Pienta et al., 1991; Pienta and Coffey, 1991a). Destruction oéplaced without disruption of higher-order structure. This is
one unit in a multimodular tensegrity, however, results only ircritical because the molecules that comprise living cells
a local response; that particular module will collapse withoutindergo continuous turnover.
compromising the rest of the structure. This is similar to cutting Computer simulations of complex multimodular tensegrity
the Achilles tendon: foot stability is lost, but control of thearrangements depict subtle mechanical behaviors that are
remainder of the body remains intact. This point is criticareminiscent of those of living cells. For example, a simulation
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Fig. 8. Sequential images (left to right) from computer simulations of multimodular tensegrities (A,C) or from time-lapse videwgretordi
living cells (B,D). (A) Structural rearrangements within a prestressed tensegrity lattice immediately following releaselobits(at the top
and bottom of the view). Note that the material simultaneously retracts throughout its entire depth. (B) When the ECM eithepi@as,
adherent cell are dislodged using trypsin, the cell, cytoplasm and nucleus all simultaneously retract as the cell raungbtjlgit) A
prestressed tensegrity fabric created from 36 interconnected tensegrity modules of the type shown in Fig. 1B that exgistenmtiag éorce
at the top right corner; the other three corners are fixed. Notice that the entire material responds to the local foriteeghithitisaindulating
motion. (D) Undulating motion of a lamellipodium in a living cell.

of a prestressed fabric composed of multiple interconnecteatcrosomal processes is based on a dynamic balance between
tensegrity modules displays coordinated retraction of all thextension of rigid actin struts and resisting membrane elements
support elements throughout the depth of the material when(Tilney and Inoue, 1982) also support the generality of this
is released from its anchors (Fig. 8A). This response is similanodel for movement of subcellular microdomains.

to what happens to the cell, cytoplasm and nucleus following

addition of trypsin to cleave ECM anchors (Fig. 8B) or to

whole living tissues (e.g. skin or muscle) following a surgicalmplications for the hierarchical nature of biological

incision. Another computer simulation revealed that, whersystems

physically extended, a fabric comprised of multiple (36)importantly, the cellular tensegrity model also takes into
interconnected tensegrity modules (each containing 6 strugeccount the hierarchical features of living cells as well as those
and 24 cables, as in Fig. 1B) displayed undulating movements the tissues and organs in which they normally reside (Ingber
(Fig. 8C) that are similar to those exhibited by extendingand Jamieson, 1985; Ingber, 1993b; Ingber et al., 1994; Ingber,
lamellipodia in living cells (Fig. 8D). This observation raises1998). This level of complexity is commonly ignored in cell
the possibility that the actin filaments that rapidly polymerizebiology. Fuller was the first to note that tensegrity systems can
(elongate) within a newly forming lamellipodium push outbe constructed as structural hierarchies in which the tension or
against the surrounding actin filament network and surfaceompression elements that comprise the structure at one level
membrane and thereby prestress the entire structure. It alae themselves tensegrity systems composed of multiple
may explain why lamellipodia generally exhibit a similar components on a smaller scale (Fuller, 1961). The tensegrity
morphology in all cells: their form is a manifestation of themodel of the nucleated cell, in which the entire nuclear
underlying force balance that stabilizes their three-dimension&tnsegrity lattice is itself a tension element in the larger
architecture and not a direct property of any one of itstructure (Fig. 4B), illustrates this concept.

individual components. The observations that directional Living organisms are similarly constructed as tiers of
movement of the cytoplasm is controlled through a balancsystems within systems within systems. The bones and muscles
between cytoskeleton-based protrusive and retractive force$ our bodies use a tensegrity force balance to stabilize
(Verkhovsky et al., 1999), decreasing the tension (stiffness) ithemselves (Levin, 1997; Chen and Ingber, 1999). Whole
the surface membrane accelerates lamellipodia extensi@mgans, such as the heart and lung, are also prestressed
(Raucher and Sheetz, 2000), and rapid linear extension efructures (Omens and Fung, 1990), owing to tension
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generation within their constituent cells and the existence afetwork members, rather than molecular distortion as in living
larger-scale distending forces (e.g. hemodynamic forces and aiells. In fact, as described by Caspar, it may be because of
pressure). Neural architecture in the brain (Van Essen, 199#nsegrity that geodesic viral capsids can similarly expand and
and retina (Galli-Resta, 2002) are also governed by internabntract without loss of structural integrity (Caspar, 1980).
tissue forces, in this case generated within the cytoskeletons ofThe nucleus may represent yet another tensegrity structure
their constituent cells. The forces in these tissues and orgafiagber and Jamieson, 1985; Ingber, 1993b; Ingber et al.,
are resisted by stiffened ECMs (e.g. crosslinked collageh994), because it is prestressed and exhibits shape stability
bundles, elastin bundles and basement membranes), by ten when isolated from the cell (e.g. during nuclear
non-compressibility of proteoglycan-rich ECMs and othertransplantation). During mitosis, microtubule struts polymerize
cells, and by opposing contractile forces generated bfrom two centrosomes oriented at opposite poles of the cell and
neighboring cells (e.g. mesenchyme versus epithelium). It igsush out against a mechanically continuous network of
for this reason that the edges of the wound spontaneoustjiromatin (Maniotis et al., 1997b), thereby creating the
retract when a tissue or organ is incised with a scalpel (Liu arichitotic spindle’ that holds the chromosomes in position. Laser
Fung, 1989; Omens and Fung, 1990). microbeam experiments have confirmed that this tensionally
A counterintuitive feature of hierarchical tensegrity stiffened spindle is a prestressed tensegrity cage (Pickett-Heaps
structures is that a tensed member on one size scale can etcal., 1997). What maintains nuclear shape in interphase cells
locally to resist compression on a smaller size scale. A simpis less clear; however, there is no doubt that the nucleus is
analogy is how rats can climb up a ship’s mooring rope byrestressed: cleave the protein lattice that makes up the nuclear
compressing it locally between their front and rear feet, butatrix and the tightly packaged (compressed) DNA explodes
only when the rope is tensionally stiffened. Similarly, theoutward. Nuclear shape stability in the living cell, however,
existence of a stabilizing prestress in a whole organ or tisswso depends on the presence of tensed intermediate filaments
stiffens internal tension elements, such as basemettiat connect the nucleus to cell-surface adhesions and thus act
membranes, which, in turn, may resist compression applidike molecular guy wires at the level of the whole cell (Maniotis
locally by individual adherent cells (i.e. between their isolatectt al., 1997a). These different subcellular tensegrity structures
focal adhesions) and thereby stabilize cell shape on the.g. the internal cytoskeleton, submembranous cytoskeleton
microscale. and nucleus) may act independently, but when mechanically
But the tensegrity hierarchy does not end at the level of theoupled they function as one integrated, hierarchical tensegrity
cell. The internal cytoskeleton that behaves like a tensegrityystem.
structure also connects to the elastic submembranousOn a smaller scale, cells also use a tensegrity force balance
cytoskeleton at the cell periphery and to the nuclear scaffold & stabilize the elongated forms of specialized membrane
the cell center (Fey et al., 1984; Georgatos and Blobel, 198projections. Stiffened bundles of crosslinked actin filaments
Maniotis et al., 1997a; Zhen et al., 2002). At the moleculapush out on the tensed surface membrane to create filopodia
level, the submembranous cytoskeleton is another tensegriiyat extend from the cell surface at the leading edge of
structure: it is a discrete network composed of actin, ankryimigratory cells (Sheetz et al., 1992) and to form acrosomal
and spectrin molecules that is both prestressed (Discher et @xtensions in sperm (Tilney and Inoue, 1982). Crosslinking of
1998), owing to transmembrane osmotic forces, and organizedhy type of flexible molecular filament into larger bundles
geodesically within a hexagonal network (Liu et al., 1987). Thegreatly increases its ability to resist compression because the
entire network and attached membrane undergo expansion dined lateral connections prevent filament buckling or bending,
contraction in response to changes in osmotic pressurgist as a metal hoop stiffens wood struts in a barrel. Thus,
Although this is mediated by elongation of individual microfilaments, which normally bear tension in the cell, have
molecules in the network, such as spectrin, the geodesicdual function in that they can act as compression struts when
arrangement might also facilitate this process by permittingrganized in this manner. Crosslinked bundles of microtubules
these large-scale shape changes without disruption of netwosknilarly stabilize cilia as well as long cell processes, as in
continuity (e.g. breakage of individual struts). This capabilityneurites (Joshi et al., 1985).
of geodesic structures is visualized in Fig. 9, which shows a Prestressed and geodesic forms of tensegrity also occur at
geodesic sphere created by the designer Chuck Hoberman tttaeg¢ molecular level. The most impressive example of a
undergoes large-scale expansion and contraction by usinggaodesic form is the finding that actin microfilaments self-
kinematic mechanism to produce elongation of individuabrganize into well developed geodesic domes (actin geodomes)

Fig. 9. Visualization of expansion and contractiol
behavior through use of a geodesically structure
support network using the Hoberman Sphere
created by the designer, Chuck Hoberman
(Hoberman Toys, Inc.). This single structure, wh
is shown in three states of expansion in this figu
uses scissor-like struts that extend in a coordine
manner via a kinematic mechanism to provide
large-scale shape changes in the entire structur
without disrupting network integrity. In geodesic
molecular networks, such as the submembranoi
cytoskeleton or viral capsids, extension is largel,
driven by molecular shape changes (e.g. elongation of individual spectrin molecules or viral proteins).
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in the cytoskeletons of certain cells in vitro (Fig. 3B)involves the former, whereas the results with the tensegrity
(Lazarides, 1976; Osborn et al., 1978) as well as in vivonodel represent the latter.
(Rafferty and Scholtz, 1985). Other examples of geodesic The power of the tensegrity theory to predict complex cell
structures include hexagonal arrangements of basementhaviors from first principles, to mimic pattern formation
membrane proteins (Yurchenco and Schittny, 1990)within the cytoskeleton on the nanoscale and to translate cell
polyhedral enzyme complexes (Wagenknecht et al., 1991%hape control into molecular terms speaks for itself. Yet, for
clathrin-coated transport vesicles (Vigers et al., 1986) and athany molecular cell biologists, there is still little value in this
viral capsids (Caspar, 1980). Biological polymers, such aknowledge. They do not need to take into account the
microfilaments (Schutt et al., 1997), lipid micelles (Butchercontributions of physical forces or supramolecular assemblies
and Lamb, 1984, Farrell et al., 2002), and individual proteingn studies that focus on individual molecules or signaling
RNA and DNA molecules all have been depicted as prestressatechanisms. However, at some point, we all will have to
tensegrity structures (Ingber, 1998; Ingber, 2000b; Farell et alranslate what we have learned from our simplified systems in
2002) because at this scale no components ‘touch’ and, henceder to predict, manipulate and control cellular function in
all structural stability must depend on continuous tensionalivo. Then physical factors, tissue structure and understanding
(attractive) forces. For example, in proteins, stiffened peptidef hierarchical systems biology — how molecular processes
elements (e.ga-helices andB-strands) act locally to resist function within living multicellular organisms — will become
inwardly directed forces generated by attractive (tensilelmportant.
intramolecular binding forces. Thus, three-dimensional models For those interested in cell and tissue physiology, cell
of the shape of a protein, such as a membrane channel, are ocomtext is already critical. Pursuit of the tensegrity model has
unlike tensegrity models (Fig. 7A,B) composed entirely ofled to new insights into cell mechanics and to the recognition
springs that have different elasticities (as in Fig. 1C); the majdhat mechanical stresses can be transferred through the viscous
difference is that that intramolecular binding forces obviate theytosol and to the nucleus in living cells through discrete
need for physical tensile connections in the proteins. Thmolecular networks. It also has helped to explain how living
prestressed nature of proteins can be visualized if a singtegganisms can function as integrated mechanical systems, even
peptide bond is cleaved: immediate loss of shape stabilithhough they are complex hierarchical structures (molecules
results. Moreover, studies with optical tweezers reveal thatithin cells within tissues within organs). Indeed, the
individual DNA molecules exhibit linear stiffening behavior tensegrity principle has been invoked by investigators to
(Smith et al., 1992) similar to that of living cells, tissues andexplain an unusually wide range of unexplained phenomena in
tensegrity models. many different systems and species, including: lipid micelle
For these reasons, the cellular tensegrity model has comeftormation (Butcher and Lamb, 1984), protein folding in milk
include the concept that cells, tissues and other biologicallobules (Farrell et al., 2002), protein organization within viral
structures at smaller and larger size scales exhibit integratedpsids (Caspar, 1980), the structure of actin microfilaments
mechanical behavior because of tensegrity architecture (Ingb@chutt et al., 1997), pattern formation in paramecium
and Jamieson, 1985; Ingber, 1993b; Ingber, 1998; Pienta afidaczanowska et al., 1995), hyphal morphology in fungi
Coffey, 1991; Pienta et al., 1991a; Ingber et al., 1994). Th@Kaminsky and Heath, 1996), neurite outgrowth (Joshi et
recognition that nature uses both prestressed and geodeslc 1985; Buxbaum and Heidemann, 1988), endothelial
structures at smaller size scales in the cell also provides furtheermeability barrier function (Moy et al., 1998), vascular
evidence to suggest that these different classes of structure émae (Northover and Northover, 1993), dystrophin function
manifestations of a common “design” principle. Geodesiain muscular dystrophy (Gillis, 1999), choriocarcinoma
tensegrity forms (e.g. tetrahedra, octahedra and icosaheddifferentiation (Hohn et al., 1996), control of apoptosis (Ciesla,
similarly predominate in the inorganic world of crystals and2001), morphogenesis of mammalian cells and tissues (Ingber
atoms and thus, this principle may have contributed to how lifet al., 1981; Ingber and Jamieson, 1985; Pienta and Coffey,
first emerged on this planet (Ingber, 2000b). 1991a; Pienta et al., 1991; Huang and Ingber, 1999; Ingber,
1993; Ingber et al., 1994), the structure of the skin (Ryan,
. 1989), lens (Yamada et al., 2000), cartilage (Malinin and
Conclusion Malinin, 1999), retina (Galli-Resta, 2002) and brain (Van
In Part | of this Commentary, | have reviewed results fronEssen, 1997), the mechanics of the human skeleton (Levin,
many studies carried out over the past decade that provid®97), tumor formation and metastasis (Ingber et al., 1981;
strong evidence in support of the cellular tensegrity modelngber and Jamieson, 1985; Pienta and Coffey, 1991b; Huang
Importantly, any one of these findings is not sufficient to proveand Ingber, 1999), as well as gravity sensing in both animals
the tensegrity theory and some (e.g. strain hardening behavia@id plants (Ingber, 1999; Yoder et al., 2001). In addition, it
may even be explained equally well by other approachdsas helped to elucidate the molecular basis of cellular
(Heidemann et al., 2000). However, the prestressed tensegrityechanotransduction and has revealed  previously
model of the cell is the only existing theory of cell structureunrecognized roles of the ECM, cytoskeletal structure and
that provides a unified way to explain all of these results. It isytoskeletal tension (prestress) in the control of cellular
also important to note that there is a difference between iaformation processing, as | will describe in Part Il of this
‘computational model’, which may simply be an ad hocCommentary (Ingber, 2003).
calculation based on known data (or data estimates), versusThe cellular tensegrity model remains a work in progress
a mathematical formulation of a theory, which useshat will continue to be refined as more information emerges.
computational approaches to test a priori predictions of thElowever, the ability of the tensegrity theory to predict and
model. Essentially all past modeling work on cell mechanicexplain complex cell behaviors is a testament to the notion
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posed by D’Arcy Thompson in the quote that opens this article convertase 1 and 2 genes via monomeric and dimeric forms of RZR/ROR

(Thompson, 1952): although the living cell is a complicated nuclear receptor, and can melatonin influence the processes of

; ; ; embryogenesis or carcinogenesis by disturbing the proportion of cAMP and
structure, it still may be govemed by S|mple rules. cGMP concentrations? Theoretic model of controlled apoptdded.

. Hypothese$6, 181-193.
1 would like to thank my students, fellows and collaborators,cqnheiy, R. and Back, A(1998). Mathematics and tensegriyn. Scientist
without whom this work would never be possible, and NASA, NIH, gg 142151,
ACS and DARPA for funding these studies. | also would like to thankCoughlin, M. F. and Stamenovic, D.(1997). A tensegrity structure with
K. Oslakovic and R. Matsuura for their computer simulations, K. buckling compression elements: application to cell mechaAS8IE J.
Snelson for permitting me to use a photograph of ‘Triple Crown’, and Appl. Mech 64, 480-486.
N. Wang, D. Stamenovic, S. Huang, F. Alenghat, and C. Sultan fd¢oughlin, M. F. and Stamenovic, D.(1998). A tensegrity model of the
their critical comments on the manuscript. %t?skeleton in spread and round ceASME J. Biomech. End20, 770-
Coughlin, M. F. and Stamenovic, D.(2003). A prestressed cable network
model of the adherent cell cytoskelet&mophys. J84, 1328-1366.
References Danowski, B. A.(1989). Fibroblast contractility and actin organization are
Albrecht-Buehler, G. (1980). Autonomous movements of cytoplasmic  stimulated by microtubule inhibitord. Cell Sci 93, 255-266.
fragmentsProc. Natl. Acad. Sci. USA7, 6639-6643. Dennerll, T. J., Joshi, H. C., Steel, V. L., Buxbaum, R. E. and Heidemann,
Albrecht-Buehler, G. (1987). Role of cortical tension in fibroblast shape and S. R.(1988). Tension and compression in the cytoskeleton Il: quantitative
movementCell Motil. Cytoskeletor, 54-67. measurementsl. Cell Biol.107, 665-664.
Alenghat, F. J., Fabry, B., Tsai, K., Goldmann, W. H. and Ingber, D. E.  Dennerll, T. J., Lamoureux, P., Buxbaum, R. E. and Heidemann, S. R.
(2000). Analysis of cell mechanics in single vinculin-deficient cells using a (1989). The cytomechanics of axonal elongation and retradti@ell Biol.

magnetic tweezeBiochem. Biophys. Res. Comm@ii7, 93-99. 107, 3073-3083.
Bailly, E., Celati, C. and Bornens, M(1991). The cortical actomyosin system Discher, D. E., Boal, D. H. and Boey, S. K(1998). Simulations of the
of cytochalasin D-treated lymphoblasExp. Cell Res196, 287-293. erythrocyte cytoskeleton at large deformation. Il. Micropipette aspiration.

Balaban, N. Q., Schwarz, U. S., Riveline, D., Goichberg, P., Tzur, G., Biophys. J75, 1584-1597.
Sabanay, |., Mahalu, D., Safran, S., Bershadsky, A., Addadi, L. Domnina, L. V., Rovensky, J. A., Vasiliev, J. M. and Gelfand, I. M(1985).
and Geiger, B. (2001). Force and focal adhesion assembly: a close Effect of microtubule-destroying drugs on the spreading and shape of
relationship studied using elastic micropatterned substiaégsCell Biol. cultured epithelial cells). Cell Sci.74, 267-282.
3, 466-472. Dong, C., Skalak, R. and Sung, K. L(1991). Cytoplasmic rheology of
Banerjee, S. D., Cohn, R. H. and Bernfield, M. R(1977). Basal lamina of passive neutrophil8iorheology28, 557-567.
embryonic salivary epithelia. Production by the epithelium and role inEckes, B., Dogic, D., Colucci-Guyon, E., Wang, N., Maniotis, A., Ingber,

maintaining lobular morphology. Cell Biol.2, 445-463. D. E., Merckling, A., Aumailley, M., Koteliansky, V., Babinet, C. and
Bausch, A. R., Ziemann, F.,, Boulbitch, A. A., Jacobson, K. and Sackmann, Krieg, T. (1998). Impaired mechanical stability, migration, and contractile

E. (1998). Local measurements viscoelastic parameters of adherent cellcapacity in vimentin-deficient fibroblasts. Cell Sci.111, 1897-1907.

surfaces by magnetic bead micro-rheomeigphys. J75, 2038-2049. Evans, E. and Yeung, A(1989). Apparent viscosity and cortical tension of

Brodland, G. W. and Gordon, R.(1990). Intermediate filaments may prevent  blood granulocytes determined by micropipet aspiratiRiophys. J.56,
buckling of compressively loaded microtubul&SME J. Biomech. Engin 151-160.

112 319-321. Ezzell, R. M., Goldmann, W. H., Wang, N., Parasharama, N. and Ingber,
Brookes, M. (1999). Hard cell, soft ceINew Scientisi64, 41-46. D. E. (1997). Vinculin promotes cell spreading by mechanically coupling
Brown, M. J., Hallam, J. A., Colucci-Guyon, E. and Shaw, S(2001). integrins to the cytoskeletoxp. Cell Res231, 14-26.

Rigidity of circulating lymphocytes is primarily conferred by vimentin Fabry, B., Maksym, G. N., Butler, J. P., Glogauer, M., Navajas, D. and

intermediate filamentsl. Immunol.166, 6640-6646. Fredberg, J. F.(2001). Scaling the microrheology of living cel#ys. Rev.

Burnside, B. (1971). Microtubules and microfilaments in newt neurulation. Lett. 87, 148102.

Dev. Biol 26, 416-441. Farrell, H. M., Jr, Qi, P. X., Brown, E. M., Cooke, P. H., Tunick, M. H.,
Burridge, K., Fath, K., Kelly, T., Nucko, G. and Turner, C. (1988). Focal Wickham, E. D. and Unruh, J. J.(2002). Molten globule structures in milk

adhesions: transmembrane junctions between the extracellular matrix andproteins: implications for potential new structure-function relationskips.

cytoskeletonAnnu. Rev. Cell Biol, 487-525. Dairy Sci.85, 459-471.

Butcher, J. A., Jr and Lamb, G. W.(1984). The relationship between domes Fey, E. G., Wan, K. M. and Penman, S(1984). Epithelial cytoskeletal
and foams: application of geodesic mathematics to micdllgsm. Chem. framework and nuclear matrix-intermediate filament scaffold: three
Soc.106 1217-1220. dimensional organization and protein compositidnCell Biol. 98, 1973-

Butler, J. P., Tolic-Norrelykke, I. M., Fabry, B. and Fredberg, J. J.(2002). 1984.

Traction fields, moments, and strain energy that cells exert on theiforgacs, G.(1995). On the possible role of cytoskeletal filamentous networks

surroundingsAm. J. Physiol. Cell Physio282, C595-C605. in intracellular signaling: an approach based on percolali®ell Sci108

Buxbaum, R. E. and Heidemann, S. R1988). A thermodynamic model for 2131-2143.
force integration and microtubule assembly during axonal elongation. Fuller, B. (1961). TensegrityPortfolio Artnews Annuad, 112-127.

Theor. Biol.134, 379-390. Fuller, B. (1965). Conceptuality of fundamental structuresStiucture in Art
Cai, S., Pestic-Dragovich, L., O’'Donnell, M. E., Wang, N., Ingber, D. E., and in Scienc¢ed. G. Kepes) pp. 66-88. New York: Braziller.

Elson, E. and de Lanerolle, P.(1998). Regulation of cytoskeletal Fuller, B. (1979). Synergetics. IRortfolio (ed. R. Buckminster Fuller and L.

mechanics and cell growth by myosin light chain phosphorylatiam.J. C. Keat). Philadelphia & Singapore.

Physiol 275 C1349-C1356. Fung, Y. C. and Liu, S. Q.(1989). Change of residual strains in arteries due

Canadas, P., Laurent, V. M., Oddou, C., Isabey, D. and Wendling, S. to hypertrophy caused by aortic constricti@irc Res 65, 1340-1349.
(2002). A cellular tensegrity model to analyse the structural viscoelasticitfFung, Y. C. and Liu, S. Q.(1993). Elementary mechanics of the endothelium

of the cytoskeleton]. Theor. Biol218 155-173. of blood vesselsASME J. Biomech. Engl15, 1-12.

Caspar, D. L. D.(1980). Movement and self-control in protein assemblies.Galli-Resta, L. (2002). Putting neurons in the right places: local interactions
Biophys. J32, 103-138. in the genesis of retinal architectuieéends Neurosci25, 638-643.

Chen, C. S. and Ingber, D. E(1999). Tensegrity and mechanoregulation: Georgatos, S. D. and Blobel, G(1987). Two distinct attachment sites for
from skeleton to cytoskeleto@steoarthritis Cartilage7, 81-94. vimentin along the plasma membrane and the nuclear envelope in avian

Chicurel, M., Chen, C. S. and Ingber, D. E(1998). Cellular control lies in erythrocytes: a basis for a vectorial assembly of intermediate filandents.
the balance of force€urr. Opin. Cell Biol.10, 232-239. Cell Biol. 105, 105-115.

Choquet, D., Felsenfeld, D. P. and Sheetz, M.([®997). Extracellular matrix ~ Gillis, J. M. (1999). Understanding dystrophinopathies: an inventory of the
rigidity causes strengthening of integrin-cytoskeleton linkaGe#.88, 39- structural and functional consequences of the absence of dystrophin in
48. muscles of the mdx mousé. Muscle Res. Cell Moti20, 605-625.

Ciesla, W. (2001). Can melatonin regulate the expression of prohormonésittes, F., Mickey, B., Nettleton, J. and Howard, J(1993). Flexural rigidity



Cellular tensegrity I 1171

of microtubules and actin filaments measured from thermal fluctuations idoshi, H. C., Chu, D., Buxbaum, R. E. and Heidemann, S. R1985).

shapeJ. Cell Biol.120, 923-934. Tension and compression in the cytoskeleton of PC 12 neurit@sll Biol.
Goldman, R. D., Khuon, S., Chou, Y. H., Opal, P. and Steinert, P. M. 101, 697-705.

(1996). The function of intermediate filaments in cell shape and cytoskelet&aech, S., Ludin, B. and Matus, A,(1996). Cytoskeletal plasticity in cells

integrity. J. Cell Biol.134, 971-983. expressing neuronal microtubule-associated protéiesiron 17, 1189-
Goldmann, W. H. and Ezzell, R. M.(1996). Viscoelasticity in wild-type and 1199.

vinculin-deficient (5.51) mouse F9 embryonic carcinoma cells examined b¥aczanoska, J., Iftode, F., Jeanmairewolf, R., Clerot, J. C., Kiersnowska,

atomic force microscopy and rheolodxp. Cell Res226, 234-237. M. and Adoutte, A. (1995). Tensegrity model of pattern formation during
Harris, A. K., Wild, P. and Stopak, D. (1980). Silicone rubber substrata: a  cytokinesis of a ciliate, parmecium - effects of an inhibitor of
new wrinkle in the study of cell locomotio8cience208, 177-180. phosphorylationJ. Exp. Zoal273 494-510.

Heidemann, S. R., Kaech, S., Buxbaum, R. E. and Matus, f.999). Direct Kaminsky, S. G. W. and Heath, I. B.(1996). Studies on Saprolegnia-Ferax
observations of the mechanical behaviors of the cytoskeleton in living suggest the general importance of the cytoplasm in determining hyphal
fibroblasts.J. Cell Biol.145 109-122. morphology.Mycologia88, 20-37.

Heidemann, S. R., Lamoureux, P. and Buxbaum, R. E2000). Opposing  Kaverina, ., Krylyshkina, O., Beningo, K., Anderson, K., Wang, Y. L. and
views on tensegrity as a structural framework for understanding cell Small, J. V. (2002). Tensile stress stimulates microtubule outgrowth in
mechanicsJ. Appl. Physiol89, 1670-1678. living cells.J. Cell Sci.115 2283-2291.

Helmke, B. P., Thakker, D. B., Goldman, R. D. and Davies, P. 2001). Kolodney, M. S. and Wysolmerski, R. B(1992). Isometric contraction by
Spatiotemporal analysis of flow-induced intermediate filament displacement fibroblasts and endothelial cells in tissue culture: a quantitative sStucgll

in living endothelial cellsBiophys. J80, 184-194. Biol. 117, 73-82.
Heuser, J. E. and Kirschner, M. W.(1980). Filament organization revealed Kolodney, M. S. and Elson, E. L.(1995). Contraction due to microtubule
in platinum replicas of freeze-dried cytoskeletah<ell Biol.86, 212-234. disruption is associated with increasing phosphorylation of myosin

Hohn, H. P., Grummer, R., Bosserhoff, S., Graf-Lingnhau, S., Reuss, B., regulatory light chainProc. Natl. Acad. Sci. US®2, 10252-10256.
Backer, C. and Denker, H. W.(1996). The role of matrix contact and of Lamoureux, P., Steel, V. L., Regal, C., Adgate, L., Buxbaum, R. E. and

cell-cell interactions in choriocarcinoma cell differentiati@ur. J. Cell Heidemann, S. R.(1990). Extracellular matrix allows PC12 neurite
Biol. 69, 76-85. elongation in the absence of microtubul&sCell Biol.110, 71-79.
Hotani, H. and Miyamoto, H. (1990). Dynamic features of microtubules as Lazarides, E. (1976). Actin,a-actinin, and tropomyosin interactions in the
visualized by dark-field microscopdv. Biophys26, 135-156. structural organization of actin filaments in nonmuscle céli€ell Biol.
Huang, S. and Ingber, D. E.(1999). The structural and mechanical 68, 202-219.
complexity of cell-growth controlNat. Cell Biol.1, E131-E138. Levin, S. M. (1997). A different approach to the mechanics of the human

Hubmayr, R. D., Shore, S. A., Fredberg, J. J., Planus, E., Panettiery, R. pelvis: tensegrity. InMovement, Stability and Low Back Pafads A.
A., Jr, Moller, W., Heyder, J. and Wang, N.(1996). Pharmacological Vleeming, V. Mooney, T. Dorman, C. Snijders and R. Stoeckart), pp. 157-
activation changes stiffness of cultured human airway smooth muscle cells. 167. London: Churchill Livingston.

Am. J. Physiol271, C1660-C1668. Liu, S. C., Derick, L. H. and Palek, J.(1987). Visualization of the
Ingber, D. E. (1990). Fibronectin controls capillary endothelial cell growth by  hexagonal lattice in the erythrocyte membrane skelgto@ell Biol.104,
modulating cell shapéroc. Natl. Acad. Sci. US&7, 3579-3583. 522-528.
Ingber, D. E. (1993a). The riddle of morphogenesis: a question of solutionLiu, S. Q. and Fung, Y. C.(1989). Relationship between hypertension,
chemistry or molecular cell engineeringell 75, 1249-1252. hypertrophy, and opening angle of zero-stress state of arteries following
Ingber, D. E. (1993b). Cellular tensegrity: defining new rules of biological aortic constrictionJ. Biomech. Engl11, 325-335.
design that govern the cytoskeletdnCell Sci.104, 613-627. MacKintosh, F. C., Kas, J. and Janmey, P. A.(1995). Elasticity of
Ingber, D. E. (1998). The architecture of lif&ci. Am278 48-57. semiflexible biopolymer network®hys. Rev. Letf/5, 4425-4428.
Ingber, D. E. (2000a). Opposing views on tensegrity as a structural frameworlMadreperla, S. A. and Adler, R.(1989). Opposing microtubule- and actin-
for understanding cell mechanics.Appl. Physiol89, 1663-1670. dependent forces in the development and maintenance of structural polarity
Ingber, D. E. (2000b). The origin of cellular lifeBioessay®2, 1160-1170. in retinal photoreceptor®ev. Biol.131, 149-160.
Ingber, D. E. (2003). Tensegrity II. How structural networks influence cellular Malinin, G. I. and Malinin, T. I. (1999). Microscopic and histochemical
information-processing network3. Cell Sci.116, 1397-1408. manifestations of hyaline cartilage dynamiesog. Histochem. Cytochem.
Ingber, D. E. and Jamieson, J. D(1982). Tumor formation and malignant 34, 163-242.
invasion: role of basal lamina. [fumor Invasion and Metastasigeds L. Maniotis, A., Chen, C. and Ingber, D. E.(1997a). Demonstration of
A. Liotta and I. R. Hart), pp. 335-357. The Hague, The Netherlands: mechanical connections between integrins, cytoskeletal filaments and
Martinus Nijhoff. nucleoplasm that stabilize nuclear structé#ec. Natl. Acad. Sci. US4,

Ingber, D. E. and Jamieson, J. D(1985). Cells as tensegrity structures:  849-854.
architectural regulation of histodifferentiation by physical forces tranducedVaniotis, A., Bojanowski, K. and Ingber, D. E. (1997b). Mechanical
over basement membrane. [Bene Expression During Normal and continuity and reversible chromosome disassembly within intact genomes
Malignant Differentiation(eds L. C. Andersson, C. G. Gahmberg and P. microsurgically removed from living celld. Cell. Biochem65, 114-130.
Ekblom), pp. 13-32. Orlando, Florida: Academic Press. McMahon, T. A. (1984).Muscles, Reflexes, and Locomoti&ninceton, NJ:
Ingber, D. E., Madri, J. A. and Jamieson, J. D(1981). Role of basal lamina Princeton: University Press.
in the neoplastic disorganization of tissue architec®nec. Natl. Acad. Sci.  Mehta, A. D., Rief, M., Spudich, J. A., Smith, D. A. and Simmons, R. M.
USAT78, 3901-3905. (1999). Single-molecule biomechanics with optical meth8dgnce283
Ingber, D. E., Madri, J. A. and Jamieson, J. D(1986). Basement membrane 1689-1695.
as a spatial organizer of polarized epithelia: exogenous basement membravizzamoto, S., Teramoto, H., Coso, O. A., Gutkind, J. S., Burbelo, P. D.,

reorients pancreatic epithelial tumor cells in vi#hm. J. Pathol122, 129- Akiyama, S. K. and Yamada, K. M.(1995). Integrin function: molecular
139. hierarchies of cytoskeletal and signaling molecule€ell Biol. 131, 791-
Ingber, D. E., Dike, L., Hansen, L., Karp, S., Liley, H., Maniotis, A., 805.

McNamee, H., Mooney, D., Plopper, G., Sims, J. and Wang, KL994). Mizushima-Sugano, J., Maeda, T. and Miki-Noumura, T(1983). Flexural
Cellular tensegrity: exploring how mechanical changes in the cytoskeleton rigidity of singlet microtubules estimated from statistical analysis of their
regulate cell growth, migration, and tissue pattern during morphogenesis. contour lengths and end-to-end distan8éschim. Biophys. Act@55, 257-
Int. Rev. Cytol150, 173-224. 262.

Ingber, D. E., Prusty, D., Sun, Z., Betensky, H. and Wang, N1995). Cell Mooney, D., Hansen, L., Langer, R., Vacanti, J. P. and Ingber, D. E1994).
shape, cytoskeletal mechanics, and cell cycle control in angiogedesis. Extracellular matrix controls tubulin monomer levels in hepatocytes by

Biomech .28, 1471-1484. regulating protein turnoveMol. Biol. Cell5, 1281-1288.
Janmey, P. A.(1998). The cytoskeleton and cell signaling: componentMoy, A. B., Bodmer, J. E., Blackwell, K., Shasby, S. and Shasby, D. M.
localization and mechanical couplirighysiol. Rev78, 763-781. (1998). cAMP protects endothelial barrier function independent of
Janmey, P. A, Euteneuer, U., Traub, P. and Schliwa, M1991). Viscoelastic inhibiting MLC20-dependent tension developmefim. J. Physiol274

properties of vimentin compared with other filamentous biopolymer L1024-L1029.
networks.J. Cell Biol.113 155-160. Northover, A. M. and Northover, B. J. (1993). Possible involvement of



1172 Journal of Cell Science 116 (7)

microtubules in platelet-activating factor-induced increases in microvasculgsnelson, K.(1996). Snelson on the tensegrity inventibn. J. Space Struct.
permeability in vitroInflammationl7, 633-639. 11, 43-48.

Obara, K., Nobe, K., Nobe, H., Kolodney, M. S., de Lanerolle, P. and Paul, Stamenovic, D. and Coughlin, M. F.(1999). The role of prestress and
R. J.(2000). Effects of microtubules and microfilaments on [Ca(2+)](i) and architecture of the cytoskeleton and deformability of cytoskeletal filaments

contractility in a reconstituted fibroblast fib&m. J. Physiol. Cell Physiol in mechanics of adherent cells: a quantitative analysisheor. Biol.201,
279 C785-C796. 63-74.

Omens, J. H. and Fung, Y. C(1990). Residual strain in rat left ventricle. Stamenovic, D. and Coughlin, M. F(2000). A quantitative model of cellular
Circ Res 66, 37-45. elasticity based on tensegrigSME J. Biomech. End22 39-43.

Osborn, M., Born, T., Koitsch, H.-J. and Weber, K. (1978). Stereo  Stamenovic, D., Fredberg, J., Wang, N., Butler, J. and Ingber, D. E1996).
immunofluorescence Microscopy: |. Three dimensional arrangment of A microstructural approach to cytoskeletal mechanics based on tensegrity.
microfilaments, microtubules, and tonofilamefsll 14, 477-488. J. Theor. Biol.181, 125-136.

Paul, R. J.,, Bowman, P. S. and Kolodney, M. S(2000). Effects of = Stamenovic, D. and Ingber, D. E(2002). Models of cytoskeletal mechanics
microtubule disruption on force, velocity, stiffness and [Ca(2+)](i) in and adherent cell®iomech. Model. Mechanobidl, 95-108.
porcine coronary arterieAm. J. Physiol. Heart Circ. Physi&79 H2493- Stamenovic, D., Liang, Z., Chen, J. and Wang, N2002a). Effect of the
H2501. cytoskeletal prestress on the mechanical impedance of cultured airway

Pelham, R. J., Jr and Wang, Y(1997). Cell locomotion and focal adhesions  smooth muscle cells. Appl. Physial92, 1443-1450.
are regulated by substrate flexibiliBroc. Natl. Acad. Sci. US®4, 13661- Stamenovic, D., Mijailovich, S. M., Tolic-Norrelykke, I. M., Chen, J. and

13665. Wang, N. (2002b). Cell prestress. Il. Contribution of microtubukes. J.
Pickett-Heaps, J. D., Forer, A. and Spurck, T(1997). Traction fibre: toward Physiol. Cell Physiol282 C617-C624.
a “tensegral” model of the spindi€ell Motil. Cytoskeletor37, 1-6. Stamenovic, D., Mijailovich, S. M., Tolic-Norrelykke, I. M. and Wang, N.
Pienta, K. J. and Coffey, D. S.(1991a). Cellular harmonic information (2003). Experimental tests of the cellular tensegrity hypothBgisheol.
transfer through a tissue tensegrity-matrix systdied. Hypothese34, 88- 40, 221-225.
95. Tagawa, H., Wang, N., Narishige, T., Ingber, D. E., Zile, M. R. and Coopet,
Pienta, K. J. and Coffey, D. S(1991b). Cell motility as a chemotherapeutic =~ G. (1997). Cytoskeletal mechanics in pressure-overload cardiac
target.Cancer Survll, 255-263. hypertrophy.Circ. Res 80, 281-289.
Pienta, K. J., Getzenberg, R. H. and Coffey, D. $1991). Cell structure and Thompson, D. W. (1952). On Growth and Form(2nd edn). Cambridge
DNA organizationCrit. Rev. Eukary. Gene Expreds 355-385. University Press, Cambridge, UK.
Plopper, G. and Ingber, D. E.(1993). Rapid induction and isolation of focal Tilney, L. G. and Inoue, S.(1982). Acrosomal reaction of Thyone sperm. Il.
adhesion complexeBiochem. Biophys. Res. Comma3 571-578. The kinetics and possible mechanism of acrosomal process elondation.

Plopper, G., McNamee, H., Dike, L., Bojanowski, K. and Ingber, D. E. Cell Biol. 93, 820-827.

(1995). Convergence of integrin and growth factor receptor signalinglint, I. S., Hollenbeck, P. J., Verkhovsky, A. B., Surgucheva, I. G. and
pathways within the focal adhesion complital. Biol. Cell6, 1349-1365. Bershadsky, A. D. (1991). Evidence that intermediate filament
Pourati, J., Maniotis, A., Spiegel, D., Schaffer, J. L., Butler, J. P., Fredberg, reorganization is induced by ATP-dependent contraction of the actomyosin

J. J., Ingber, D. E., Stamenovic, D. and Wang, N1998). Is cytoskeletal cortex in permeabilized fibroblasts. Cell Sci.98, 375-384.

tension a major determinant of cell deformability in adherent endothelialomasek, J. J. and Hay, E. D(1984). Analysis of the role of microfilaments

cells?Am. J. Physiol274, C1283-C1289. and microtubules in acquisition of bipolarity and elongation of fibroblasts
Putnam, A. J., Cunningham, J. J., Dennis, R. G., Linderman, J. J. and in hydrated collagen geld. Cell Biol.99, 536-549.

Mooney, D. J.(1998). Microtubule assembly is regulated by externally Van Essen, D(1997). A tension-based theory of morphogenesis and compact

applied strain in cultured smooth muscle cellsCell Sci111, 3379-3387. wiring in the central nervous systehMature 385, 313-318.

Putnam, A. J., Schultz, K. and Mooney, D. J2001). Control of microtubule  Vasiliev, J. M. (1987). Actin cortex and microtubular system in
assembly by extracellular matrix and externally applied stram. J. morphogenesis: cooperation and competitibrCell Sci.Suppl. 8 1-18.
Physiol. Cell Physiol280, C556-C564. Verkhovsky, A. B., Svitkina, T. M. and Borisy, G. G. (1999). Self-

Rafferty, N. S. and Scholz, D. L.(1985). Actin in polygonal arrays of polarization and directional motility of cytoplas@urr. Biol. 9, 11-20.
microfilaments and sequestered actin bundles (SABs) in lens epithelial ceNdgers, G. P., Crowther, R. A. and Pearse, B. M1986). Three-dimensional

of rabbits and miceCurr. Eye Res4, 713-718. structure of clathrin cages in idEMBO J.5, 529-534.
Raucher, D. and Sheetz, M. P(2000). Cell spreading and lamellipodial Volokh, K. Y., Vilnay, O. and Belsky, M. (2000). Tensegrity architecture
extension rate is regulated by membrane tensiddell Biol 148 127-136. explains linear stiffening and predicts softening of living cdli8iomech
Riveline, D., Zamir, E., Balaban, N. Q., Schwarz, U. S., Ishizaki, T., 33, 1543-1549.

Narumiya, S., Kam, Z., Geiger, B. and Bershadsky, A. D2001). Focal ~ Volokh, K. Y., Vilnay, O. and Belsky, M. (2002). Cell cytoskeleton and
contacts as mechanosensors: externally applied local mechanical forcetensegrityBiorheol 39, 63-67.
induces growth of focal contacts by an mDial-dependent and ROCKwagenknecht, T., Grassucci, R., Radke, G. A. and Roche, T. EL991).

independent mechanisi. Cell Biol.153 1175-1186. Cryoelectron microscopy of mammalian pyruvate dehydrogenase complex.
Ryan, T. J.(1989). Biochemical consequences of mechanical forces generated J. Biol. Chem266, 24650-24656.
by distention and distortiod. Am. Acad. DermatoR1, 115-130. Wang, N., Butler, J. P. and Ingber, D. E(1993). Mechanotransduction across

Satcher, R. L., Jr and Dewey, C. F., Ji(1996). Theoretical estimates of the cell surface and through the cytoskelefcience260, 1124-1127.
mechanical properties of the endothelial cell cytoskeleBiwphys. J.71, Wang, N. and Ingber, D. E.(1994). Control of cytoskeletal mechanics by

109-118. extracellular matrix, cell shape, and mechanical tendsophys. J.66,
Schmid-Schoénbein, G. W., Kosawada, T., Skalak, T. and Chien, @995). 2181-2189.
Membrane model of endothelial cell and leukocytes. A proposal for th&Vang, N. and Ingber, D. E.(1995). Probing transmembrane mechanical
origin of cortical stressASME J. Biomech. Engl17, 171-178. coupling and cytomechanics using magnetic twisting cytomBtochem.
Schmidt, C. E., Horwitz, A. F,, Lauffenburger, D. A. and Sheetz, M. P. Cell Biol. 73, 1-9.
(1993). Integrin-cytoskeletal interactions in migrating fibroblasts areWang, N., Naruse, K., Stamenovic, D., Fredberg, J., Mijailovic, S. M.,
dynamic, asymmetric, and regulatdd Cell Biol.123 977-991. Maksym, G., Polte, T., Ingber, D. E(2001). Mechanical behavior in living
Schutt, C. E., Kreatsoulas, C., Page, R. and Lindberg, {1997). Plugging cells consistent with the tensegrity modefoc. Natl. Acad. Sci. US88,
into actin’s architectonic socke¥lat. Struct. Biol4, 169-172. 7765-7770.
Sheetz, M. P., Wayne, D. B. and Pearlman, A. L(1992). Extension of = Wang, N. and Stamenovic, D{2000). Contribution of intermediate filaments
filopodia by motor-dependent actin assemblgll Motil. Cytoskeletor2?2, to cell stiffness, stiffening, and growtAm. J. Physiol. Cell PhysioR79,
160-169. C188-C194.

Sims, J., Karp, S. and Ingber, D. E(1992). Altering the cellular mechanical Wang, N., Tolic-Norrelykke, I. M., Chen, J., Mijailovich, S. M., Butler, J.
force balance results in integrated changes in cell, cytoskeletal, and nuclearP., Fredberg, J. J. and Stamenovic, 02002). Cell prestress. |. Stiffness
shapeJ. Cell Sci.103 1215-1222. and prestress are closely associated in adherent contractileAcellsl.

Smith, S. B., Finzi, L. and Bustamante, C(1992). Direct mechanical Physiol. Cell Physiol282 C606-C616.
measurements of the elasticity of single DNA molecules by using magnetié/aterman-Storer, C. M. and Salmon, E. D.(1997). Acto-myosin based
beadsScience258 1122-1126. retrograde flow of microtubules in the lamella of migrating epithelial



Cellular tensegrity | 1173

cells influences microtubule dynamic instability and turnover and isYoder, T. L., Zheng Hq, H., Todd, P. and Staehelin, L. A.(2001).

associated with microtubule breakage and treadmilling.ell Biol 139, Amyloplast sedimentation dynamics in maize columella cells support a new

417-434. model for the gravity-sensing apparatus of roBtant Physiol.125 1045-
Wendling, S., Oddou, C. and Isabey, D(1999). Stiffening response of a 1060.

cellular tensegrity modell. Theor. Biol 196, 309-325. Yoshida, M., Westlin, W. F., Wang, N., Ingber, D. E., Rosenweig, A.,

Wendling, S., Canadas, P., Oddou, C. and Meunier, £2002). Interrelations Resnick, N. and Gimbrone, M.(1996). Leukocyte adhesion to vascular
between elastic energy and strain in a tensegrity model: contribution to the endothelium induces e-selectin association with the actin cytoskeleton.
analysis of the mechanical response in living cellemput. Methods Cell Biol. 133 445-455.

Biomech. Biomed. Engib, 1-6. Yurchenco, P. D. and Schittny, J. C.(1990). Molecular architecture of

Winckler, B. and Solomon, F.(1991). A role for microtubule bundles in the basement membrandsASEB J4, 1577-1590.
morphogenesis of chicken erythrocyt&oc. Natl. Acad. Sci. USAS, Zhen, Y. Y., Libotte, T., Munck, M., Noegel, A. A. and Korenbaum, E.
6033-6037. (2002). NUANCE, a giant protein connecting the nucleus and actin

Yamada, T., Richiert, D., Tumminia, S. J. and Russell, R2000). The cytoskeletonJ. Cell Sci 115 3207-3222.
tensegrity model applied to the lens: a hypothesis for the presence of t@hou, J., Yao, J. and Joshi, H. C(2002). Attachment and tension in the
fiber cell ball and socketdled. Hypotheses5, 36-39. spindle assembly checkpoit. Cell Sci.115 3547-3555.



