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Abstract. In mechanically active environments mamma-
lian cells must cope with potentially injurious forces to
survive, but the most proximal mechanosensors are
largely unknown. How mechanoprotective responses to
applied forces are generated and regulated is still a mys-
tery. We consider recent evidence that suggests cellular
mechanoprotective adaptations involve a coordinated re-
modeling of the cell membrane and the associated cyto-
skeleton. The plasma membrane “protects” the cytoskel-
eton by maintenance of intracellular ionic balance and
can modulate force-induced cytoskeletal rearrangements
by stretch-activated (e.g., Ca2+) ion channels and mecha-
nosensitive enzymes (e.g., Phospholipase A2 and Phos-
pholipase C). Conversely, the cytoskeleton protects the
plasma membrane by providing structural support, rein-
forcement of the cortical framework at sites of force
application, modulation of mechanosensitive ion chan-
nels and by potentially contributing to the membrane
resealing process after mechanical rupture. We suggest
that the plasma membrane and the cytoskeleton are part-
ners in the cytoprotective response to physical forces.
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Introduction

For tissues in which the magnitude, direction and fre-
quency of applied physical forces may alter remodeling
patterns (e.g., bone trabeculae, Rubin & Lanyon, 1985),

the resident cell populations have apparently developed
various strategies to sense forces and appropriately gen-
erate signals that control the remodeling pro-
cesses. Across various phyla, species and tissues, these
mechanosensory functions exhibit considerable scope,
probably because of the wide variation of amplitude and
frequency of physical forces that are encountered in dif-
ferent sites and in different environments (Sachs, 1988;
Sachs & Morris, 1998; Sackin, 1995). For example, en-
dothelial cells in blood vessels are exposed to shear and
stretching forces (Gimbrone, Nagel & Topper, 1997);
bone cells are subjected to torque, tension and compres-
sion during cyclic loading from gravity and muscular
activities (Turner & Pavalko, 1998); chondrocytes in
joints are exposed to compressive and shear forces
(Guilak et al., 1999); epithelial cells in skin and mucosal
linings are periodically stretched (Fuchs & Cleveland,
1998); the cells of some soft connective tissues (e.g., the
periodontal ligament) are exposed to very high amplitude
of masticatory loading (Berkovitz, Moxham & Newman,
1982). From the standpoint of metabolic regulation,
mechanoreception is critical in heart muscle where re-
ciprocal interactions between the electrical and mechani-
cal activities of cardiac cells permit the adjustment of
heart rate to changes of mechanical load. But in me-
chanically active environments cells must also cope with
potentially injurious forces to avoid irreversible damage
and permit survival. These mechanoprotective adapta-
tions involve cell membranes and associated structures
and are the topic of this review.

Collaboration at the Membrane

The widespread and diverse expression of mechanosen-
sory and mechanoprotective functions across phyla hasCorrespondence to:K.S. Ko
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stimulated considerable interest and hypothesis genera-
tion. Some of the central questions include: (i) What
mechanosensors are most proximal to the applied force?
(ii) Are there direct functional connections between
membrane-based mechanosensors and nuclear control of
transcription? (iii) Are there logical circuits that enable
multiple mechanosensors to function in a collaborative
fashion? Perhaps the most pressing challenge for studies
of mammalian cells is to determine the molecular iden-
tity of even one definitive mechanosensor. Currently,
various cellular components have been implicated in
mechanotransduction and they include the extracellular
membrane “skeleton” (i.e., extracellular matrix mol-
ecules); attachment receptors including selectins, cadher-
ins and integrins; ion channels; the plasma membrane
phospholipid bilayer; integral membrane proteins; the
membrane-associated cytoskeleton. In addition to cell
surface mechanoreceptors, intracellular organelles such
as flow-sensitive caveolae in endothelial cells (Rizzo et
al., 1998) and mitochondria in the filopodia of neurites
(Bolanowski et al., 1996) may also be mechanosensitive.
While a great deal of detective work has been done in
cellular mechanotransduction, as long as the proximal
sensors are at large and unidentified, hypotheses will
predominate over a mechanistic understanding. In this
review, we consider recent evidence that is focused on
two prime suspects that may, in fact, be accomplices:

(i) mechanosensitive channels located in the plasma
membrane;

(ii) the cortical and subcortical cytoskeleton.

We consider here that the plasma membrane is the lipid
bilayer with its integral membrane proteins and that the
cell cortex is the specialized layer of cytoplasm on the
inner face of the plasma membrane consisting of actin
filaments crosslinked into a network by various actin-
binding proteins. As there have been several excellent
reviews on the role of the cell membrane and the cyto-
skeleton in mechanotransduction (Sackin, 1995; Ingber,
1998; Janmey, 1998; Sachs & Morris, 1998; Galbraith &
Sheetz, 1998), we focus here on an important subset of
ideas that are relevant to mechanotransduction: cytopro-
tective responses to physical forces. The central theme
to be explored here is that the cytoskeleton, via its con-
nections to the plasma membrane, contributes to mecha-
noprotection by protecting the integrity and function of
the cell membrane. We propose that the cytoskeleton
and the plasma membrane function as an integrated and
interdependent unit in the cytoprotective responses of
mammalian cells to physical stresses.

Genetic Investigations of Mechanosensors

The search for the prime suspects of mechanosensation
has been facilitated by genetic investigations of worms

and bacteria. In worms, searches for proximal mechano-
sensors have lead to the characterization of theunc-97
and mec-3genes (inC. elegans) whose gene products
contribute to the mechanosensory functions of touch
neurons. For example, UNC-97 helps to maintain the
structural integrity of muscle adherens junctions (Hobert
et al., 1999). A particularly efficient genetic approach
for discovery of mechanosensors is available in bacteria
since many bacterial species exhibit remarkable adapta-
tion to osmotic changes in their environments. For ex-
ample, when bacteria such asE. coli are subjected to a
hypo-osmotic shock, there is an initial rise in turgor pres-
sure caused by an initial inflow of water into the cell.
However, normal cell turgor is reestablished through the
controlled release of cytoplasmic solutes mainly through
different mechanosensitive channels (Berrier et al.,
1992). Notably, the mechanosensitiveMscL gene prod-
uct was characterized by patch-clamp analysis of puri-
fied and reconstituted membrane proteins fromE. coli.
However, the null mutant of theMscLgene is without a
well-defined phenotype. More recent work has shown
that the KefA and YggB gene products, which are lo-
cated in the cell membrane, are important in regulation of
ion balance and turgor pressure but only under condi-
tions that are close to producing irreversible damage
(Levina et al., 1999).

The genetic approach to identification of function-
ally important mechanosensors in mammalian cells has
been controversial. For example, thea-subunit of the
epithelial sodium channel (a-ENaC) is apparently impor-
tant in mechanotransduction; some data have suggested
that it is mechanosensitive based on reconstitution ex-
periments into purified planar lipid bilayers (Awayda et
al., 1995) and in transfected LM(TK-) cells (a null cell
for stretch-activated nonselective cation channel activity)
(Kizer, Guo & Hruska, 1997). The mammalian neuronal
mechano-gated K+ channels TRAAK (Maingret et al.,
1999a) and TREK-1 (Maingret et al., 1999b) have been
transfected into COS cells and found to be sensitive to
stretch. These approaches are potentially valuable be-
cause of the possibility of identifying mammalian homo-
logues and these in turn could permit functional study of
genetically defined gene products. An important caveat
of these and related experiments is that the properties of
the channels formed by incorporation of the expressed
subunits in different cell types are probably not the same
as those observed in their native cell type. Indeed in
some cases contradictory results have been reported.
When the ENaC was expressed in an oocyte system, it
was found to be mechano-insensitive at the whole-cell
and single-channel levels (Awayda & Subramanyam,
1998). Previous results obtained froma-ENaC reconsti-
tution into planar bilayers could be due to as yet unde-
fined experimental artifacts such as solvent lenses.
Therefore, while genetic approaches are potentially use-

86 K.S. Ko and C.A.G. McCulloch: Interdependence of Cytoskeleton and Membrane



ful, their direct application to study of mechanotransduc-
tion in mammalian cells may require other structural el-
ements and linkers as are found in the subcortical cyto-
skeleton. Below we consider structural elements that are
most likely involved in mechanical signaling and adap-
tation.

Mechanosensitive Structures in the Plasma
Membrane-Cytoskeleton Complex

Forces applied to a cell can be distributed over various
cellular components and at multiple loci including the
extracellular matrix, the membrane lipid bilayer, integral
membrane proteins and the cytoskeleton. Although the
proximal mechanosensors in mammalian cells are poorly
characterized, there are many potential candidates that
reside in the plasma membrane and the subcortical cy-
toskeletal complex. These mechanosensitive structures,
when modulated by force application to the cell, may
interact with each other to protect the cell from physical
damage.

A prolonged break in plasma membrane integrity
may compromise cell survival in part because of unre-
stricted ion flow (particularly Ca2+), or because of the
resultant loss of lipid and protein domain organization
which leads to dissipation of ion gradients and break-
down of signaling systems (McNeil & Steinhardt, 1997).
In the context of mechanoprotection, several integral
membrane proteins including ion channels (Morris,
1990) and enzymes (e.g., phospholipase A2, Lehtonen &
Kinnunen, 1995; phospholipase C, Kato et al., 1999) are
stretch-sensitive. For example, the hydrolytic activity of
phospholipase A2 is affected by membrane stretching
induced by osmotic swelling (Lehtonen & Kinnunen,
1995). Maximal phospholipase A2 activity depends on
lipid packing densities; these densities in turn are related
to the surface pressure, suggesting that phospholipase A2

may be a mechanosensor (Lehtonen & Kinnunen, 1995).
This notion is supported by the observation that inhibi-
tors of phospholipase A2 also reduce flow-induced PGE2

release in osteocytes (Ajubi et al., 1999). Phospholipase
C has also been implicated in stretch-induced responses
in mesangial cells. Pressure-induced DNA synthesis and
the transient formation of inositol 1,4,5-triphosphate are
inhibited by the phospholipase C inhibitor 2-nitro-4-
carboxyphenyl-N (Kato et al., 1999). The mechanical
stimulation of these plasma membrane enzymes leads to
activation of signal transduction pathways (such as the
phosphatidylinositol pathway) that mediate various cel-
lular responses including cytoskeletal protein rearrange-
ments. In the context of membrane structure and mecha-
nosensitive elements, because the plasma membrane is
supported by an underlying membrane skeleton (Viel &
Branton, 1996), this skeleton may be well-positioned to
regulate various types of ion-permeable channels.

Mechanosensitive Ion Channels

Probably the most extensively studied mechanosensitive
structures in the plasma membrane are mechanosensitive
channels. The open probability of these channels de-
pends in part on applied stress at the membrane. The
mechanosensitive channels include both stretch-
activated and stretch-inactivated channels, displacement-
sensitive channels and shear-stress-sensitive channels
(Morris, 1990). The stretch-activated channels comprise
a range of ion channels permeable to anions (e.g., Cl−),
and to cations, such as the stretch-activated K+ channels
(Morris, 1990) and Ca2+ channels (Lee et al., 1999). The
cytoprotective role of mechanosensitive channels is evi-
dent inE. coli in which the YggB and MscL genes code
for channel proteins that open at a pressure change just
below that which would cause membrane disruption
from excessive osmotic pressure (Hobert et al., 1999).

The mechanoprotective interactions between the
plasma membrane and the cytoskeleton are perhaps best
demonstrated by the interdependence of mechanosensi-
tive ion channels and subcortical actin. InLymnaeaneu-
rons, depolymerization of subcortical actin does not pre-
vent transmission of mechanical signals (as measured by
mechanically evoked whole-cell current); instead the ac-
tivity of stretch-activated K+ channels is enhanced (Wan,
Juranka & Morris, 1999). Agents that disrupt cytoskel-
etal integrity (e.g., cytochalasin B) or that tend to de-
crease cytoskeletal tension (e.g., N-ethylmaleimide) gen-
erally enhance mechanosensitivity (Wan et al., 1999).
Indeed, increasing evidence supports the notion of cyto-
skeletal modulation of ion channel activity in the mem-
brane. Cortical actin filaments have been implicated in
the regulation of stretch-activated, calcium-permeable
channels since sustained force promotes subcortical actin
assembly (Pender & McCulloch, 1991) and this assem-
bly response “desensitizes” channels to subsequent force
applications. The decrease in stretch sensitivity can be
reversed after cytochalasin D treatment (Glogauer et al.,
1998). Alterations in the structure of the actin network
can also modulate the activity of voltage-gated ion chan-
nels in bipolar cells (Maguire et al., 1998).

In addition to the relative abundance of actin fila-
ments, the higher order structures of the actin cytoskel-
eton may also directly or indirectly regulate mechano-
sensitive channels. For example, the actin-binding-
protein-280 (ABP-280) crosslinks actin filaments to
form large orthogonal arrays in the cell cortex which
tends to increase membrane rigidity (Hartwig & Kwiat-
kowski, 1991). ABP-280 would then seem well-suited
to regulate ion channel activation. Accordingly, in ABP-
280-deficient melanoma cells, osmotically sensitive K+

channel activation is impaired but regulation can be “res-
cued” by transfection with ABP-280 cDNA (Cantiello et
al., 1993). These results suggest that the actin network
modulates the activities of mechanosensitive ion chan-
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nels by limiting the deformability of the plasma mem-
brane, probably by increased actin assembly and
crosslinking.

The Cortical Cytoskeleton Provides Support and
Protection for the Plasma Membrane

The cytoskeleton provides structural support of the
plasma membrane, in part to maintain cell integrity dur-
ing repeated deformations. At one level of structural or-
ganization, the plasma membrane is supported by the
membrane skeleton, a structural complex which is com-
posed of spectrins, short actin filaments (Picart &
Discher, 1999), protein 4.1 and other spectrin-binding
proteins (Viel & Branton, 1996). The short actin fila-
ments are largely oriented tangent to the lipid bilayer in
the erythrocyte membrane skeleton (Picart & Discher,
1999) and may be important in stretch-resistance of the
membrane. Further, the spectrins of the membrane skel-
eton form a network that is connected to the lipid bilayer
through integral membrane proteins or through protein
4.1 via its interaction with transmembrane proteins (Viel
& Branton, 1996). Because actin binds to the spectrins
directly and indirectly via actin-binding proteins, the
membrane skeleton is extensively crosslinked to the cor-
tical cytoskeletal framework.

The membrane skeleton may also protect the plasma
membrane from mechanical disruptions. For instance,
the spectrin network may facilitate membrane healing
after mechanical membrane rupture (Bauman & Grebe,
1998). Another potentially mechanoprotective protein is
dystrophin (a member of the spectrin superfamily) which
is one of the structural proteins that underlie and support
the sarcolemma. Recent evidence from dystrophic mice
suggests that dystrophin is responsible for the organiza-
tion of other membrane skeletal proteins: the lack of
dystrophin causes fragility of the sarcolemma and poten-
tial tearing of the membrane during contraction of the
muscle cell (Williams & Bloch, 1999). Thus the plasma
membrane appears to rely on the meshwork of the mem-
brane skeleton (which is crosslinked to the more cen-
trally located cytoplasmic cytoskeleton) to preserve its
integrity.

Intermediate filaments have been implicated as me-
chanical integrators of the whole cytoskeleton and have
been shown to support the cytoplasm under high strains
(Maniotis et al., 1997). In chondrocytes, intermediate
filaments form an interconnected network that surrounds
the nucleus and extends to the plasma membrane (Dur-
rant et al., 1999). The importance of intermediate fila-
ments in cytoprotection is evident in epithelial cells from
mice with mutated keratins which show skin blistering
upon mild mechanical trauma (Vassar et al., 1991). Mu-
tations that compromise the intermediate filament frame-
work increase the risk of cell rupture (Fuchs & Cleve-
land, 1998). Mice that lack the intermediate filament

glial fibrillary protein and vimentin develop less dense
scars after injury, and show abnormal healing (Pekny et
al., 1999). The absence of vimentin also decreases the
flow-induced dilation of arteries in vimentin-null mice
(Henrion et al., 1997). The mechanism for mechanopro-
tection provided by intermediate filaments may arise in
part from connections to the plasma membrane via
spectrin-associated proteins (Djabali, 1999) and connec-
tions to actin via crosslinking proteins. However, in ad-
dition to the biophysical and potentially mechanoprotec-
tive properties of the individual cytoskeletal polymers,
the ability of different classes of cytoskeletal proteins to
form interconnected structural networks may have pro-
found implications for the cytoprotective effects of the
cytoskeleton.

Interacting Cytoskeletal Polymers

In considering the early cytoprotective response of cells
against physical disruptions, we have hypothesized
above that the plasma membrane, its associated mem-
brane skeleton and the global cytoskeletal network func-
tion as a unit to bring about a coordinated cellular re-
sponse to applied strain. It has been suggested that mi-
crofilaments interact with microtubules and intermediate
filaments to form an integrated structure (Ingber & Folk-
man, 1989). If this concept is correct, an integrated net-
work could be a structural adaptation to physical forces
mediated by various cytoskeletal-binding and linker pro-
teins. However it is the extensive interactions among
cytoskeletal proteins that make genetic knockout studies
of individual cytoskeletal protein difficult to interpret.
Further, due to the long time scale in these experiments,
reequilibration of the interacting components may induce
alterations in other proteins (Campbell & Kahl, 1989)
and the results from these experiments cannot be reliably
compared to the wild type (e.g., Akinlaja & Sachs,
1998). When exposed to physical forces, cells such as
fibroblasts from heavily loaded tissues reinforce locally
their connection with extracellular adhesion sites by in-
ducing actin assembly and by recruiting ABP-280 into
cortical adhesion complexes (Glogauer et al., 1998). Us-
ing ABP-280 as an example, this particular cytoskeletal
linker protein potentially reinforces the cytoskeletal net-
work by: (i) mediating actin filament binding to integral
membrane proteins includingb1 integrin (Loo, Kanner &
Aruffo, 1998); and (ii) crosslinking filaments into a lo-
calized, stiff cortical complex. Other actin filament
crosslinking proteins such asa-actinin and gelation fac-
tor have been shown to exhibit protective responses dur-
ing osmotic stress (Rivero et al., 1996), suggesting a
common role for cytoskeletal polymer crosslinking in
response to different types of mechanical stress.

The notion that the interaction and crosslinking of
cytoskeletal polymers into higher order structures are
potentially important mechanoprotective mechanisms is
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supported by the wide range of cytoskeleton-binding
proteins that facilitate interconnections among the three
classes of cytoskeletal polymers (Table). These proteins
not only reinforce the structural framework to support
the membrane, but they are potentially important in co-
ordinating rearrangements of all three cytoskeletal poly-
mers in response to physical forces (Fig. 1). There are
numerous proteins that mediate actin-microtubule and
actin-intermediate filament interactions. For example,
microtubule-associated protein 2c (MAP2c) reorganizes
both microfilaments and microtubules, causes actin ge-
lation and induces formation of microtubule bundles
(Cunningham et al., 1997). The actin-binding protein
coronin which also promotes the rapid assembly and
crosslinking of actin filaments also binds to microtu-
bules, suggesting that it may link these two cytoskeletal
systems in yeast (Goode et al., 1999). The mechanopro-
tective importance of actin-intermediate filament linker
proteins is evident in BPAG1 knockout mice that show
skin blistering after mechanical stress (Guo et al., 1995).
BPAG1 is an intermediate filament binding protein that
mediates binding interactions between intermediate fila-
ments and actin (Yang et al., 1996); the lack of this
interaction may weaken the cytoskeletal framework and
compromise mechanoprotection.

Membrane Tension — A Common Regulator of
Cytoskeletal and Plasma Membrane Dynamics

Membrane tension can be defined as in-plane stress that
is generated by, for example, osmotic swelling or by
adherence of the membrane bilayer to the cytoskeleton
when a dragging force is created (e.g., membrane tethers;
Sheetz & Dai, 1996). Using micropipette aspiration of
single cells, the expansivity modulus of red blood cells
was estimated to be 450 dynes/cm (Evans, Waugh &
Melnik, 1976). More recent studies using optical twee-
zers estimated the tension in the plasma membrane of red
blood cells to be typically$7 pN (Sheetz & Dai, 1996).
However, despite the application of this method for es-
timating membrane tension in biological systems, these
estimates are derived from formulae that relate mem-
brane geometry to applied forces and are somewhat in-

direct. In addition, it is very difficult to separate out the
various components of membrane-cytoskeletal interac-
tions for the measurement of in-plane membrane tension
(Dai et al., 1998). To further complicate data interpre-
tation, the membrane of many cell types is often folded
and a direct measurement may not be representative of
the whole membrane area. Further, the dynamic nature
of the plasma membrane presents significant challenges
to obtain accurate estimates of membrane tension. For
example, mammalian neurons can regulate membrane
tension by forming vacuolelike dilations which appear
when cells shrink (Mills & Morris, 1998).

Plasma membrane tension, which is probably a com-
bination of bilayer in-plane tension and the interactions
between membrane and cytoskeleton (Dai et al., 1998), is
very likely to be an important regulatory factor of both
membrane dynamics and cytoskeletal rearrangements in
mechanoprotective responses. Indeed membrane tension
helps to control plasma membrane area (Mills & Morris,
1998), cell shape (Raucher & Sheetz, 1999) and cellular
activities such as endocytosis (Raucher & Sheetz, 1999)
and exocytosis (Togo et al., 1999). Membrane transport
processes such as endocytosis and exocytosis are regu-
lated by membrane tension and may also depend on cy-
toskeletal proteins such as actin (Valentijin, Gumkowski
& Jamieson, 1999; Niles & Malik, 1999). Membrane
regulation also depends on microtubules as membrane
trafficking is facilitated by microtubule-based vesicle
transport (Hamm-Alvarez & Sheetz, 1998).

Interactions between the plasma membrane and the
cytoskeleton in regulation of membrane tension are seen
in mechanosensitive channel function. Indeed it has
been suggested that membrane tension is transduced by
plasma membrane ion channels (Opsahl & Webb, 1994).
These channels in turn may be able to modulate cyto-
skeletal dynamics. Likewise, the neuronal mechano-
gated K+ channel TRAAK is activated by a convex cur-
vature of the plasma membrane (Maingret et al., 1999a).
However, we should note that despite evidence of modu-
lation of ion channel activity by membrane tension, the
energy required to activate mechanosensitive ion chan-
nels is nearly two orders of magnitude higher than the
membrane tension measured in swelling cells. For ex-
ample, in 50% hypotonic medium, membrane tether

Table. Cytoskeletal proteins implicated in mechanoprotection

Protein Function Reference

Spectrin Involved in membrane resealing Bauman & Grebe, 1998
Dystrophin Protects membrane from tearing Williams & Bloch, 1999
ABP-280 Promotes actin assembly at sites of force application Glogauer et al., 1997
a-actinin Facilitates cytoprotection against osmotic stress Rivero et al., 1996
Actin gelation factor Facilitates cytoprotection against osmotic stress Rivero et al., 1996
MAP2c Potentially reinforces actin-microtubules linkages Cunningham et al., 1997
Coronin Potentially reinforces actin-microtubules linkages Goode et al., 1999
BPAG1 Potentially reinforces actin-intermediate filaments linkages Yang et al., 1996
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force increased tenfold in Molluscan neurons (Dai et al.,
1998). This discrepancy could be due to the interaction
between the plasma membrane and the cytoskeleton,
both of which work cooperatively to transduce mechani-
cal signals. Notably, ions such as Ca2+ can affect actin
assembly by regulating the activity of actin-binding pro-
teins such as gelsolin (Hartwig & Kwiatkowski, 1991).
Thus, while the cytoskeleton may be able to modify
membrane tension, likewise membrane tension may be a
common regulatory factor in controlling the interactions
between the cytoskeleton and the plasma membrane.

Despite the evidence for cytoskeletal modulation of
ion channel activity described above, certain types of ion
channels are sensitive to pressure or tension changes
transmitted through the lipid bilayer independent of the
cytoskeleton. For example, membrane tension can be
transduced by the ion channel protein alamethicin recon-
stituted into pure lipid membranes without any attached
cytoskeletal proteins (Opsahl & Webb, 1994). The con-
ductance of these channels depends on the applied ten-
sion and the associated increase of membrane area. The

a-subunits of the epithelial Na+ channel (ENaC) also
form mechanosensitive channels when incorporated into
planar lipid bilayers (Awayda et al., 1995). Ion channels
that are sensitive to pressure transmitted through the lipid
bilayer have also been found in a whole-cell system.
In neurons, the N-methyl-D-aspartate (NMDA)-activated
channel responses can be modulated by deformation of
the lipid bilayers produced by the asymmetrical amphi-
philic compounds lysophospholipids and arachidonic ac-
ids that insert into the plasma membrane. Lysophospho-
lipids can reduce the open probability of NMDA-
activated channels similar to that caused by compression,
while arachidonic acid potentiated the open probability
similar to that caused by stretching (Casado & Ascher,
1998). However the results from experiments that em-
ploy amphiphilic compounds should be interpreted with
caution as the mode of action (modulation of lipid pack-
ing density) of these compounds is only an assumption;
their affinity for membrane binding may cause other side
effects such as altered bilayer fluidity and activity of
intracellular organelles.

Fig. 1. Schematic diagram showing plasma
membrane and cytoskeletal components that
are mechanosensitive and potentially contribute
to mechanoprotection. Stretch-activated
enzymes in the plasma membrane such as
phospholipase A2 and phospholipase C may
modulate cytoskeletal remodeling in response
to force application which may be delivered
through extracellular matrix attachment sites at
integrins. Other stretch-activated enzymes such
as pp60src (Sai, Naruse & Sokabe, 1999) or
myosin light chain kinase (Smith, Tokui &
Ikebe, 1995) are located in the cytoplasm and
are not shown. The open probability of
stretch-activated ion channels is increased
while that of stretch-inactivated ion channels is
decreased due to stretching of the plasma
membrane. The plasma membrane is
structurally supported by the membrane
skeleton which is comprised of the spectrin
family of proteins and short actin filaments.
The membrane skeleton is linked to the
subcortical actin and the structure of actin
filaments is regulated by actin-binding proteins
such as ABP-280,a-actinin, talin and vinculin.
The subcortical actin framework is reinforced
at sites of force application by recruitment of
actin and actin-binding proteins such as
ABP-280. The membrane skeleton may also be
linked to intermediate filaments. The three
cytoskeletal polymers are interconnected
through linkers proteins such as
actin-microtubule-binding proteins (e.g.,
MAP2c, coronin) and actin-intermediate-
binding proteins (e.g., BPAG1).
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If the plasma membrane is normally under a basal
level of tension, a break in the membrane caused by
mechanical loading should induce a drop in membrane
tension and possibly trigger repair processes such as
membrane resealing. A decrease in membrane tension
effected by a surfactant (e.g., Pluronic F68 NF) facili-
tates membrane resealing after wounding (Togo et al.,
1999), suggesting membrane surface tension regulates
membrane repair or resealing. Conceivably, exocytosis
of internal membranes and rearrangement of the cyto-
skeleton following membrane wounding restores mem-
brane tension to a normal level.

Cellular Wound Healing and
Force-induced Adaptations

It is evident that mammalian cells possess various
mechanosensitive components to sense physical stimuli,
respond and adapt. Earlier work using cyclic stretching
of endothelial cells for 48 hr showed actual elongation of
the cells and perpendicular alignment to the applied
strain field (Ives, Skin & McIntire, 1986). Similarly,
skeletal muscle cellsin vivo respond to long-term load-
ing by hypertrophy (Booth et al., 1998). An extreme
example of an early cytoprotective response of cells ex-
posed to physical loading is cellular wound healing (Mc-
Neil & Steinhardt, 1997), a process that includes plasma
membrane resealing and cytoskeletal rearrangements.

Plasma membrane disruptions occur in cells exposed
to high amplitude mechanical forces. For example, cells
exposed to high amplitude loading (e.g., cardiac myo-
cytes in hypertension) may exhibit membrane “wound-
ing” which causes increased membrane permeability
(Fischer et al., 1997). To maintain the barrier function of
the plasma membrane, as well as prevention of loss of
cytosol and maintenance of physiological ionic balance,
cells respond to membrane discontinuities by a process
of membrane resealing. Indeed a rapid membrane re-
sealing response is vital for cell survival: living cells
normally reseal within seconds to 1 min (Steinhardt, Bi
& Alderton, 1994). Cells routinely survive electropora-
tion, a process which creates tears in the membrane and
permits large molecules (up to∼66 kDa) to enter cells.
Rapid resealing of the plasma membrane helps to pre-
serve membrane integrity (Glogauer & McCulloch,
1992; Meldrum et al., 1999) and indeed there is a very
large literature that addresses these protective phenom-
ena in electroporated cells. Membrane resealing thus can
be classified as a mechanoprotective response.

The cytoskeleton is instrumental in membrane re-
sealing. After mechanically induced membrane rup-
tures, biophysical data suggest that the spectrin network
plays a role in membrane healing (Bauman & Grebe,
1998). The Ca2+ inflow at plasmalemmal lesions in-
duces various membrane structures to form (including
endocytic vesicles). Many of these membrane-

associated structures interact with each other and the
plasmalemma to repair the damage (Eddleman et al.,
1998). The repair mechanism may involve a Ca2+-
evoked exocytic fusion event in which a replacement
patch is formed at the site of plasma membrane disrup-
tion (Terasaki, Miyake & McNeil, 1997). As endocyto-
sis and exocytosis are actin-dependent processes, it is
likely that the actin cytoskeleton is directly involved in
plasma membrane repair after mechanical damage. This
is not surprising since the actin network has been impli-
cated in the control of compensatory membrane retrieval
following exocytosis in pancreatic acinar cells (Valentijn
et al., 1999). Unexpectedly, Cytochalasin D facilitates
membrane resealing, possibly due to a reduction in mem-
brane tension (Togo et al., 1999). Membrane resealing
also depends on microtubule transport (Steinhardt et al.,
1994) probably because many exocytic processes require
cytoskeletal tracks to direct the movement of exocytic
vesicles (Santella et al., 1999; Rose et al., 1999). Indeed,
evidence from studies of membrane dynamics suggests a
close cooperation between cytoskeletal and membrane
components in membrane resealing. While the cytoskel-
eton is involved in the transport of membrane vesicles,
SNARE proteins that reside on the plasma membrane
regulate the membrane fusion process (Niles & Malik,
1999) to complete membrane resealing.

As biological membranes can only expand elasti-
cally by < 3% before rupture occurs (Nichol & Hutter,
1996), mechanoprotection of the membrane may involve
localized strengthening and remodeling of the subcorti-
cal cytoskeleton. Recruitment of subcortical actin to
sites of membrane deformation has been visualized in
GFP-actin-transfected fibroblasts mechanically stimu-
lated by polylysine-treated needles (Heidemann et al.,
1999). The force-induced actin accumulation is not a
result of increased integrin clustering or increased num-
ber of focal contacts (Glogauer et al., 1997), indicating
that the recruitment of actin observed is a force-specific
response. The increased subcortical actin at the sites of
force application (Glogauer et al., 1998) is correlated
with increases of membrane rigidity (Pourati et al., 1998)
and dampened calcium influx (Glogauer et al., 1997).
These findings relate to the idea that preexisting cyto-
skeletal tension plays a major role in regulating cell de-
formability in adherent cells (Pourati, 1998). Thus in
addition to limiting the deformability of the membrane,
cortical actin may regulate stretch-activated cation per-
meable channel activity and thereby provides a feed-
back-controlled desensitization mechanism for cells ex-
posed to repeated long-term mechanical stimuli
(Glogauer et al., 1997).

In addition to subcortical actin rearrangement during
mechanical loading, more global cytoskeletal responses
to applied forces have been observed in some cell types.
For example after mechanical stretching, fibroblasts re-
spond by rapid (<10 sec) reductions in actin filament
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content followed by large increases in cellular actin fila-
ment content that are contemporaneous with a change in
cell shape. The actin polymerization response to defor-
mation of fibroblast membranes is proportional to the
amount of deformation up to a certain threshold level
above which there is no further change (Pender & Mc-
Culloch, 1991).

Although there are few studies on microtubule rear-
rangement in response to physical stress, the contribution
of microtubules in mechanoprotection may lie in their
control of ion channel activities and involvement in
membrane transport (Hamm-Alvarez & Sheetz, 1998)
which is required for membrane resealing (Steinhardt et
al., 1994). Indeed depolymerization of microtubules
stimulates calcium channel activities in plant cells
(Thion et al., 1998) and changes the activity of voltage-
dependent Na+-channels in oocytes expressing nerve
(PN1) or skeletal muscle (SkM) Na+ channela subunits
(Shcherbatko et al., 1999). Microtubule-based vesicle
transport also plays a role in the directed movement of
ion channels to and from the plasma membrane (Hamm-
Alvarez & Sheetz, 1998).

Although not as extensively studied as actin, in part
because of cell-type-specific variations, intermediate
filaments also reorganize in response to force applica-
tions. For example, chondrocytes in organ culture re-
spond to osmotic swelling by remodeling of the vimentin
cytoskeleton while maintaining the actin cytoskeletal
structure (Durrant et al., 1999). This reorganization of
intermediate filaments probably causes changes of the
plasma membrane since intermediate filaments are found
closely associated with the plasma membrane (Green &
Goldman, 1986).

Conclusions

Cytoprotective responses to a wide range of applied
forces require the coordinated interaction of the plasma

membrane and the cytoskeleton (Fig. 2). The plasma
membrane “protects” the cytoskeleton by maintenance of
intracellular ionic balance and modulates force-induced
cytoskeletal rearrangements by stretch-activated ion
channels and mechanosensitive enzymes. In more ex-
treme situations, the membrane may also maintain the
integrity of the cell by resealing after mechanical rupture.
Conversely, the cytoskeleton protects the plasma mem-
brane by providing structural support, reinforcing the
subcortical framework at sites of force application, regu-
lating membrane tension and desensitizing mechanosen-
sitive ion channels. The cytoskeleton is also essential for
membrane transport to enable the membrane resealing
process. We suggest that the plasma membrane and the
cytoskeleton are in fact partners in the cytoprotective
response to physical forces. However, there are still
many unsolved mysteries.

Tracking Down the Suspects

As the proximal mechanosensors in mammalian cells are
still elusive, there are many missing “downstream”
pieces of evidence in the investigation of mechanopro-
tection. While cytoprotective responses may indeed re-
quire membrane-cytoskeletal interactions, several key
questions remained unanswered: (i) Does membrane ten-
sion modulate eukaryotic mechanosensitive Ca2+ chan-
nel activities? (ii) Does membrane resealing following
mechanical disruption of the plasma membrane depend
on an intact cytoskeletal system? (iii) Are stretch-
activated Ca2+ channels mechanoprotective by regulating
apoptosis? (iv) Are intermediate filaments involved in
modulation of the ion channels? (v) Are actin-
microtubule-binding proteins mechanoprotective? (vi)
Are actin-intermediate filament-binding proteins mecha-
noprotective? To provide some insights into these ques-
tions, we suggest some experimental approaches that

Fig. 2. Partners in protection — schematic diagram showing the functional interaction of plasma membrane and the cytoskeleton in mechanopro-
tection.
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could lead to further understanding of how each partner
contributes to a mutually protective relationship (Fig. 3).
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