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1. ABSTRACT

Mechanical signals are critical to the
development and maintenance of skeletal muscle, but the
mechanisms that convert these shape changes to
biochemical signals is not known. When a deformation is
imposed on a muscle, changes in cellular and molecular
conformations link the mechanical forces with biochemical
signals, and the close integration of mechanical signals
with electrical, metabolic, and hormonal signaling may
disguise the aspect of the response that is specific to the
mechanical forces. The mechanically induced
conformational change may directly activate downstream
signaling and may trigger messenger systems to activate
signaling indirectly. Major effectors of
mechanotransduction include the ubiquitous mitogen
activated protein kinase (MAP) and phosphatidylinositol-3'
kinase (PI-3K), which have well described receptor
dependent cascades, but the chain of events leading from
mechanical stimulation to biochemical cascade is not clear.
This review will discuss the mechanics of biological
deformation, loading of cellular and molecular structures,
and some of the principal signaling mechanisms associated
with mechanotransduction.

2. INTRODUCTION

The detection and response to physical forces is
essential to all cells, but is particularly relevant to those that
play a fundamentally mechanical role. The primordial
nature of the cellular interaction with the physical world
suggests that its control should be highly regulated and
specific, and that the response should integrate many
aspects of cellular physiology. Pathways involved in
detecting and producing forces in muscle overlap those
involved in detecting nutrient availability (1, 2),
intracellular energy status (3, 4), and oxidative status (5, 6).
The signaling pathways modulated by force, insulin and
insulin-like growth factor I (IGF-I)(7), adenosine
monophosphate (AMP) dependent kinase (AMPK) (8),
reactive oxygen species (ROS) (9), and prostaglandins (PG)
(10) seem intractably intertwined.

The adaptations of skeletal muscle to mechanical
signals have been widely described, and the interested
reader is referred to several recent reviews (11-14). The
physiological increase in force generating capacity
associated with activity, and the increase in flexibility
associated with stretch, were recognized in antiquity, but
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the mechanisms by which those changes manifest are still
unclear. The present intention is to consider the shape
changes and forces associated with mechanical signals and
juxtapose them with observed changes in biochemical
signaling to determine what might contribute to the cellular
perception of mechanical signals.

Careful consideration of the mechanical
environment is the first step to sort out that labyrinth of
signaling. When one considers mechanisms by which the
mechanical environment can be sensed, it is common to
think of "force" and "deformation" separately. Sometimes
this distinction is legitimate, but sometimes it may mask an
underlying physical relationship. An elastic steel spring
has a fixed relationship between force and deformation: to
obtain any desired deformation, the force is exactly
specified, and to obtain any desired force, the
deformation is exactly specified. In contrast, the shape
of viscoelastic polymers, such as Gortex or Silly Putty,
depends on both the applied force and for how long that
force is applied. Biological tissues can exhibit both
kinds of behaviors.

This separation between "force" and
"deformation" is reinforced in skeletal muscle because
of the special property of an active contractile matrix.
The active state means a muscle fiber may have the
same shape while being subject to a range of external
forces. As with man-made mechanical systems, some of
the molecules and structures within the cell will have a
conformation defined by the shape of the cell, while the
conformation of other molecules will be influenced by
the loading state, even if the whole cell is forced to
retain the same shape. The level of active force
generation in a muscle fiber depends on intracellular
calcium (15), but the contrac tile matrix is anchored to
the extracellular matrix through a network of extensible
intermediate filaments, adhesion molecules, and
accessory proteins (14, 16). During force generation,
shortening of the contractile matrix may occur at the
expense of lengthening of elements of the anchoring
network.

Increased force is not the only feature of the
active state. Generation of active tension requires a
tremendous expenditure of chemical energy and
consequently alters the concentrations of potent regulators
of cell function, including adenosine mono- and tri-
phosphate (AMP, ATP), ROS, and tricarboxylic acid
(TCA) cycle intermediaries (17). Force generation is
regulated by calcium and can increase the intracellular
concentration of this ubiquitous regulator by 100 fold. The
complex relationships among muscle shape, force,
metabolic status, and calcium status make it very difficult
to abstract mechanotransduction from the larger context of
the cell. It is important to recognize exactly what aspects
of "force" are really involved in any particular observation.
This review will examine the pathways of force
transmission, the consequent cellular and molecular
deformations, and attendant signaling mechanisms. Points
of interaction with other major signaling mechanisms will
be highlighted.

3. APPLICATION OF DEFORMATION

3.1. Mechanical Concepts
To most clearly describe the mechanics of

cellular deformation, this review will use the rigorous
definitions for mechanical concepts. This terminology
carries specific meanings that may differ slightly from
conversational use, and it is worthwhile to express the
specific meanings intended. A force is a load applied to a
structure and has units of Newtons (N). A stress is a force
normalized to the area over which it acts and has units of
Newtons per square meter, or Pascals (Pa). This means that
both a force and a surface are required to define a stress,
which has the important consequence that the force (or its
components) can be either perpendicular to the surface or
in the plane of the surface. The component of force
perpendicular to the surface on which it acts generates a
tensile or compressive stress, depending on direction, while
components of force within the plane of the surface
generate shear stresses.

The distinction between shear and tensile stress is
important. Tensile loading and tensile strength are
straightforward, familiar concepts. Ropes are loaded in
tension and derive their strength from the tensile strength of
the constituent fibers. That rope derives its flexibility from
the ability of those stiff fibers to slide relative to each other.
The arrangement of rope fibers results in a structure that is
strong in tension because of the strength of individual
fibers, but weak in shear because of the lack of connection
between adjacent fibers. The connective tissue and
adhesions that anchor a cell are relatively strong in shear,
but relatively weak in tension, making myofibers easier to
separate by peeling than by sliding (18, 19).

Deformation is a gross change in shape of an
object and has units of meters (m), or more commonly in
cellular systems, some very small fraction thereof. Strain is
a deformation normalized to the starting dimension of the
object and technically has no units, although it is common
to express it in "microstrains" (10-3 m/m) or "percent" (10- 2

m/m). The most familiar strain results from a tensile stress
and appears as a change in length of the object. Strain
resulting from shear stress causes a twisting deformation
that is generally described as a change in angle, meaning
that a square in the resting condition becomes a
parallelogram under shear stress. Shear strains are
associated with a change in shape without any change in
volume. Many materials, including muscle, deform with
constant volume. If muscle is subjected to tension in one
direction, it develops internal stresses that cause
constriction in the perpendicular plane. Conversely,
compressive stresses in the transverse plane will develop
internal stresses that cause lengthening.

Tissues only deform in response to some force,
either internally or externally applied, and it is important to
consider exactly what forces act on a muscle or muscle cell
and the pathway by which those forces act on the cell.
Both the deformation and the route of force application
may differ dramatically between intact muscles and
isolated or cultured fibers.
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Figure 1. Exaggerated deformations of muscle (A), uniaxial tension (B), and biaxial tension (C), at the macroscopic level (upper
row) and cellular level (lower row). The stress free state is illustrated by the dashed lines, and the deformed state by
corresponding solid lines. Stretch of a fusiform muscle (A) causes elongation and internal stresses result in transverse
constriction, the whole associated with a shape dependent distribution in shear strains. These strains occur in three dimensions,
and do not require application of an outside compression. Uniaxial tension applied to an elastic membrane rigidly fixed at its
ends (B) also causes elongation along that axis, constriction in the transverse direction and shear within the plane. The extent of
transverse constriction is defined by the properties of the substrate and may impose additional outside strains on the adherent
cells. The exact deformation depends on the orientation of the cell to the stretch axis, and the illustrated case is for a fiber
perfectly aligned with the axis of stretch. Equibiaxial tension expands the cell equally in both planar dimensions, without shear
(C). The cellular deformation is independent of orientation.

3.2. Models of mechanical stimulation
The methods that can be used to deform or apply

force to muscle cells are nearly limitless, but this review
will concentrate on three of the most common themes. The
most important method of deformation is that which occurs
in vivo, in the intact system, which will be referred to as "in
vivo." The in vitro model that is likely to most closely
mimic this deformation is an isolated muscle preparation,
which will be referred to as "isolated muscle." Culture
systems of immature myotubes derived from muscle
precursor cells and maintained on an elastic substrate are
common models and will be referred to as "culture
models." Also of note, but not to be considered in the
present work, are single fibers isolated either by enzymatic
dissociation or microdissection, which lack the
homogenizing influence of neighboring cells or substrate,
and three-dimensional cultures derived from muscle
precursor cells embedded in an extensive man-made
matrix, and the properties of the matrix may dominate the
mechanical response.

The in vivo system is quite complex. Any
particular muscle is subject to loads imposed through its
tendons, through distributed attachments to bone, through
pressures imposed by contact with bone, fascial structures,
and other muscle, and through connective tissue adhesions
to adjacent tissues, recently referred to as myofascial force
transmission (20, 21). The details of deformation under
these conditions will vary widely among muscles, will
depend on the condition, i.e. activation, of nearby muscles,
and is essentially intractable. Limited direct measurement
of muscle deformation during force generation, generally
limited to two dimensional analysis, demonstrates this

complexity (22, 23). To generalize grossly, a muscle in
vivo will be subject to substantial transverse and bending
loads not present in isolation, in addition to the loads and
deformations of a muscle in isolation, all of which may be
amplified or attenuated by shear stresses from association
with adjacent tissues.

While individual fibers generally shorten during
force generation, they may also twist and rotate (24, 25).
The deformations within the whole muscle have been
extremely difficult to quantify directly, although
experimental observations are beginning to appear (23, 24).
Several authors have presented continuum or finite element
models of muscle during force generation (26-29). Each of
these models confirms that the distribution of deformation
within a muscle is not uniform and that shear strains, both
parallel and perpendicular to the fiber axis, contribute to the
overall deformation (Figure 1).

The loading mode that comes to mind most
rapidly in muscle is the loading induced by active force
generation. Force generated by the action of actin and
myosin is aggregated by the rigid attachments at the Z-
disks, and the Z-disks are tied into the cytoskeleton both
along and perpendicular to the fiber axis (30, 31). While
there are clear morphological specializations at the
myotendinous junction that suggest it plays an important
role in transmitting that force to the extracellular matrix
(ECM) and tendon (32, 33), it is also clear that transmission
of force by shear, often referred to as "lateral force
transmission," contributes to whole muscle force
transmission (19, 34). The presence of elastic tissue,
whether tendon, aponeurosis, or perimysium, in series with
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the contractile tissue means that active force generation will
result in myofiber shortening during fixed endpoint
activations (35, 36), and potentially during lengthening
activations (37, 38). This means that nominally isometric
activations are associated with negative, or compressive,
strain relative to the passive condition and highlights the
care required in deciphering force and stretch in muscle. It
is quite possible for "stretch" during a high-force
generation to be associated with a decrease in length, while
to produce similar force levels in a passive muscle requires
an extreme stretch, often beyond the physiological range.

Compressive loads may participate in the
deformation, particularly of relaxed muscle. While titin is
widely recognized as a major contributor to the stiffness of
isolated fibers, its contribution to whole muscle stiffness is
less clear (39). The mechanical properties of intramuscular
connective tissue are particularly difficult to determine,
making the distribution of passive tension between passive
myofibers and matrix nearly impossible to estimate (40-
42). The structure of that passive matrix is a woven
network of stiff collagen fibrils, and the mechanical
behavior of relaxed muscle is consistent with reorientation
of that matrix around isovolumic myofibers (42, 43),
suggesting that the transfer of load to passive muscle fibers
may be analogous to a Chinese Finger Trap. This
mechanism is the foundation of the McKibben "artificial
muscle" that uses a fabric mesh to convert pressure in an
inflatable bladder to tension (44, 45), and Galen proposed it
as the mechanism of muscle action nearly 2000 years ago.
The relevance of this mechanism to the present topic is that
it suggests that fibers may undergo lengthening
deformation resulting from transverse compressive forces,
rather than tension or shear on molecular adhesions. It is
also worth noting that this is an illustration of "tensegrity,"
the idea that local changes in the shape of a structure
depend on the global integration of that structure (46, 47).

The principal feature that distinguishes whole
muscle from cultured myotubes is the integration with a
three dimensional (3-D) extracellular matrix and extensive
connections among adjacent fibers. This mechanical
integration has the effect of homogenizing deformations,
meaning that gradients in shape changes will be smaller
than they might be in an isolated fiber. A whole muscle is
much more like a fiber-reinforced composite than it is like a
bundle of spaghetti (19, 42). The mechanical properties of the
whole muscle will be influenced by the volume fractions and
properties of ECM, passive fibers and active fibers. Along the
axis of fibers, a materials science analysis suggests that the
tension borne by each group will be in proportion to its
stiffness and volume fraction (48), which means that very little
tension will be transmitted to the passive fibers within a partly
activated muscle. It is even possible, due to the intramuscular
pressure generated by the active fibers (28), that the principal
load borne by the passive fibers is a transverse compression,
rather than an axial tension.

The culture loading models differ from in vivo
and isolated muscle loading in both biological and
geometric aspects. Cell adhesions are dynamic, and
remodeling of those adhesions may contribute to rapid

relaxation of cells subjected to static stretch in culture (49).
While this remodeling is not unique to culture models, the
freedom of the fiber to move relative to its attachments is.
Further, force is transmitted from a muscle fiber to the
surrounding tissue across its entire surface, where force is
transmitted to a cultured cell only along the basal surface
through its attachment to the substrate, which may cause a
steep gradient in shear stress not present in whole muscle.
An adherent cell will rapidly contract if those adhesions are
disturbed, suggesting that the substrate sustains a high
tension on even nominally resting cultures, an observation
that supports the tensegrity model of cellular structure (47).
Cultures maintained for any length of time will synthesize
and assemble their own ECM (50), but the structure of this
matrix and its role in stabilizing the cell during deformation
is not clear. In fact, the 3 dimensional deformation to
which a cell is subjected during deformation of its substrate
is not clear.

Various cell culture systems are attractive models
in which to study mechanotransduction, and the route by
which force and deformation are transmitted to adherent
cells is relatively clear. Cells growing on the surface of an
elastic membrane adhere to that membrane via adhesion
molecules (dystroglycan, integrins, etc.) that link the
cytoskeleton to ECM molecules adhered to the membrane.
Deformation of the membrane moves the ECM molecules,
which imposes a shear force on the adhesion molecules,
and tension in the cytoskeleton, to deform the cell. This is
an attractive model, because it mimics one's expectation of
the force transmission pathways followed during force
generation in a whole muscle.

The substrate to which cultured cells adhere is
dramatically more stiff than the cells themselves. This
stiffness mismatch means that the deformation is
determined by the substrate, rather than the cells, and
culture based loading systems, including uniaxial systems,
constrain both dimensions of the adherent surface, which
may move dramatically differently than an in vivo or
isolated muscle deformation. In culture, the basal surface
undergoes very much the same deformation as the elastic
substrate (Figure 1), but the media facing surface, which
experiences no shear stress, may be different. For the cell
to remain isovolumic during stretch, it must contract along
its only free dimension. This is a sharp contrast to stretch
in vivo, in which the surrounding cells poorly resist
transverse constriction, resulting in deformation that is
specified in one dimension, but relatively free in the
orthogonal plane. Cells subjected to stretch in a 2
dimensional culture system can be expected to be subject to
unusual transverse strains.

Common loading paradigms in culture can be
divided into uniaxial and biaxial, including the special case
of equibiaxial, tension based on major applied deformation.
Uniaxial systems apply stretch along nominally one axis,
generally by pulling on the ends of a sheet of silicone
rubber. If the edges of the substrate are not constrained, the
internal stresses developed in the substrate cause transverse
constriction and may induce a shear strain as well (51). If
the material properties of the substrate do not match those
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of the adherent cells, the transverse constriction of the
membrane will impose a transverse stress on the cell in
addition to the nominal uniaxial stress. Myotubes are
transversely isotropic, meaning that they are different along
their long axis than across their diameter, and one might
expect a different cellular response to strain along rather
than across that axis (52). Biaxial systems apply large
deformations in two dimensions, often by applying pressure
to a silicone membrane fixed like a drumhead. The
deformation in this case can be quite complex (53) and may
vary over the culture surface. In the special case where
pressure is applied by a large, flat indenter, deformations
are equal in both the radial and tangential direction and the
pattern is referred to as equibiaxial (54). Equibiaxial
deformations have the special feature of being without
orientation in the plane, so that a myotube adhered with any
direction is subject to the same shape change.

4. CELLULAR DEFORMATION

A cellular or molecular deformation is the critical
event comprising mechanotransduction. In order to signal
a mechanical perturbation, there must be something that
undergoes a change associated with the perturbation. This
sounds like a trivial observation, but it provides a framework
from which to consider potential sensors. The most obvious
mechanical changes in skeletal muscle are associated with
adhesive complexes and the contractile apparatus, but the
sarcolemma and cytoskeleton deform as well, and specific
molecules are likely to be subject to load-induced stretch.

The molecular pathways by which force is
transmitted from the ECM to the cytoskeleton and
contractile apparatus have been reviewed at length
elsewhere (16, 19). Force transmission is typically
considered to occur primarily through specialized
structures, the costameres or focal adhesions, that are rich
in both adhesion and signaling molecules (55, 56). The
principal adhesion molecules in skeletal muscle are
dystroglycan and integrin, both of which are laminin
receptors (57, 58). Binding of dystroglycan or integrin to
their ECM targets simultaneously nucleates the
condensation of the focal adhesion plaque and the
polymerization of the ECM network (57, 59). The
adhesion plaques connect to the contractile matrix through
a network of intermediate filaments (16), although the
contractile matrix generally develops poorly in culture
models. An extensive network of biochemical signaling,
including mitogen activated protein kinases (MAPKs) and
phosphatidylinositol 3' kinase (PI-3K), is associated with
integrin ligation (46, 60), and this signaling is modulated
by deformation and applied load (61, 62).

The contractile apparatus is the most prominent
structure in a muscle fiber, and may be a good marker for
the deformation of the cell body. The interdigitating arrays
of thick and thin filaments are rigidly immobilized by the
M- and Z-disks, respectively, and the thick filaments are
tethered by titin to the Z-disk. As the fiber lengthens, the
filaments slide relative to each other. Titin binds both thick
filaments and the Z-disk and is loaded and elongated as the
sarcomere is extended (41, 63). There is some evidence to

suggest that members of the ankyrin repeat protein (ARP)
family can be displaced by stretch from titin to the nucleus
(64), where they form complexes with transcription factors
YB-1 and p53 (64, 65).

If any crossbridges are attached, the ease with
which the A- and I- band slide will be reduced. Tension
will develop in the myofilaments, the M- and Z-disks, and
the molecules that anchor those structures to the
extracellular matrix, while other structures, including titin,
may be shielded from deformation. Both the thick and
thin filaments are modestly extensible (66, 67), and the
complex structures of the M- and Z-disks contain a
number of biologically active molecules (68, 69), whose
activity or localization may be modulated by mechanical
signals (70, 71). The sarcomere matrix is anchored to
the extracellular matrix via adhesions containing both
integrins and dystroglycans (72, 73), and mechanical
loading may trigger activation of signaling associated
with those complexes.

Mechanics tells us that a bending deformation
must be accompanied by bending moment, and that a
shear force must accompany a non -uniform bending
moment. In a muscle fiber, this means that myofibrils
on the convex side of the fiber will be under slightly
more tension than those on the concave side. It means
that there will be a shear force perpendicular to the fiber
axis. Both of these loads tend to separate adjacent
myofibrils , yet the Z-disks of adjacent myofibrils
maintain a consistent registry over a wide range of
sarcomere lengths (74, 75). The intermediate filament
desmin, which links adjacent Z-disks (76), is necessary
for maintaining sarcomere registry during force
generation (74), which suggests that desmin is subject to
loading and elongation during cellular deformation, but
it is not required for stretch induced growth (77).

Deformation of the sarcolemma appears to be
highly localized, offering the possibility that even small
deformations of a whole cell might induce dramatic but
highly localized shape changes in the sarcolemma and
cytoskeleton (75). Proteins within the sarcolemma, most
notably stretch activated cation channels, can be deformed
by membrane tension, allowing transsarcolemma currents
and selective ion influx. Stretch and force generation are
also associated with transient increases in sarcolemmal
permeability (78, 79) consistent with physical disruption of
the cell sarcolemma (80, 81). The sarcolemma itself is a
tortuous structure, covered with deep folds and
invaginations (56, 75, 82). These structures become less
apparent, in a discrete, quantal fashion, at longer sarcomere
lengths (75, 83), and are associated with a delicate coating
of caveolin (84) that may be a mechanism for converting
mechanical deformation to kinase activation (85, 86). It
has also been argued that cellular deformations can be
accomplished without any change in cell surface area (43),
which is parsimonious with the relative inextensibility of
the lipid bilayer. This is not to suggest that the lipid bilayer
is not deformable, but that the bilayer itself will support
only a small amount of area dilation (87), relative to the
extensibility of fibrous proteins.
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Figure 2. Canonical signaling through the PI-3K cascade.
PDK1 and ILK cooperate to activate Akt, which activates
mTOR and inactivates GSK3, leading to increase rates of
protein translation and increased expression of growth
promoting genes. Arrowheads represent excitatory
relationships; blockheads represent inhibitory relationships.
The identity of the triggering receptor tyrosine kinase is not
specified, because multiple receptors converge on this
effector cascade.

5. SIGNALING CASCADES

These considerations reveal that there are many
ways by which deformation of a myofiber might be
converted to a biochemical signal. Far removed from that
initial trigger, mechanical signaling has been associated
with growth of the muscle, increased protein synthesis,
activation of satellite cells, and release of growth factors
(12, 13). The process overlaps with metabolic signaling,
action potential signaling, and oxidative signaling, each of
which can be modulated as part of the mechanical
experience of the cell. Several major signaling cascades
are involved in the prolonged response to mechanical
signals, including PI-3K, various MAPKs, calcium, via
calmodulin (CaM) and calcineurin (Cn), glycogen synthase
kinase (GSK) and AMP activated kinase (AMPK) (4, 8, 88-
90). These cascades can be considered downstream
effectors of the mechanotransduction event and review of
them may reveal the threads of interaction.

5.1. PI-3K
A synthesis from the literature suggests that PI-

3K plays a central role in the control of cell growth (Figure.
2). Canonical PI-3K is a dimeric inositol kinase, composed
of an 85kD regulatory subunit (p85) and a 110kD catalytic
subunit (p110), and acts by multiple routes to increase
protein synthesis rates. The p85 subunit is recruited to
activated receptor tyrosine kinases (RTKs) by an src
homology (SH2) domain, and this binding increases the
kinase activity of the p110 subunit (91). Active PI-3K
phosphorylates the 3' carbon of the inositol group of
inositol phospholipids and, being most active towards PI-
4,5-P2, increases the sarcolemma density of PI-3,4,5P3.
PIP3 recruits secondary kinases to the sarcolemma via their
pleckstrin homology (PH) domains, notably the
serine/threonine kinases, phosphoinositide-dependant

kinase 1 (PDK1), integrin linked kinase (ILK), and protein
kinase B (PKB; or Akt).

PDK1 phosphorylates members of the AGC
family kinases, including PKB, the cyclic-AMP, and -GMP
dependent kinases (PKA and PKG), and protein kinase C
(PKC), but it is important to remember that its effect is
spatially restricted by association with the sarcolemma.
One of the key targets of PDK1 is the 70kD ribosomal S6
subunit kinase (p70S6K), which is phosphorylated on
Thr229 by PDK1 (92). In turn, p70S6K phosphorylation of
S6 ribosomal subunit increases the translational efficiency
of mRNAs containing a 5' tract of oligopyrimidines (5'-
TOP), which class includes much of the translational
apparatus (93).

PKB activity depends on phosphorylation of
Thr308 by PDK1 (94) and Ser473 by integrin linked kinase
(ILK) (95), and canonically phosphorylates the mammalian
target of rapamycin (mTOR) and glycogen synthase kinase
(GSK3). The mTOR has been described as a nexus of
translational control (96, 97), having been implicated in
phosphorylation of the eIF4E binding protein (4E-BP or
PHAS-1), p70S6K (98), and the eEF2 kinase (99). In vivo,
elements of the PI-3K cascade are activated by insulin and
IGF-1, by exercise, and by force generation and are
modulated by nutrient and oxidative status (4, 96, 100-
102). In isolated muscle, mechanical stretch may lead to
phosphorylation of PI-3K effectors, without
phosphorylation of either PKB or mTOR (103). The
observation that mTOR may be phosphorylated by p70S6K
reminds us that this cascade is not a strict linear chain
(104). There is good reason to believe that mTOR and its
immediate effectors are key modulators of cellular growth
(96, 100, 101), but the mechanism by which mechanical
loads activate the cascade is not clear. Some authors have
demonstrated that stretch is associated with upregulation of
IGF-1, a potent stimulator of PI-3K, and that conditioned
media can mimic the effects of stretch (7, 105, 106),
suggesting that stretch-induced activation of PI-3K may be
a secondary effect of growth factor release. Others have
demonstrated that conditioned media is inadequate or that
p70S6K activation is independent of PI-3K (88, 107).
Some of this discrepancy is likely to derive from culture
conditions, as it is not at all clear that the amount of IGF-1
or other diffusible factors released from cells during stretch
is adequate to raise the concentration in conditioned media
to biologically active levels. Some of this discrepancy may
result from stretch conditions, as the results from uniaxial
and biaxial stretch are often different (52, 107).

In addition to the stimulation of growth promoting
processes, active PKB inhibits degenerative and apoptotic
processes. Downstream effectors of PKB include the
forkhead (FOXO) family of transcription factors (108),
which are inactivated by PKB, reducing the expression of
muscle specific ubiquitin ligases muscle Ring-finger
protein (MuRF) and muscle atrogen-like F-box protein
(Mafbx) (109). Phosphorylation of PKB also leads to
phosphorylation of BAD and suppression of apoptosis in
endothelial cells (110).
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One of the emerging interactions between the
canonical, receptor activated PI-3K cascade and
mechanical forces involves the integrin linked kinase (ILK)
and the phosphatase and tensin homologue found on
chromosome 10 (PTEN, also known as MMAC1). ILK
binds the beta-1 tails of ligand-bound integrins and PIP3,
making it an attractive integrator of mechanical and
hormonal signaling (111). PTEN, and the related SH2-
containing inositol 5' phosphatase (SHIP), dephosphorylate
PIP3, antagonizing PI-3K (112, 113), but also
dephosphorylate FAK (114, 115). PTEN has been widely
studied in the cancer field, where inactivating mutations are
recognized as a trigger for cell transformation and
unrestricted growth (112), and recent muscle specific
downregulation of PTEN modulates insulin stimulated
PKB phosphorylation in a fiber-type specific fashion (116).
In the absence of PTEN, ILK activation is sufficient for
Akt activation (117), suggesting that PI-3K and integrins
cooperate in control of this cascade. Similarly,
overexpression of PTEN inhibits ILK activity and promotes
the disassembly of focal adhesions (115, 118). PTEN has
also been implicated as a negative regulator of
mechanically induced mitogen activated protein (MAP)
kinases (119, 120). Although regulation of PTEN activity
is primarily at the transcriptional level (121), it appears to
be inhibited by reversible oxidative modification (122),
providing a mechanism to connect oxidative stress with
mechanical signaling.

5.2. MAP Kinases
The MAP kinases are a diverse family

canonically represented by the extracellular signal
regulated kinases (ERK), c-jun N-Terminal kinases (JNK),
and p38 MAPK, and characterized by a triplex cascade of
MAP kinase kinase kinase (MEKK), MAP kinase kinase
(MAPKK or MEK) and MAP kinase (123).

Receptor mediated activation of ERKs is initiated
by recruitment of Shc, growth factor receptor bound protein
2 (Grb2), and son of sevenless (Sos) to phosphorylated
tyrosine residues (124). This complex promotes nucleotide
exchange on ras, and sequential phosphorylation of raf
(MEKK), MEK, and ERK (125). Raf activation can also
be accomplished by a multitude of mechanisms, including
protein kinase C and phospholipase A2 (PLA2).
Canonically, active ERK translocates to the nucleus and
phosphorylates transcription factors, including c-Myc, c-
Jun, c-Fos, and Elk-1, but can also phosphorylate
biologically active cytoplasmic targets, including PLA2,
p90S6K, and MAP kinase activated protein kinases
(MAPKAP) (126). Following integrin ligation, shc can
also be recruited to phosphorylated focal adhesion kinase
(FAK), and PTEN blocks the cascade upstream of MEK
(120). ERK is rapidly phosphorylated and activated
following mechanical events (89, 127), but it also responds
to oxidative stress (128), and to calcium via PKC. ERK,
particularly p42/p44, have the potential to integrate
mechanical, metabolic, and activity signals.

The canonical JNK cascade couples a receptor to
MEKK activation by an adaptor complex composed of
either ASK and TRAF or Mck and Rho. The mixed lineage

kinases (MLK), ASK, and others then phosphorylate
MKK7 or MKK4, which phosphorylate JNK (129).
Substrates for JNK include AP-1 elements, JunD, and p53
(129), so there is a great deal of functional overlap between
the JNK and ERK families. JNK is canonically activated
by inflammatory cytokines and stress and is often
associated with negative or degenerative cellular processes,
including apoptosis (129). Integrin and PTEN signaling do
not appear to influence JNK activation directly (120),
although both JNK and ERK are strongly activated by
stretch and force generation in muscle (52, 89, 130).

The p38 MAP kinase family is more closely
related to JNK than ERK, and the four p38 isoforms are
phosphorylated by MEK3 or MEK6 in response to similar
stimuli, including cytokines and environmental stressors
(123). Substrates for p38 again include many AP-1
elements and MAPKAPK, but also the small heat shock
proteins (131). There is some debate whether p38 isoforms
are phosphorylated by mechanical signals (89, 103, 127,
130), but they do appear to participate in the control of
cytoskeletal structure (131) and to be modulated by integrin
dependent signaling (119).

5.3. Phospholipases
Phospholipid signaling plays an important role in

mechanical signaling (10, 132). Phospholipases (PL)
cleave the polar head group from a membrane
phospholipid, leaving a soluble second product and a
modified lipid residue. The soluble product may be an
active second messenger, and the lipid residue may anchor
another enzyme to the membrane and increase its activity.
They are classified as PLA, PLC, or PLD based on the site
of cleavage.

There are three forms of PLA: the calcium
independent iPLA, the secreted sPLA, and the calcium
dependent, cytosolic cPLA. The A designation indicates
that they cleave a fatty acid from the glycerol backbone.
Most of them are specific for the fatty acid at the sn-2
position and are designated PLA2 (133). The cPLA2
family is particularly important in mechanical signaling
because of their association with prostanoids (Figure 3).
These enzymes highly favor phospholipids with
arachidonic acid (AA) in the sn-2 position, and are a rate
limiting step in the synthesis of eicosanoids including
prostaglandin (PG) F2a, PGE2, PGI2, and thromboxane.
Mechanical stimulation rapidly increases the activity of
cPLA2, leading to synthesis and release of PGE2 and
PGF2a (132, 134). PLA2 is recruited to the membrane and
activated by calcium, and mechanical activation requires
extracellular calcium, but not active depolarization. PGF2a
synthesis can be inhibited by pertussis toxin (135),
indicating a second level of control. The residual
lysophosphatidylcholine has been implicated in exocytosis
(136, 137), suggesting a mechanism by which stretch could
trigger release of growth factors.

PGE2 is a potent inhibitor of protein synthesis,
acting through the EP receptors. In normal skeletal muscle,
the major receptor is EP3 (138), which is coupled to Gi and
inhibition of adenylate cyclase. PGF2a binds most strongly
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Figure 3. Signaling through the PLA2 cascade.
Mechanical or electrical stimulation increases intracellular
calcium, which activates cPLA2. PLA2 generates AA and
lysophosphatidylcholine (LPC), which may trigger release
of growth factors. AA is metabolized to PGE2 and PGF2a,
which acts through FP receptors to increase PI-3K, MAPK,
and PLC activities, leading to growth.

to the FP receptor, triggering Gq and activating PLC (139).
PGF2a treatment also leads to increased activity of PI-3K,
ERK, and JNK, although the mechanism is less clear.
PGF2a accumulates in muscle during stretch (10), is a
potent stimulator of growth and differentiation (140, 141),
and inhibitors of prostaglandin synthesis appear to block
stretch induced growth in vitro (10, 134), but not
necessarily in vivo (142).

The phospholipase C family are specific for
phosphatidylinositols, and cleave the sugar headgroup from
the glycerol backbone, leaving a diacylglycerol (DAG) and
a soluble inositol triphosphate (IP3) (143). IP3 canonically
binds IP3 receptors in the sarco/endoplasmic reticulum,
triggering localized release of calcium. The DAG, with
calcium, recruit C2-domain containing proteins to the
membrane, most notably the conventional protein kinases C
(cPKC). PKC, in turn phosphorylates p53 (cell cycle
arrest), raf (ERK), and phospholipase D, among others
(144). Cyclic stretch activates PLC in multiple cell types
(132, 145), apparently through a receptor mediated
mechanism (145), and this could be a mechanism to
amplify an influx of calcium from the extracellular space.

Most phospholipase D nonspecifically cleave
phospholipids, leaving the phosphate group attached to the
glycerol backbone to generate a phosphatidic acid and
generally a free choline (146). PLD activity is increased
after stretch, potentially activated by PKC, but also
potentially by gangliosides or RhoA (146). In myotubes,
stretch induced PLD activity is blocked by the G-protein
inhibitor pertussis toxin (135), again suggesting that this is
a relatively dependent aspect of the mechanical cascade.
The phosphatidic acid can be subsequently processed to
DAG or lysophosphatidic acid, which may extend the
activation of PLA2 and PLC initiated processes (147).

5.4. Calcium
Calcium uniformly recognized as required for

mechanical signaling (14, 148), which is not surprising,
given the ubiquitous nature of calcium binding domains.
Calcium is introduced to the mechanical response through
at least three major mechanisms. The most obvious
mechanism is the large calcium transient that accompanies
an action potential and active force generation. Calcium
concentrations during tetanic stimulation can rise as high as
5 uM (15). Mechanical deformation of the cell may allow
calcium influx through either stretch activated channels
(149) or direct sarcolemma damage (150). PLC generated
IP3 may trigger localized release of intracellular calcium.
Although there are myriad calcium effectors, attention has
become focused on calcineurin (Cn), calmodulin dependent
kinases (CaMK), and the calpains (Cp).

Calcineurin is a calcium and calmodulin
dependent phosphatase, also known as protein phosphatase
2B. Half maximal activation requires 1 uM Ca2+, with
nanomolar calmodulin increasing both the calcium
sensitivity and phosphatase activity (151). Cn
dephosphorylates a number of targets, including
phosphorylase kinase, protein phosphatase inhibitor-1 and
the regulatory myosin light chain, although recent interest
has focused on the NFAT family of transcription factors
(152). Cn may also dephosphorylate MEF2 family
members (153, 154), and transcription of muscle specific
genes is certainly regulated by NFAT, MEF2, myogenic
regulatory factors (MRFs) and interactions among these
factors (153, 155-157). NFAT/MEF2 dependent
transcription has been difficult to decipher.
Dephosphorylation of NFAT by Cn is required for nuclear
translocation (158), but NFAT does not need to bind DNA
to modulate transcription (159). Cn dependent
dephosphorylation of MEF2 appears to increase the rate of
MEF2 dependent transcription (154), as does
p38/PKC/CaMK dependent phosphorylation (158). It
appears that an intricate, residue specific pattern of MEF2
phosphorylation (160) modulates its interaction with class
II histone deacetylases (HDAC) (161) and NFAT (162),
and its transcriptional activity. Calcineurin certainly plays
an important role in muscle development, hypertrophy, and
mechanical signaling (155, 156, 163, 164), although the
nature of that role is clouded by the complexity of its
effectors (165, 166).

The calmodulin dependent kinases (CaMK),
particularly CaMKII, appear to antagonize Cn signaling
(167, 168). Calmodulin, like calcineurin, binds Ca2+ with
a Kd ~ 1uM (169), but Ca2+-CaM has a much higher
affinity for CaMK than for Cn (170). CaMKII is notable
for its ability to autophosphorylate and decouple from
calcium, such that the combination of Cn and CaMKII can
act as a sensor of integrated intracellular calcium (171).
Electrical stimulation mimicking stereotypical fast and
slow motor unit patterns has been used to modulate NFAT
and HDAC4 nuclear transport on a time scale of tens of
minutes to hours (172, 173). Thus, MEF2 dependent
transcription appears to be sensitive to activity level
through Cn/CaMK and to purely mechanical stimuli
through adhesion/p38.
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The calpains (Cp) are calcium dependent
proteases, divided in to the mu- and m-calpains based on
their calcium sensitivity (174, 175). Mu-Cp are generally
activated by Ca2+ on the order of 10 uM, while M-Cp is
activated by millimolar calcium. Both of these are
distinctly higher than Ca2+ levels expected during normal
activity, suggesting that they are activated by either highly
localized signaling processes or by pathological events.
Calpains specifically degrade structural proteins, including
titin, filamin, and desmin, as an initial step towards
disassembling the sarcomeric matrix (176). Calpains 1
(mu) and 2 (m) participate in atrophic degeneration of
muscle (177, 178), while calpains 2 and 3 appear to play a
necessary role in myoblast fusion and differentiation (179,
180).

5.5. Other signals
The cascades mentioned above are by no means

an exhaustive catalog of mechanisms associated with
mechanically stimulated growth and development. They
share the common feature of being primarily post-
translational mechanisms, which can be immediately
altered by stimuli as transient as a muscle twitch, making
them particularly relevant to consideration of the
perception of mechanical signals. The longer term
response is also associated with upregulation and release of
growth factors, including IGF-1 isoforms (7, 181), and with
activation of satellite cells (9, 182). These processes are
critical to the development or growth of the tissue, but do
not seem to be among the direct sensors of mechanical
stimuli. Likewise, the growth-promoting pathways
described above are opposed by degradative mechanisms,
the ubiquitin-proteasome pathway being of particular note
(183, 184), but the participation of those mechanisms in the
response to mechanical stimulation is not clear, and may be
subordinate to PI-3K (109).

6. PERSPECTIVE

Clearly, a wide range of factors and cascades
participate in mechanical signaling, and the challenge is to
arrange them reasonably. We will try to do this in the
context of focusing on consequences of cellular
deformation specifically and try to separate consequences
of depolarization and active force generation, although the
latter are certainly powerful modulators of deformation
induced signaling.

Several investigators have shown that inhibition
of particular cascades is capable of disrupting the normal
response to deformation. The increase in protein synthesis
can be blocked by inhibition of pertussis toxin sensitive G-
protein coupled receptors (135), prostaglandin synthesis
(134), nitric oxide synthase (NOS) (185), Rho GTPases
(186, 187), basic fibroblast growth factor (bFGF) release
(79), and stretch activated cation channels (102). Secretion
of diffusible factors is clearly important for long-term
growth, but it is likely to be a secondary effect of
deformation, although a direct mechanical mechanism has
been proposed for bFGF release (79). If stretch induces
transient disruption of the cell membrane, it could be a
mechanism for releasing cytoplasmic bFGF, and would

allow the local influx of massive amounts of calcium.
Since both calcium and bFGF appear to be necessary for
stretch induced growth, this is a parsimonious mechanism
(79).

Recent work in the Sheetz laboratory has shown
that even permeabilized, "cytoskeletal ghosts" are capable
of responding to stretch by recruitment and
phosphorylation of focal adhesion molecules and small
GTPases in fibroblasts (62, 188). As noted above, ILK and
FAK can be potent stimulators of MAP kinase cascades
and PI-3K, suggesting that deformation dependent, cell
membrane independent activation of integrin mediated
signaling may be sufficient for mechanotransduction.
Integrins are well known to participate in the growth and
development of muscle (189, 190), but whether this is an
active or permissive role has not been clear. Finding that
deformation of an adhesion complex is adequate to recruit
active kinases suggests active participation.

Other structural molecules may serve parallel
regulatory roles. The ankyrin repeat proteins (MARP,
CARP, Ankrd2, etc) localize to either nucleus or titin,
suggesting that these may be displaced from titin by
deformation to act as transcriptional regulators (64, 65).
Desmin, which appears to be a significant structural
support (31), is not required for mechanotransduction (77).
Multiple mechanical sensors may mediate a distinction
between longitudinal and transverse growth signals. The
increase in muscle fiber length stimulated by chronic
stretch in vivo appears to be independent of innervation,
and a muscle maintained in extension may increase in
length even as it atrophies in girth (191, 192). Some
investigators have suggested that the increase in muscle
length might reflect a passive infilling of voids in the
contractile apparatus opened by prolonged extension (193).

Deformation induced signaling is unquestionably
different than signaling associated with active force
generation. This is often demonstrated by comparing
cellular events subsequent to force generation in
combination with shortening or lengthening (89, 127, 194),
which turns out to be an extremely complex paradigm. As
noted above, active force generation induces metabolic,
calcium, and likely oxidative stresses in addition to the
mechanical stress. The non-mechanical stressors do not
appear to be adequate to reproduce the physiological
response, as blocking the actin-myosin interaction reduces
translational activity and gene expression (195, 196).
Likewise, the application of identical force levels to active
and passive muscles results in different responses (130).
The varied aspects of the cellular environment have
synergistic actions, and it is important to consider the entire
milieu when evaluating the tissue response.
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