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“...organization exists in the living organism, and this organ -
ization is not something fundamentally mystical and una -
menable to scientific attack, but rather the basic problem con -
fronting the biologist.”

Joseph Needham (Terry Lectures, Yae University, 1936)

INTRODUCTION

Tensegrity architecture, a building system based on ten-
sional integrity rather than compressional continuity, has
been proposed to explain how cells and tissues are con-
structed (Ingber et a., 1981; Ingber and Jamieson, 1982,
1985; Joshi et a., 1985; Fulton and Isaacs, 1986; Ingber
and Folkman, 1989a). The purpose of this commentary on
tensegrity is to demonstrate how this relatively simple
theory can explain much of the complexity of pattern and
structure that is observed within the cytoskeleton (CSK) of
living cells. A discussion of how tensegrity may be used
for information processing, mechanochemical transduction
and morphogenetic regulation can be found elsewhere
(Ingber and Jamieson, 1985; Ingber and Folkman, 1989a,b;
Ryan, 1989; Heidemann and Buxbaum, 1990; Pienta and
Coffey, 1991; Hansen and Ingber, 1992; Ingber et al.,
1993).

It is now well accepted that the CSK of eukaryotic cells
exists as a complex interweaving meshwork of three major
classes of filamentous biopolymers: actin-containing micro-
filaments (MFs), tubulin-containing microtubules (MTs),
and intermediate filaments (IFs) containing vimentin,
desmin, keratins or neurofilament proteins. Most biologists
agree that actomyosin interactions within contractile MFs
generate CSK tension and that all three filament systems
provide some structural function. However, there is no
model of CSK organization that can explain how these fil-
ament systems associate and integrate so as to form a con-
tinuous “solid” network that can change shape and move.
Even less is known about the mechanism by which changes
in CSK organization induce alterations in nuclear structure,
such as the physical expansion of the nucleus that appears
to be required for cell cycle progression (Yen and Pardee,
1979; Nicolini et al., 1986; Ingber et a., 1987).

As cedl and molecular biologists, we tend to “think
locally” whereas use of timelapse video microscopy

reveals that the CSK *“acts globaly” in living cells
(Trinkaus, 1985). For example, CSK polymerization forces
(Tilney and Kallenbach, 1979; Hill, 1981), cytoplasmic
hydrostatic pressures (Bereiter-Hahn and Strohmeier,
1987), intragel osmotic pressures (Oster and Perelson,
1987), cortical CSK tension (Albrecht-Buehler, 1987),
chemical remodeling events (Stossel, 1989), and both mem-
brane and actin flow (reviewed by Heath and Holifield,
1991) have all been proposed to explain how a cell that
exerts inward-directed (centripetal) tension on its extracel-
lular matrix (ECM) adhesions (Harris, 1982; Lamoreux et
a., 1989) extends processes outwards. Even if we accept
these models as true, it remains difficult to understand how
solid structural elements that are physically interconnected
throughout the depth of the cell (Wolosewick and Porter,
1979; Ben Z€'ev et d., 1979; Fey et a., 1984) function as
a single harmonious structural entity and undergo dynamic
changes in form. Thus, the question of how an integrated
CSK is constructed essentially becomes one of architecture
rather than one of individual molecules or even simple
mechanics.

In this Commentary, | will place these local remodeling
phenomena in the context of a globally integrated archi-
tectural model and, thereby, provide a mechanical basis for
the coordination between part and whole that is so charac-
teristic of the CSK. | will do this using the tensegrity par-
adigm. Specifically, 1 will use this model to show how
three-dimensional CSK assemblies that include MFs and
MTs as well as IFs and the nuclear matrix may be stabi-
lized and structurally integrated. More importantly, 1 will
demonstrate that use of this building system, which isinde-
pendent of scale, alows us to define basic rules of geo-
metric interconversion in three dimensions that predict
many structural motifs that are observed within the CSK of
living cells. One of the implications of this mode for the
cell biologist is that changes in cell shape and motility may
result from “tension molding” and chemical remodeling of
a continuous, “pre-stressed” molecular lattice (the CSK)
rather than solely from local addition and subtraction of
individual parts. On the basis of the observation that use of
tensegrity by cells is not a special case, | will also briefly
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explore the possiblity that stabilization through tensiona
integrity may represent a basic principle of biological order.

THE BASIC RULES OF TENSEGRITY

My own introduction to tensegrity (tensional integrity)
architecture came in 1975 when | was an undergraduate
student at Yale College studying three-dimensional design
in a sculpture course of the same name. The instructor
(Erwin Hauer) came in one day with an intriguing sculp-
ture that was constructed from six struts (wooden dowels)
that did not touch each other; rather, they were pulled up
and open into an approximate sphere through interconnec-
tion with a continuous series of tension elements (elastic
cord). A similar model is shown in Fig. 1. Importantly,
when either pushed from above or anchored from below,
this structure spontaneously flattened and spread out in a
coordinated manner without changing topological relation-
ships between its different structural elements, i.e. without
disrupting its structural integrity (Fig. 1B). When the dis-
tending force was removed, the structure spontaneously
pulled back and, literally, jumped up from the surface to
which it had been anchored. | aso realized that if this struc-
ture were to be anchored at multiple points to a malleable
substratum, it would spontaneously retract, pull its attach-
ments together and hence, compress the underlying foun-
dation into folds (Fig. 1C).

This structure intrigued me because it was virtually at
the same time that | first became introduced to cell culture.
To me, living cells acted in a nearly identical manner; they
flattened when attached to highly adhesive plastic dishes
(Folkman and Moscona, 1978), detached and rounded when
their ECM anchors were enzymatically removed (Revel et
a., 1974), physically pulled elastic substrata into “com-
pression wrinkles’ (Harris et a., 1980), and spontaneously
contracted malleable ECM gels (Emerman and Pitelka,
1977). Thus, | immediately assumed that cells use tenseg-
rity architecture for their organization (Ingber et al., 1981).
| soon learned that this was not an accepted belief.

The concept of tensegrity architecture was pioneered by
the inventor/architect, Buckminster Fuller, although the first
tensegrity model was constructed by his student, the sculp-
tor Kenneth Snelson (Fuller, 1961; Edmondson, 1987).
Tensegrity sculptures are held up and open by intercon-
necting a continuous series of tension elements (e.g. elas
tic string, thin wires) with a discontinuous series of com-
pression-resistant struts (e.g. wood sticks, steel beams).
These structures are, by definition, independent of gravity
whereas compression-resistant structures (e.g. a brick
house) would destabilize and break apart in the absence of
gravitational force. Tensegrity structures are particularly
novel because inward-directed tension can even stabilize
highly elongated shapes (Fuller, 1961).

Importantly, the tension elements in tensegrity structures
do not have to be elastic strings or thin wires. Rather, these
types of building materials are used in models and sculp-
tures to visualize the pattern of the forces that hold the
structures together. In fact, the building components in
these structures are often capable of supporting both ten-
sile and compressive loads (e.g. metal struts in geodesic

Fig. 1. Tensegrity models constructed from wooden applicator
sticks and elastic string. The “cell” model appears round when
unattached (A), spreads on arigid substratum (B), and
spontaneously retracts and rounds on a malleable foundation (C).

domes). However, they are tensegrity structures because
individual elements only need to support one or the other
locally. In fact, it was by studying how forces are distrib-
uted through geodesic domes that Fuller first discovered the
concept of tensegrity (Fuller, 1961; Edmondson, 1987). He
found that he could demonstrate that compressional conti-
nuity was not required for the stability of geodesic struc-
tures by replacing certain rigid elements with thin wires that
can only withstand tension. This resulted in construction of
structures with nearly identical geodesic patterns; however,
the rigid struts did not touch one another; rather, they



existed as isolated islands floating in a sea of tension. This
is essentially what distinguishes tensegrity architecture
from others.

At the molecular level, the effects of gravity are neglible
relative to local force interactions (Albrecht-Buehler, 1990).
Flight-based experiments confirm that cells (and astronauts)
maintain their structural and functional integrity in amicro-
gravity environment. Thus, compressi on-dependent building
systems cannot be used by cells. In contrast, tensegrity
arrangements could be easily used to stabilize complex mol-
ecular structures, such as the CSK, given that living cells
are known to generate internal tension. As | described above,
simple tensegrity models (Fig. 1) predict that living cells
must adhere to surfaces that can resist compression in order
to spread. In addition, when larger nucleated cell models
were constructed by establishing tensional integrity between
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asmaller geodesic tensegrity sphere and the “cell” surface
(Ingber and Jamieson, 1985), coordination between cell and
nuclear extension was observed (Fig. 2). This behavior
closely mimics that seen in living cells cultured on ECM
(Ingber et a., 1987; Ingber, 1990). Furthermore, the tenseg-
rity nucleus tended to polarize and move to the cell base,
again a characteristic that cells exhibit when they attach to
ECM (Ingber et a., 1986). One additional point brought
home by these modeling studiesiis that the cell’ s focal adhe-
sion sites, along with intervening ECM, must be viewed as
integral parts of an “extended CSK”. Actin-associated pro-
teins (e.g. talin, vinculin, a-actinin) and transmembrane
ECM receptors (e.g. integrins) form the molecular bridge
that links MFs and ECM (Burridge et al., 1988) and sup-
ports force transmission (Lotz et al., 1989; Ingber, 1991,
Wang et al., 1992) in living cells.

Fig. 2. Nucleated tensegrity models. The
“cell” is constructed from aluminum struts
and thick elastic cord; the “nucleus’ isa
geodesic sphere composed of wooden sticks
and thin white elastic thread; the cell and
nucleus are interconnected by thin black
elastic thread, which cannot be seen due to
the black background. (A) Cell and nuclear
shape are both round in a symmetrical cell
that generates internal tension and lacks
attachment. (B) The cell and nucleus extend
in a coordinated fashion when attached to a
non-deformable substratum. The nucleus
also polarizes and moves to the base.
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CELLULAR TENSEGRITY

| originally presented tensegrity structures as “conceptual”
models of cell architecture (Ingber and Jamieson, 1985)
because they had only a limited number of structural ele-
ments whereas living cells may have thousands, if not more.
| aso used éastic thread as a way to model tension ele-
ments that can undergo extension and shortening via chem-
ica mechanisms. These simplistic models have therefore
created a problem for some who want to know, “if cells are
tensegrity structures, then where are the huge compression-
resistant struts we see in your models?’. Although large
compression-resistant struts do in fact exist in certain spe-
cialized cells (Wellings and Tucker, 1979; Mogensen and
Tucker, 1988; Lloyd and Seagull, 1985; Heidemann and
Buxbaum, 1990), | would like to now explain in greater
detail how tensegrity architecture may apply to al living
cells.

The actin microfilament lattice behaves as if it
depends on tensional integrity

It is known that disruption of MTs does not prevent attach-
ment or spreading in many cells (Domnina et al., 1985;
Vasiliev, 1987; Middleton et al., 1988) even though it also
produces IF retraction (Blose et al., 1984; Hollenbeck et
al., 1989). This finding suggests that the actin MF lattice
alone is sufficient to support many changes in cell form.
So how could tensegrity be involved? The answer issimple.
A cell that exerts centripetal tension on localized focal
adhesions may be defined as a tensegrity structure because
otherwise continuous CSK tension is resisted locally by iso -
lated regions of the underlying compression-resistant ECM;
internal compressional continuity is not observed. For this
reason, both animal and plant cells require an attachment
substratum that can resist local compression in order to
change shape (Folkman and Moscona, 1978; Emerman and
Pitelka, 1977; Ingber and Jamieson, 1985; Harris et al.,
1990; Hahne and Hoffman, 1984; Ingber and Folkman,
1989b; Opas, 1989; Ingber, 1990).

Importantly, tensegrity may also be utilized at the mol-
ecular level, since the only requirement of a tensegrity net-
work is that tension is continuous and compression is local.
To explore this possibility, let's assume for one moment
that the actin CSK is a continuous tensegrity network that
is composed of MFs that both shorten (generate tension)
and vary locally in terms of their relative flexibility (com-
pression-resistance), depending on variations in the density
of cross-bridge formation with actin-associated proteins
(e.g. a-actinin, myosin, tropomyosin). If we can build three-
dimensional models that incorporate these characteristics,
then we can test whether the tensegrity hypothesis predicts
changes in CSK structure that are observed in living cells.

As shown by Fuller, tension-dependent structures gain
their stability by “triangulating” their internal support ele-
ments and, thus, balancing force vectors in the pattern in
which they are naturally distributed in space (Fuller, 1965;
Edmondson, 1987). Tensegrity structures that are composed
of multiple semi-rigid struts that are under continuous ten-
sion and interconnected by relatively flexible joints can be
simply constructed using soda straws and elastic thread
(Fig. 3). These triangulated structures spontaneously exhibit

naturally “isotropic” forms, however, they differ in their
size and degree of compaction. Some of these structures
are self-supporting (Fig. 3A,C) whereas others must be held
open by external forces (Fig. 3B).

The most economical and stable means of tight packing
in three dimensionsis shown in Fig. 3A; the vertices of this
lattice may be thought of as the centers of closely packed
spheres (Fuller, 1965). This array was called an “isotropic
vector matrix” by Fuller (it is also known as an “octet
truss’) because it distributes force equally in al directions
and hence, the sum of al force vectors is zero. This con-
struction system is used in many buildings because it resists
external compression using a minimum of materias
(Edmondson, 1987). At the same time, it is often incorpo-
rated into designs for “Space platforms’ that will function
in amicrogravity environment because its stability and high
|oad-bearing qualities result from atriangulated distribution
of internal tensile forces and not from external compres-
sion.

One of the most novel qualities of the tensegrity build-
ing system is that unstable, loosely packed isotropic lattices
(Fig. 3B) are inherently interconvertable with more stable
tightly packed structures, specifically tetrahedra (Fig. 3C;
Fuller, 1979; Edmondson, 1987). These tetrahedra, in turn,
represent the basic building blocks of the highly stable,
isotropic vector matrix (Fig. 3A). Importantly, this geo-
metric transformation occurs without altering local spatial
relationships between different structural elements and,
thus, without losing tensional integrity (Fig. 4). Further-
more, the same loose isotropic lattice (Fig. 3B) can spon-
taneously remodel into a linear bundle arrangement, if ten-
sion is applied along a single axis (Fig. 5).

What about living cells? It is first important to empha-
size that cells contain a highly interconnected MF lattice
even when round and free of anchorage (Ben Z€'ev et a.,
1979; Heuser and Kirschner, 1980). They aso can change
shape from fully spread to round without altering MF
number (Revel et al., 1974) or the total amount of F-actin
(Bereiter-Hahn et al., 1990). Thus, any building system that
cells use must explain how an intact spherical CSK lattice
can rapidly remodel into a highly extended form and vice
versa.

Electron microscopic analyses of three-dimensiona
organization of the cytoskeleton are always somewhat lim-
ited, since their results are presented as two-dimensional
projected images. Nevertheless, these studies consistently
depict the MF network of non-spread cells as loosely
packed and isotropic (Heuser and Kirschner, 1980; Schliwa
and Van Blerkom, 1981). Isotropic does not mean random,
rather it indicates a lack of asymmetry. In fact, individual
MFswithin loose regions of the lattice often appear to inter-
sect at angles of 90° and 120°. These are the same angles
that dominate the triangul ated tensegrity models. Thus, let's
consider what would happen if the loosely packed tenseg-
rity arrangement shown in Fig. 3B represented a basic
repeating unit in the isotropic MF lattice of a round cell.

Once the cell contacts arigid ECM substratum, local cell
surface receptor binding interactions drive membrane flat-
tening until balanced by resisting forces caused by CSK
stiffening. Cells apparently have evolved a mechanism to
overcome this balance by forming mechanically stable



transmembrane molecular bridges that transfer CSK tension
to the compression-resistant ECM below. Global contrac-
tion of theisotropic MF lattice should result in “pull” every-
where; however, the net force vector would orient down-
ward due to resistance by the cell’s newly formed basal
adhesions. This would produce flattening of the unstable
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Fig. 3. Tensegrity models of the actin cytoskel eton constructed
from plastic soda straws interconnected by a central filament of
black elastic thread. (A) The isotropic vector matrix is composed
of an array of tetrahedra oriented vertex to vertex, an arrangement
which automatically creates octahedral cavities. A single
tetrahedron is highlighted in white along the right edge; it has 4
triangular faces, 4 vertices and 6 edges. The central octahedral
space is aso highlighted. (B) A loose, triangulated isotropic
lattice. This highly unstable structure is held open by additional
black elastic filaments which are not visible against the black
background. (C) The loose isotropic lattice (shown in B)
transforms into a highly packed tetrahedron containing multiple
struts along each edge (shown here) using the transformation
scheme presented in Fig. 4.

isotropic lattice (Fig. 5A). Increased axial tension between
two fixed adhesions (due to actomyosin filament dliding in
aliving cell; due to horizontal tensile threads in the model)
would then induce this flattened lattice to remodel until
“bundles” formed which contained paralel “filaments’
composed of multiple smaller struts oriented in tandem
(Fig. 5A-C). The remaining struts that did not become orga-
nized into linear filaments (Fig. 5C) might serve to inter-
connect the bundle with the less organized lattice above
(not shown). Alternatively, because this is a pre-stressed
structure (all struts are under tension), a single severing
event at one of the vertices would cause the two remain-
ing triangulated struts to unfold spontaneously and realign
with the other struts, resulting in an increase in both bundle
thickness and length (Fig. 5D). Once remodeling is com-
plete and strut movement ceases, tension will become iso-
metric.

In living cells, shortening of contractile MFs between
fixed ECM adhesions similarly generates isometric tension
(Isenberg et al., 1976; Kreis and Birchmeier, 1980; Heide-
mann et al., 1990), induces MF bundling (Isenberg and
Wohlfarth-Botterman, 1976; Nagai et al., 1978), and thus
results in formation of linear “stress fibers’ that align along
tension field lines (Greenspan and Folkman, 1977; Opas,
1987; Bereiter-Hahn, 1987). Application of mechanical ten-
sion at the cell surface produces similar MF bundling in
vitro (Franke et al., 1984; Kolega, 1986) and in vivo (Wong
et a., 1983).

Generation of isometric tension within portions of the
MF lattice that are distant from the cell’s fixed adhesions
could be responsible for other changes in CSK structure.
For example, in the apical regions of the isotropic CSK lat-
tice, actomyosin filament dliding should proceed in three
dimensions without restriction until the MFs can shorten no
further; then only isometric tension will be produced. If the
loosely packed, unstable isotropic MF lattice of around cell
(Fig. 3B) were to compact in response to increased inter-
nal tension in the manner depicted in Fig. 4, then we would
expect to see compact tetrahedra form within the CSK |at-
tice. Each tetrahedron, in turn, would contain multiple MF
struts oriented in parallel aong its edges (Fig. 3C). Further
expansion of this isometric contraction wave through the
apical lattice would result in formation of multiple, closely
packed tetrahedra, and thus assembly of an isotropic vector
matrix (Fig. 3A). This three-dimensional matrix would
extend out laterally, resulting in formation of extensive tri-
angulated structures and hexagonal patterns within the MF
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Fig. 4. The loose unstable | attice at the left (see aso Fig. 3B) transforms into a highly packed, stable tetrahedron containing multiple
struts along each edge (shown at theright) as aresult of progressive compacting, equatorial twisting and folding. This geometric
interconversion does not require disruption of structural integrity or tensional continuity; Fuller called this interconversion “the jitterbug”

(based on figures of Fuller, 1979, and Edmondson, 1987).

lattice (Fig. 6A). Pulling this isotropic vector matrix down
over the spherical nucleus, towards the cell’s fixed attach-
ment points, would result in dome formation. Specifically,
a geodesic dome would form. These structures characteris-

tically exhibit repeating hexagonal units interspersed with
occasional pentagonal forms on its surface (more complex
polygons might appear during active remodeling within the
CSK). Furthermore, each polygon within the “bent”
isotropic vector matrix of the forming dome would actu-
aly represent a three-dimensional polyhedron, which is
itself comprised of multiple tightly packed tetrahedra ori-
ented in a spoke-wheel array (Fig. 7A).

Amazingly, these models predict precisely a wide vari-
ety of CSK patterns, including “geodomes’ that are
observed in cells during their initial phases of spreading in
vitro (Lazarides, 1976; Oshorn et a., 1978; Rathke et al.,
1979; Heuser and Kirschner, 1980) and within quiescent
tissues in vivo (Rafferty and Scholz, 1985). The corre-
spondence between the tensegrity models and hand-drawn
depictions of published light and transmission electron
micrographs which show the triangulated arrangement of
MFs within a CSK geodome are striking (Figs 6 and 7).
Moreover, higher-power micrographs (Rathke et al., 1979)
also demonstrate that each strut of the geodome contains
multiple distinct bundles of MF aligned in parallel (Fig.
7B), as would be expected from a geometric interconver-
sion (Figs 4 and 3C). Large, fully organized triangulated
CSK arrangements might not be easily visuaized in al
cells because of differences in the height of the cell, the
shape of the nucleus and the degree of isometric tension
generation, and because they are ephemeral. For instance,
loss of the vertical force vector in a highly flattened cell
might result in formation of arc-shaped bundles, as is
observed in certain migrating cells (Heath, 1983), rather
than domes.

Interestingly, the struts of geodesic MF domes are
thought to be precursors of stress fibers (Lazarides, 1976).

Fig. 5. Tensegrity models of the actin cytoskeleton undergoing
“stress fiber” formation. (A) Increased “basal” tension causes the
unstable isotropic lattice (see Fig. 3B) to flatten. (B) Application
of tension along the horizontal axis (via black tensile threads)
results in progressive alignment of struts along the lines of force.
(C) Sustained tension application resultsin formation of bundles
of parallel filaments that contain multiple struts oriented in
tandem. Triangulated side struts at the top of the bundle serve to
interconnect it with the remaining CSK lattice above (not shown).
(D) Because the triangulated side struts are pre-stressed, severing
asingle vertex causes them to straighten spontaneously, thereby
promoting bundle elongation and thickening. Similar tension
molding of neighboring lattice modules on either side (not shown)
would result in further bundle elongation and, hence, formation of
“stressfibers’ along tension field lines. Note the repetitive
“sarcomere-like” banding pattern within the elongated bundle.
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Fig. 6. (A) A view of an extended isotropic vector matrix, which
shows that it exhibits a characteristic hexagonal pattern when
viewed from above. (B) A hand-drawn depiction of aregion from
a published immunofluorescence micrograph (Fig. 13 of
Lazarides, 1976), which shows the pattern exhibited by an actin
geodome in aliving cell. Note the correspondence between the
hexagona arrays.

The tensegrity models similarly predict that tightly packed
tetrahdra (which comprise the dome) will spontaneously
remodel into long bundles if the pattern of tension trans-
mission becomes axial. This potential remodeling is due to
the fact that the sequential geometric interconversions
depicted in Figs 4 and 5 are completely reversible, if the
balance of forces changes. Importantly, the vertices of these
triangulated MF networks in living cells are the only
regions which do not stain for myosin or tropomyosin, and
thus it has been suggested that they should be more flexi-
ble than the intervening struts (Lazarides, 1976). Further-
more, the length of these MF struts (approximately 4 pm)
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corresponds exactly to the spacings that are responsible for
the sarcomere-like pattern of stress fibers (Lazarides, 1976;
Rathke et al., 1979), again just as the tensegrity models pre-
dicted (Fig. 5D).

Taken together, these findings suggest that many of the
patterns exhibited by the actin CSK may result from
dynamic remodeling of a continuous tensegrity network.
Inherent in this type of “pre-stressed” structure is the fact
that internal mechanical tension is the driving force that
directs CSK pattern formation. However, the MF tensegrity
system is unlike any other, in that it uses ATP in conjunc-
tion with actomyosin filament sliding to develop internal ten-
sion and drive changesin form (Sims et al., 1992). Also,
the same type of molecular constituent (i.e. an actin MF)
may function as either a force-generator or a compressive
load-bearing support, depending on its location inside the
lattice (e.g. whether it isin a contractile MF, ahighly cross-
linked MF bundle, or afully contracted MF network). In the
absence of ATP (rigor mortis), the MF lattice would more
closely resemble a rigid geodesic structure constructed
entirely from non-extensible materials. However, even the
stability of thisrigid structure would depend on internal ten-
sional continuity rather than compressional integrity.

Finally, I should note that | have not discussed the impli-
cations of interconnections between the MF lattice and the
surrounding spectrin-ankyrin network that lies beneath the
plasma membrane. This cortical net most likely contributes
little to global cell-shape control, given that it is highly
deformable (Petersen et al., 1982) and that cells can spread
without altering their total membrane surface area (Erick-
son and Trinkaus, 1976). Thus, this submembranous net-
work is viewed as an elastic element in this model. Other
structural components that were visualized by “elastic” (i.e.
distensible) elementsin the original tensegrity models (Figs
1 and 2) include changes in CSK filament length and poly-
merization as well as internal geometric interconversions
within the MF lattice (e.g. see Figs 4 and 5).

Tensegrity at a higher level: microtubules as
compression-resistant struts

Tensegrity and tension-molding may also pertain to the MT

Fig. 7. (A) A tensegrity model
constructed from soda straws and
elastic thread showing aregion
from a* bent” isotropic vector
matrix, as might be found within
ageodesic domethat isforming
or remodeling. The vertex on the
left isin the process of merging
with the central hub and thus, the
intervening cross strut is absent.
(B) A hand-drawn depiction of a
published electron micrograph
(Fig. 4aof Rathke et al., 1979)
demonstrating a grazing section
through a similar triangulated
region within the MF geodome of
aliving cell. The round speckled
knobs correspond to the vertices
of the hexagons seen by light
microscopy (Fig. 6B).
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system. For example, tensegrity has been used to explain
how changes in MT and MF extension are orchestrated
during neurite outgrowth (Heidemann and Buxbaum, 1990).
In neurites, drug-induced disassembly of MTs induces cell
retraction, but only under conditions in which active ten-
sion is generated within the surrounding contractile MF net-
work (Solomon and Magendantz, 1981; Joshi et al., 1985).
These data combined with results from a series of other
experiments (Dennerll et al., 1988, 1989; Lamoureux et a.,
1989) clearly demonstrate that both the stability of axonal
form and active neurite extension result from the action of
tension which is generated within the continuous MF net-
work and locally resisted by internal compression-resistant
MTs. MT struts and ECM tethers also provide comple-
mentary and interchangeable load-bearing functions in
these cells (Lamoureux et a., 1990), as would be predicted
from studies with the tensegrity models (Fig. 1).

Structural stability in many other cells (Tomasek and
Hay, 1984; Domninaet a., 1985; Travis and Bowser, 1986;
Bereiter-Hahn, 1987; Vasiliev, 1987, Madreperla and
Adler, 1989; Bailly et a., 1991) and tissues (Burnside,
1971; Gordon and Brodland, 1987) similarly depends on
establishment of a mechanica force balance between com-
peting MT struts and contractile MF networks. This is
usualy most clear in cells that exhibit an asymmetric or
elongated morphology. While disrupting MTs in polygonal
cells (e.g. epithelia cells) usually does not inhibit cell flat-
tening (Middleton et al., 1988), it does decrease the rate
and efficiency of spreading (Domninaet al., 1985; Vasiliev,
1987). Furthermore, epithelial cells clearly do require intact
MTsto spread when they are forced to elongate in an asym-
metric fashion due to altered ECM adhesivity or topogra
phy (Domnina et a., 1985). Conversely, stabilizing MT
against depolymerization slows cell rounding upon
trypsinization (Revel et a., 1974). We have found that
while intact MTs are not required for endothelia cell flat-
tening, they are absolutely required if MF integrity is par -
tially compromised using low concentrations of cytocha
lasin D. These data indicate that MTs normally act as
internal struts that hold the cell outward against the pull of
the contractile MF network. However, they may play a sec-
ondary or redundant structural supporting role (i.e. relative
to MFs) in polygonal cells and in elongated cells during
the initial phase of spreading.

Analysis of the mechanical load-bearing characteristics
of isolated CSK filaments confirms that MTs have a much
greater ability to withstand compression (bending) than MF
whereas MFs are better at resisting tension (Mizushima-
Sugano et a., 1983). The compressive load-bearing capa
bility of individual MTs also may be greatly enhanced by
ingtituting multiple tensile guy lines along their length
(Brodland and Gordon, 1991), as IF appear to do in living
cells (Schliwa and Van Blerkom, 1981; Heuser and
Kirschner, 1980). MT cross-linking or bundling may pro-
duce rigid structures that are even more effective at resist-
ing compression (e.g. mitotic spindles, neurite axons), since
close packing results in much greater resistance to lateral
filament distortion.

In general, pulling tends to straighten support elements
whereas pushing bends. Thus, the observation that MTs
commonly exhibit a curved morphology, especialy near

their distal ends, supports the concept that they resist com-
pression. Furthermore, direct mechanical measurements of
living cells demonstrate that disruption of MTs resultsin a
rapid increase in the amount of force that istransferred out-
ward across the cell surface and to the ECM (Dennerrll et
a., 1988; Danowski, 1989; Kolodney and Wyslomerski,
1992). Thisiswhat would be expected of atensegrity array
in which MTs and ECM play complementary compressive
load-bearing functions. In contrast, disruption of tension
elements should decrease the force that cells exert; this is
exactly what was observed when MF integrity was dis-
rupted (Danowski, 1989; Kolodney and Wyslomerski,
1992). Because of their complementary load-bearing func-
tions, MTs are most critical in elongated cell processes that
have a relatively low density of stable ECM adhesions
(Domnina et al., 1985).

Tensegrity-based force interactions between MTs, MFs
and ECM also provide an efficient mechanism for local reg
ulation of CSK filament polymerization. A thermodynamic
model which incorporates the tensegrity paradigm has been
published (Buxbaum and Heidemann, 1988). In this model,
formation of new ECM contacts shifts CSK tension onto
the substratum, relieves compression on MT, and hence
decreases the critical concentration of tubulin required to
support MT assembly (Hill, 1981). Thus, cytoplasmic tubu-
lin subunits previously in equilibrium with the compressed
polymer are then added to the polymer until a similar state
of compression is regained. However, many less special-
ized cells tend to maintain arelatively constant mass of MT
(Mitchison and Kirschner, 1984; Mooney et a., 1991). If
this thermodynamic mechanism is used in al cells, then
increasing force transfer to the ECM should similarly lower
the critical concentration of tubulin required to maintain
equilibrium between MT assembly and disassembly. In
other words, the concentration of intracellular tubulin
monomer would need to be lowered in order to prevent
rampant MT polymerization and a change in the total cel-
lular MT mass. We have recently confirmed that this does
in fact occur in cultured cells when they are induced to
spread by increasing the number and density of available
ECM adhesions (Mooney et al., 1991).

A third layer of structural stability: intermediate
filaments as tensile stiffeners

We have not yet considered the role of 1Fs which inter-
weave with MFs and MTs to form the CSK. This network
of relatively stiff coiling filaments stretches from attach-
ment points on the cell surface (e.g. desmosomes, focal
adhesions) to the nuclear surface (Lehto et al., 1978; Fey
et al., 1984; Green et al., 1986; Bershadsky et al., 1987;
Georgatos and Blobel, 1987). They are also, at least in part,
held out in an extended array through the action of MTs
which counterbalance the inward pull exerted on IFs by
surrounding contractile MFs (Hollenbeck et al., 1989). |Fs
have been suggested to act as “mechanica integrators’
(Lazarides, 1980); however, a more-specific functional
description remains elusive. While it is clear that IFs can
efficiently resist mechanical tension in cells of the epider-
mis (Kunzenbacher et al., 1982), their function in other
cells is not as clear. For example, early microinjection
studies with anti-|1F antibodies suggested that | Fs are not



important for cell shape control (Lin and Feramisco, 1981).
However, negative results are difficult to interpret in a
system that relies on redundancy for enhanced stability.
More recent studies using anti-sense oligodeoxynu-
cleotides clearly demonstrate that loss of IFs reduces
mechanical rigidity within living tissues (Torpey et al.,
1992).

The tensegrity cell models (Fig. 2) predict that IFs may
act to stahilize nuclear form and integrate cell structure
whereas the continuous MF lattice would provide the
motive force that drives cell and nuclear shape changes. For
example, the tendency of tightly packed coils of DNA to
unwind and push against the constraining nuclear matrix
would result in oscillatory expansion and contraction of the
entire nucleus unless an alternative system of stabilization
were set in place. In the absence of any additional supports,
this motion would tend to be trandlated into precession or
rotation of the nucleus, back and forth, as the coils undergo
winding, unwinding and rewinding, during activation of
gene transcription or DNA replication (Ausio, 1992; Moser
et al., 1983; Nicolini, 1985). This is precisely what hap-
pens when IFs are disrupted using acrylamide (Hay and
DeBoni, 1991). IFs may normally support and stabilize the
nucleus against rotationa movements, just as they are
thought to resist MT bending (Brodland and Gordon, 1991).
IFs aso appear to orient mitotic spindles in epidermis
(Bereiter-Hahn, 1987) and, along with MTs, position nuclei
within syncytia (Wang et a., 1979). Thus, as filamentous
coilswhich harden at high strains (Janmey et a., 1991), IFs
are excellent candidates to act as guy lines or tensile stiff-
eners and, thereby, hold separate parts of the cell (e.g. MTs,
MFs, nuclei) in place. IFs may also provide a direct path
for mechanica and harmonic information transfer, from
nucleus to junctional complex to nucleus, within larger
tensegrity tissue arrays (Ingber and Jamieson, 1985; Pienta
and Coffey, 1991).

Interestingly, nuclei are similarly suspended from sur-
rounding ECM by CSK ligaments in plant cells; however,
the filaments appear to contain MTs and MFs (Flanders et
al., 1990). The plant mechanism for nuclear positioning is
especialy important because the location of these suspen-
sory filaments predicts where future cleavage planes will
form. Interestingly, the three-dimensional model that was
used to explain the mechanical basis of nuclear positioning
was constructed by interconnecting a large rigid ring with
a small central nucleus using suspensory springs (Flanders
et al., 1990). This “spoked bicycle wheel” structure is yet
another example of tensegrity architecture, as previously
described by Fuller (1961).

Spatial integration on a smaller scale: nuclear
tensegrity

As a separate structural entity, the nucleus may itself be
modeled using tensegrity architecture (Fig. 2). The nuclear
matrix is the scaffolding that is responsible for higher-order
chromosome packing and nuclear organization (reviewed
by Pienta et al., 1991). It is composed of a backbone of
nuclear-specific proteins (Nakayasu and Berezney, 1991)
and hnRNA (Nickerson et al., 1989) as well as multiple
hexagonal nuclear pores (reviewed by Hansen and Ingber,
1992). Nuclear actin and myosin have been identified; how-
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ever, it is unclear whether nuclel actively generate tension.
Nevertheless, the nucleus does spontaneously contract when
ECM anchors are dislodged and cell rounding is induced
(Ingber and Folkman, 1989a; Sims et al., 1992). The
nucleus therefore may be viewed as a tensegrity structure
in which individual chromatin fibers containing tightly
wound coils of DNA represent isolated compression-resis-
tant elements that interconnect with a surrounding nuclear
matrix that is under continuous tension.

Expansion of the nucleus would require a change in this
force balance. For example, nuclear extension might result
from the action of the interconnected contractile MF lattice
(Osborn and Weber, 1977; Fey et a., 1984), pulling the
nuclear matrix outwards against the cell’s fixed ECM adhe-
sions. As described above, |Fs might serve to further focus
this force and integrate changes in cell and nuclear form.
Furthermore, due to the presence of structural interconnec-
tions between the nucleus and the cell surface (MF lattice,
IFs), mechanical distortion of an entire cell or tissue would
also be expected to result in passive nuclear extension. In
fact, in vitro studies confirm that mechanical stretching of
the plasma membrane results in nuclear form alterations and
movement in living cells (Kolega, 1986). They aso show
that coordinated changes in cell and nuclear shape require
both intact MFs (Pienta and Coffey, 1992) and active ten-
sion generation within the MF lattice (Sims et a., 1992).
In addition, the structural integration observed in the nucle-
ated tensegrity cell models (Fig. 2) provides a mechanical
basis for the expansion of nuclear pores and associated
increase in nucleocytoplasmic transport rates that are
observed when cells progress from round to spread (Feld-
herr and Akin, 1990; Hansen and Ingber, 1992). Tension-
ally induced increases in nuclear transport, combined with
decreased mechanical resistance to DNA unwinding, may
explain why nuclear spreading is required for entry into S
phase (Yen and Pardee, 1979; Moser et al., 1981; Nicolini
et a., 1986; Ingber et a., 1987).

AN ALTERNATIVE MECHANISM FOR CELL
SPREADING AND MOTILITY

The model of CSK organization that is most commonly
used to explain cell motility relies on rearward flow of the
entire MF lattice, coupled with forward polymerization of
actin, as a means to generate tractional forces that drive
migration (reviewed by Heath and Holifield, 1991). While
therearward “actin flow” model is consistent with data from
many studies, there are others which it does not explain
(Heath and Halifield, 1991; Gingell and Owens, 1992). Fur-
thermore, to accept this model, one must also accept that
MFs can move without restriction inside the cytoplasm. Y et
electron microscopic studies reveal a highly anastomotic
MF network which is entangled with nets of IFs and MFs
a few micrometers behind the leading edge (Heuser and
Kirshner, 1980; Bridgman and Daily, 1989). The actin flow
hypothesis also does not present a clear mechanical expla-
nation of how the cell integrates leading edge extension
with changes in the remaining CSK-nuclear matrix scaf-
fold. Finaly, it does not make obvious sense for a living
cell which always strives to be most economical to extend
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the cell forward by continualy fighting the backward flow
of its own mass.

Inherent in the tensegrity model is an alternative expla
nation for cell spreading and motility that may be more
realistic, at least in terms of mechanics and energy effi-
ciency. Movement would be produced in the following
manner: (1) the MF lattice is tension molded during the
initial attachment and spreading phase, as described above,
resulting in formation of an interconnected tensile MF net-
work containing basal stress fibers, suprabasal arc-like bun-
dles and apical triangulated domes; (2) formation of ECM
contacts results in clustering of transmembrane integrin
receptors and associated release of soluble chemica mes
sengers, such as phosphatidylinositol  bisphosphate
(McNamee et d., 1993); (3) binding of inositol lipids to
actin-binding proteins (e.g. gelsolin, profilin) results in a
local increase in the concentration of free actin monomer
(Janmey et a., 1987; Goldschmidt-Clermont et al., 1990);
(4) flexible regions of the MF lattice that are free of
tropomyosin and myosin (e.g. vertices on geodomes,
Lazarides, 1976; Rathke et al., 1979) provide nucleation
sites for new actin polymerization; (5) newly extending
MFs, bundle, stiffen and push outwards against the confin-
ing plasma membrane, resulting in formation of filopodia
(Tilney and Kallenbach, 1979; Hill, 1981; Oster and Perel-
son, 1987); (6) the opposing MF nets that interconnect the
filopodial core with the rear-lying CSK lattice contract; (7)
use of the basal focal adhesions as a fulcrum (Harris, 1982;
Felder and Elson, 1990; Heidemann et al., 1990) causes the
filopodium to waver up and down much as the bones of
our arms do when we extend them out against the pull of
our muscles; (8) when receptors on the tip of a filopodium
attach and form fixed ECM adhesions, tension becomes iso-
metric (Heidemann et al., 1990), resulting in net forward
and downward pull on trailing CSK lattice; (9) the sur-
rounding MF meshwork within the lamellopodium is then
tensionally stiffened and pulled outward much as a sail is
raised up on a mast; (10) continued tension molding results
in merging of ventral MF bundles with the MF cores of the
filopodia, resulting in linearization and extension of stress
fibers (Lazarides, 1976; Rathke et al., 1979); (11) further
consolidation of the new extension results when MTs poly-
merize from their dista ends into the newly remodeled
region, due to transfer of compressive loads onto the ECM
(Buxbaum and Heidemann, 1988; Heidemann et al., 1990);
and (12) the cycle begins once again.

Lamellipodia may rapidly extend forward in this model
using poorly developed MF bundles rather than well formed
filopodia (Bridgman and Daily, 1989) if the substratum is
very adhesive, and thus can bear much of the compressive
load. Alternatively, protrusion of lamellipodia could be
driven by actomyosin gelation-solation cycles (Trinkaus,
1985; Heidemann et al., 1990) and associated changes in
intragel osmotic pressure (Oster and Perelson, 1987). How-
ever, these latter mechanisms must be reconciled with elec-
tron microscopic images which show that the most rapidly
moving portions of the cell contain actin in its most con-
centrated and most highly cross-linked state (Heuser and
Kirschner, 1980).

Portions of the MF lattice that do not become fixed to
the non-deformable ECM (i.e. non-adherent filopodia, pro-

truding ruffles) would be expected to move (“flow”) cen-
tripetally on the dorsal cell surface due to the continuous
transmission of tension and conservation of angular
momentum, as previously suggested (Heidemann et al.,
1990). However, rather than depolymerize, these MF bun-
dles might spontaneously disperse into individua MFs,
once they are no longer stabilized by isometric tension
(Isenberg and Wolhfarth-Botterman, 1976; Nagai et d.,
1978) and then be reincorporated into newly forming net-
works a few micrometers behind the leading edge. Other
rearward flow of actin would be due primarily to actin
treadmilling.

Reiteration of this adhesion-tension molding cycle would
produce flattening and incremental forward motion of the
entire MF lattice, and thus drive cell spreading. Continued
binding of ECM receptors and release of actin monomers
would sustain actin polymerization and spreading at the
leading edge until the forward pull of the cell was balanced
by the rearward tug of cell's ECM adhesions and by
mechanical resistance associated with CSK stiffening. If the
strength of the ECM adhesions were high, continued iso-
metric tension generation would result in increased stress
fiber formation as well as outward and downward pull on
central nuclear matrix. In fact, cells commonly exhibit
increased stress fibers and large nuclei on highly adhesive
ECM substrata, which support growth rather than motility
(Couchman et al., 1982; Ingber et al., 1987; Ingber, 1990).
In contrast, both cell spreading and locomotion would be
produced via the same tensional integrity mechanism if the
strength of the cell’s adhesions or the force transferred to
the ECM were dightly decreased so as to destabilize the
cellular force balance. Similar changes in cell adhesivity
result in isotonic rather than isometric tension generation
and, thus, enhanced motility in living cells (reviewed by
Opas, 1987). Reiteration of the adhesion-tension molding
cycle would continue to pull the entire CSK lattice away
from the cell’s weakest adhesions until tearing or detach-
ment resulted (Chen, 1981). Resulting retraction of the pre-
viously extended, rear-most portions of the CSK lattice
would again shift the net force balance forward, and thereby
facilitate formation of new ECM adhesions and forward
locomotion.

This model is consistent with results of studies that form
the basis of the actin flow model. For example, results of
experiments in which blocking actin polymerization using
cytochalasins induces “actin flow” (Smith, 1988) can be
easily explained as resulting from physically dislodging the
fixed ends of a lattice that is under continuous tension.
Experimental data support this mechanism of cytochalasin
action (Schliwa, 1982; Bereiter-Hahn, 1986). Motion of
membrane components would result primarily from the
action of associated motor proteins (e.g. myosin 1) that
move along tensionaly stabilized cortica MFs, although
some rearward motion may be due to membrane that is
associated with retracting filopodia and ruffles on the dorsal
cell surface (Heidemann et a., 1990). Finally, the observed
motion of “arcs’ in living cells (Heath, 1983) could be due
to peristaltic contraction waves (Dunn, 1980) moving
through a three-dimensional MF lattice that spontaneously
condenses and expands in response to a passing wave of
isometric tension (Fig. 4). Three-dimensional models of



large, interconnected isotropic vector matrices exhibit sim-
ilar contraction-expansion behavior (Edmondson, 1987).

The tensegrity hypothesis is clearly consistent with the
well described role of “cortical” tension in the determina
tion of fibroblast shape and movement (Albrecht-Buehler,
1987). However, it differs in that tension transmission and
CSK molding occur throughout the depth of the cell, rather
than just beneath the cell surface. This difference is most
clear when nuclear shape control is considered. The model
can similarly incorporate isolated changes in gel osmotic
pressure as additional compression-resistant zones that act
locally to resist otherwise continuous CSK tension. Inter-
estingly, use of tensegrity provides an architectural basis
for the previously described “ global modulation” of the cor-
tical CSK (Y ahara and Edelman, 1975) as well. Conversely,
disruption of tensional continuity may lead to the loss of
structural stability and deregulation of growth and form that
is so characteristic of the neoplastic state (Ingber et d.,
1981; Ingber and Jamieson, 1982; Ingber and Jamieson,
1985; Ingber et al., 1986; Pienta et a., 1989; Boyd et al.,
1991).

IMPLICATIONS FOR BIOLOGICAL DESIGN

Most published theoretical models in biology provide a
plausible mechanism to explain a set of experimental find-
ings. However, just because a biological phenomenon can
be explained by a single theory, this does not mean that it
is correct. A simple visual example is that plastic molds,
paper cut-outs, and wooden stick figures can all be used to
build a structure resembling a dinosaur. However, only a
system of rigid bones interconnected by a continuous series
of tensile muscles could support a living structure 30 feet
high and 100 feet long that can change shape and walk,
such as an Ultrasaurus (Jensen, 1985). The power of the
tensegrity paradigm, in contrast to purely descriptive
models (e.g. fractals), is that it provides a tangible and
inherently buildable system that predicts how molecules
interact to form three-dimensional structures that exhibit
specialized form as well as function.

Importantly, analysis of organic and inorganic systems,
both large and small, consistently reveals that Nature uses
triangulation and tensional integration for structural stabil-
ity (Fuller, 1965). The carbon-based “Buckminster
fullerenes’ are the most recent example; however, tensional
integrity also applies to construction of viral capsids and
clathrin-coated pits as well as nuclel and the CSK, as |
described above. Tissue integrity may similarly depend on
tensional continuity coupled with local compression-resis-
tant islands (Ingber and Jamieson, 1985; Ryan, 1989) as
does the stability of the musculoskeletal frame in insects
(Wainwright et al., 1976) as well as man (Otto, 1973).

Thus, given that use of this building system crosses sys-
tems boundaries, it is possible that tensegrity may repre-
sent one of the most basic principles of biological design.
The implications are vast, since the geometric rules of
tensegrity are independent of scale and so should apply
equally well to both microscopic and macroscopic tenseg-
rity systems. Just as an example: recent analysis of the
micromechanics of the lung has revealed that its basic struc-
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tural element is isotropic, uniformly prestressed, and poly-
hedral in form (Stamenovic, 1990). If thisisso and it isin
fact another example of atensegrity structure (e.g. view the
lattice shown in Fig. 3B as a single alveolus), then the inter-
convertability between the large, unstable isotropic lattice
and the compact stable tetrahedron shown in Fig. 4 could
easily explain why the lung is unstable in the absence of
transpulmonary intrathoracic pressure (Stamenovic, 1990),
how it undergoes rapid expansion and contraction during
the breathing cycle, and even how it is able to reversibly
“collapse” (e.g. following pneumothorax). A similar
mechanical approach may help explain conflicting behav-
ior in many other biological systems.

CONCLUSIONS

Why should we care whether or not cells use a specific
form of architecture? Most importantly, as suggested by the
quotation that opens this Commentary, the question of bio-
logical organization is the major question in biology. The
molecules that make up cells and the cells that comprise
tissues continually turn over; it is maintenance of pattern
integrity that we call “life’. Pattern is a manifestation of
structure and structural stability results from establishment
of spatial relationships that bring individually destabilized
structural elements into balance. Thus, a complete expla-
nation of how cells and tissues function will come from
understanding how they are put together, rather than exclu-
sively from analysis of their substance.

In this Commentary | have demonstrated that specific
patterns of CSK structure and integration can be modeled
in three dimensions using the rules of tensegrity. A corol-
lary to this is that individual support elements will be
exquisitely sensitive to tension and, thus, that alterations in
the cellular mechanical force balance will drive a structural
remodeling cascade at the molecular level. Furthermore,
changes in cell shape and matility will be a manifestation
of internal oscillatory transformations between localy
stable and unstable architectural states. In cells, the critica
structural elements include internal compression-resistant
struts, suspensory ligaments, and external tethers as well as
a system for generating and distributing tension to al inter-
acting parts. In this type of system, the exact molecular
composition of individual struts can vary and even the
mechanism of tension generation may change (e.g. MT vs
M F-based motors; Goldstein and Vale, 1992). Nevertheless,
the system will remain a tensegrity structure aslong as con-
tinuous tension and local compression are required for
structural stability.

If cells do use tensegrity, then we will need to change
our frame of reference in studies on CSK remodeling and
cell shape to include the concept of a pre-stressed CSK. In
other words, we need to transform our image of cell archi-
tecture from arigid static view that islargely based on local
molecular binding events into one that is mechanicaly
based, globally integrated and dynamic. Inherent in this
form of architecture is a mechanism for mechanical infor-
mation transfer (Ingber and Jamieson, 1985; Pienta and
Coffey, 1991; Hansen and Ingber, 1992; Ingber et al.,
1993), thermodynamic regulation (Ingber and Jamieson,
1985; Buxbaum and Heidemann, 1988) and hierarchical
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integration between al parts, both large and small (e.g. see
Fig. 2), that is based entirely on provision of tensional con-
tinuity. Thus, acentral tenet of tensegrity isthat every struc-
tural element with the system is poised to sense and imme-
diately respond to physical stimuli from both inside and
outside the cell. It is difficult to think of another type of
building system that could explain how stretching a tissue,
such as skin, results in extension of the ECM, cell, CSK
and nucleus in a coordinated manner without producing any
structural breakage or disconnection (Ryan, 1989).

From the standpoint of chemical regulation, it is critical
to emphasize that the tensegrity model does not make mol-
ecular regulators of CSK remodeling any less important;
rather it provides a mechanical context that may help us
understand their true physiological significance. There are
many examples of contradictory results that cannot be
easily understood unless the existence of amechanical force
balance between ECM, MTs and MFsis considered (Kreis-
berg et al., 1985; Rogers et al., 1985; Danowski, 1989;
Lamoreux et al., 1990). Demonstration that “chemica” sig-
nals, such as phosphorylation cascades, have a large
mechanical component (i.e. dramatic changes in protein
conformation, size and flexibility; Urry, 1992) suggests that
elucidation of the rules by which higher-order molecular
architecture is constructed will allow us to understand how
cell form and function are controlled in a way in which we
never have before.

The answer to whether or not cells use tensegrity archi-
tecture rests with the individual. For some, it is an obvious
truth. For others, it is a gross simplification of a process
that is of such complexity that it is likely beyond all expla
nation. Others will await direct experimental proof of prin-
ciple, specifically, demonstration at the molecular level that
individual protein subunits are being “pushed” together
within certain CSK elements, while others “feel” the pull
of continuous tension. Nevertheless, it is only when theory
is presented and questions are raised that the critical exper-
iments can be designed and initiated.
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