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ABSTRACT: The functional properties of airway smooth muscle are fundamental to
the properties of the airways in vivo. However, many of the distinctive characteristics
of smooth muscle are not easily accounted for on the basis of molecular models de-
veloped to account for the properties of striated muscles. The specialized ultra-
structural features and regulatory mechanisms present in smooth muscle are likely to
form the basis for many of its characteristic properties.

The molecular organization and structure of the contractile apparatus in smooth
muscle is consistent with a model of force generation based on the relative sliding of
adjacent actin and myosin filaments. In airway smooth muscle, actomyosin activation
is initiated by the phosphorylation of the 20 kDa light chain of myosin; but there is
conflicting evidence regarding the role of myosin light chain phosphorylation in
tension maintenance. Tension generated by the contractile filaments is transmitted
throughout the cell via a network of actin filaments anchored at dense plaques at the
cell membrane, where force is transmitted to the extracellular matrix via transmem-
brane integrins. Proteins bound to actin and/or localized to actin filament anchorage
sites may participate in regulating the shape of the smooth muscle cell and the
organization of its contractile filament system. These proteins may also participate in
signalling pathways that regulate the crossbridge activation and other functions of the
actin cytoskeleton.

The length-dependence of active force and the mechanical plasticity of airway
smooth muscle may play an important role in determining airway responsiveness
during lung volume changes in vivo. The molecular basis for the length-dependence of
tension in smooth muscle differs from that in skeletal muscle, and may involve
mechano-transduction mechanisms that modulate contractile filament activation and
cytoskeletal organization in response to changes in muscle length. The reorganization
of contractile filaments may also underlie the plasticity of the mechanical response of
airway smooth muscle. Changes in the structural organization and signalling path-
ways of airway smooth muscle cells resulting form alterations in mechanical forces in
the lung may be important factors in the development of pathophysiological
conditions of chronic airway hyperresponsiveness.
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The mechanical properties of airway smooth muscle are
fundamental to the regulation of airway contractility and
airway tone in vivo. These mechanical properties have
traditionally been interpreted in terms of the "sliding fila-
ment model" of muscle contraction first proposed by
HUXLEY and NIEDERGERKE [1] and HUXLEY and HANSON [2]
to explain the contractile behaviour of skeletal muscle.
Like other smooth muscles, airway smooth muscle ex-
hibits the same hyperbolic force-velocity relationship that
is characteristic of striated muscles, and the length-
tension relationship is also qualitatively similar to that of
striated muscles [3]. The qualitative similarities between

smooth and striated muscles have led to the suggestion
that the functional behaviour of these muscles is rooted in
similar mechanisms.

Clearly, the fundamental molecular mechanism of force
development in both smooth and striated muscles is essen-
tially the same. In both of these tissues, force production
occurs as a result of the cyclical interaction of crossbridges
between actin and myosin that causes the sliding of ad-
jacent actin and myosin filaments with respect to one
another. However, smooth muscle tissues in general, and
airway smooth muscle in particular, possess a number of
distinctive functional properties that are not easily accoun-
ted for on the basis of mechanistic models developed to
account for the properties of striated muscles. The uniqueFor editorial comments see page 438
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ultrastructural features and regulatory mechanisms present
in smooth muscle are likely to form the basis for contractile
properties that differ significantly from those of striated
muscles.

Awealth of information has been accumulated in the last
few decades regarding the structure and regulation of the
contractile apparatus of smooth muscle tissues; however,
the information has been obtained using a diversity of
smooth muscle tissue types. Although the structure and
regulation of some components of the contractile apparatus
may differ significantly among different smooth muscle
tissue types; in many cases, information specific for airway
muscle is not available. Thus, review of the molecular
organization and regulation of the contractile apparatus of
airway smooth muscle must necessarily rely substantially
on information obtained from a variety of smooth muscle
tissue types.

In the ensuing article, the authors will review the current
status of knowledge regarding the ultrastructure and regu-
lation of the contractile apparatus of airway smooth muscle
and the molecular basis for the mechanical properties of
this tissue. The authors will also consider how the basic
mechanical properties of airway smooth muscle are ref-
lected in the functional characteristics of the airways in
vivo.

Structure and organization of the contractile
apparatus in airway smooth muscle cells

Cellular organization of contractile apparatus

Contractile filament organization. The actin and myosin
containing thick and thin filaments, the myofilaments, are
generally considered to be the primary constituents of the
contractile apparatus in smooth muscle cells. The thin
filaments are ~7 nm in diameter, and are composed pri-
marily of actin. The relatively less abundant thick filaments
are 12±15 nm in diameter, and are composed primarily of
myosin. Actin filaments are arranged in hexagonal arrays
that form cable-like bundles. The spaces around the actin
filament bundles are occupied by myosin filaments [4±7].
In airway smooth muscle cells, bundles of parallel actin
filaments are oriented along the long axis of the cell [8].
The ratio of actin to myosin filaments varies among
different smooth muscle tissues, ranging from as low as
8:1 in chicken gizzard [9] to approximately 15:1 in vas-
cular muscle [10], to as high as 50:1 in isolated amphibian
visceral muscle [5]. There is no apparent lateral register
between myofilaments in smooth muscle cells. No stri-
ations or regular repeats are visible by electron or light
microscopy comparable to those observed in striated
muscle tissues [4, 5].

A third type of filament, the intermediate filament (~10
nm in diameter), is also a component of the contractile
system in smooth muscle cells. In visceral smooth muscle,
intermediate filaments are composed primarily of desmin
[11]; whereas in vascular smooth muscle they are com-
posed primarily of vimentin [4, 7, 12, 13]. Desmin is a
prominent constituent of airway smooth muscle [14].
Intermediate filaments are grouped into bundles that run
the length of the cell and exhibit ramifications to the cell
membranes [4, 7, 11±13, 15±17]. Intermediate filaments
are much less numerous than the myofilaments [13], and

are generally believed to play a structural role in main-
taining the organization of the myofilament system.

Membrane-associated dense plaques. In electron micro-
graphs, bundles of actin filaments and intermediate fila-
ments can be seen penetrating the inner surface of electron
dense areas of the membrane termed "dense bands" or
"dense plaques" [4, 6, 18, 19]. Dense plaques (sometimes
described as ribs) are oriented along the long axis of the cell
membrane and alternate with membrane areas containing
longitudinal rows of invaginated vesicles called surface
caveolae [4, 18, 20, 21]. Dense bands are sometimes coup-
led to each other in adjacent cells at areas termed "attach-
ment plaques". These membrane dense areas can also be
visualized by immunofluorescence staining of vinculin,
talin or a-actinin [22, 23]. The membrane-associated
dense bands mediate the transmission of force between
the contractile apparatus and the extracellular matrix
(ECM), whereas attachment plaques provide mechanical
coupling between the adjacent smooth muscle cells [20].
Because the actin filaments of smooth muscle cells ter-
minate at points along the entire length of the cell mem-
brane, the transmission of force in smooth muscle cells is
diffused along the entire length and width of the cell
surface, rather than being concentrated at a few loci
within the cell.

The membrane dense plaques of smooth muscle cells
are thought to be similar in their molecular composition to
the focal adhesion sites of cultured cells [24]. The primary
transmembrane components of these sites are transmem-
brane integrins, which attach to ECM proteins at one end
and to cytoskeletal proteins at the other end. In nonmuscle
cells, several dozen proteins that localize to these
membrane adhesion sites have been identified. In smooth
muscle, vinculin, talin, and a-actinin, and paxillin have
been localized to the membrane-associated dense plaque
sites [18, 23, 25±28]. There is biochemical evidence that
vinculin, talin, and a-actinin function to link actin fila-
ments to transmembrane integrins; however the exact
nature of the molecular interactions that are involved in
this linkage remains poorly understood [29±35]. Recent
evidence suggests that in some nonmuscle cell types, the
attachment of actin filaments to the membrane can be
regulated in response to activation of the cell [34, 36, 37];
however, there is presently no direct evidence as to
whether this occurs in smooth muscle cells.

Cytosolic dense bodies. Electron dense areas are also
observed in the smooth muscle cell cytoplasm that are
referred to as "dense bodies". They are obliquely oriented
elongated structures up to 1.5 mm in length that are dis-
tributed relatively uniformly throughout the cytoplasm [6,
15, 23, 38]. Actin filaments appear in association with
virtually all cytoplasmic dense bodies. The decoration of
actin filaments with myosin subfragments (S-1) indicates
that the filaments are oriented with the right polarity for
force generation (arrowheads pointing away from the dense
bodies) [15, 38]. The observation that actin filaments with
opposite polarity extend from either side of a given dense
body has led to the suggestion that the cytoplasmic dense
bodies are functionally equivalent to the Z-bands of
striated muscle.

Chains of dense bodies appear to be connected by
intermediate filaments. Intermediate filaments can be seen
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on the lateral sides of dense bodies, often forming loops at
the lateral surface [15, 38]. The intermediate filaments that
surround a given dense body do not run parallel to the
contractile unit and associate with the next dense body in
series; but are oriented obliquely toward another dense
body of a different contractile unit. Laterally aligned
dense bodies move rapidly toward one another during
contraction, indicating that they are attached to contractile
filaments. Whereas the regular geometric arrangement of
dense bodies is retained during contraction, the interme-
diate filaments that link the dense bodies become crum-
pled and disordered [16, 38]. Analysis of the movement
of dense bodies in contracting isolated smooth muscle
cells suggests that they provide mechanical coupling
between the contractile apparatus, the cytoskeleton, and
the cell surface [16, 28].

The molecular mechanisms that couple the contractile
filaments to the dense bodies are not established. Dense
bodies contain the actin-cross-linking protein, a-actinin, as
do the Z-lines of skeletal muscle. Dense bodies also con-
tain actin and probably calponin [39±42]. Ultrastructural
and biochemical data obtained by MABUCHI et al. [43]
suggests that calponin may couple actin filaments and
intermediate filaments at dense bodies.

The thick filaments of airway smooth muscle

Structure and function of the myosin molecule. The thick
filaments of smooth muscle are made up of monomeric
myosin molecules that polymerize to form filaments. The
structure of the smooth muscle myosin molecule is grossly
similar to that of skeletal muscle myosin. It is a large
asymmetric protein (molecular weight (MW) ~520 kDa)
that is made up of six polypeptide chains: two ~205 kDa
heavy chains that form a dimer, and two pairs of light
chains, the 20 kDa "regulatory" light chains and the 17 kDa
"essential" light chains [44]. The myosin heavy chain
dimer makes up the main body of the molecule, with each
heavy chain containing a slightly elongated globular head
at the amino terminus. The myosin globular heads are
connected to a long a-helical coiled tail of ~120 kDa that
aggregates to form the rod-like backbone of the thick
filament. Each myosin globular head contains the func-
tional motor domains of the molecule which include the
nucleotide and actin-binding regions. A single essential
and regulatory light chain are associated with each myosin
head. The light chains are localized along an a-helical
segment of the heavy chain at the junction of the globular
head and the rod-like backbone; this portion of the a-
helical rod is frequently referred to as the "neck" region.

Myosin is believed to generate force and/or motion by
mechanical cycles during which the myosin head repeti-
tively attaches to actin, undergoes a conformational change
that results in a power stroke and then detaches [45]. The
energy required for the mechanical power is generated by
the enzymatic hydrolysis of adenosine triphosphate (ATP)
by the globular myosin head. A structural hypothesis (the
"lever arm hypothesis") has been proposed to explain the
conversion of chemical energy into directed movement
[46, 47]. In this model, the binding of ATP to myosin
while it is bound to actin is proposed to result in a series
of conformational changes in the myosin globular head
that reduces its affinity for actin and allows it to hydrolyze

ATP to adenosine diphosphate (ADP) and inorganic phos-
phate (Pi). As the myosin rebinds to actin and releases the
nucleotide, the conformational changes are reversed
causing movement of the myosin relative to actin. The
light-chain binding domain ("the neck region") pivots
about a fulcrum near where the globular head and light
chain binding domains abut one another, resulting in
the displacement of actin relative to myosin. This mec-
hanism is essentially the same for smooth muscle and
skeletal muscle myosins [48]. In smooth muscle, the
phosphorylation of a single serine residue (serine-19) in
the N-terminus of the regulatory light chain is the switch
for turning on actin-activated adenosine triphosphatase
(ATPase) activity and contraction. In vitro, smooth mus-
cle regulatory light chain phosphorylation increases actin-
activated ATPase activity by 50±100-fold [49±51].

Myosin filament assembly. Smooth and nonmuscle myo-
sins share a common feature in that the phosphorylation of
the 20 kDa regulatory light chain can regulate the assembly
of monomeric myosin into filaments in vitro, a feature not
shared by skeletal muscle myosin [52±61]. The region of
the myosin molecule that regulates the assembly of
monomeric myosin into filaments appears to be localized
to the C-terminal of the rod [62]. In vitro, if the regulatory
light chain of myosin filaments is not phosphorylated, the
addition of magnesium (Mg)ATP results in the disas-
sembly of myosin filaments into a soluble monomeric
conformation of myosin in which the heavy chain rod is
bent into thirds [55, 56]. Phosphorylation of the regu-
latory light chain results in the unfolding of the rod and
the reassembly of the monomers into myosin filaments.

The role of phosphorylation of the myosin regulatory
light chain in the process of myosin filament assembly and
disassembly in smooth muscles in vivo is not completely
settled. There is general agreement that dephosphorylated
myosin remains in filamentous form in uncontracted
smooth muscle; however the possibility remains that there
is a pool of folded monomeric myosin molecules in vivo
that is recruited to myosin filaments when the muscle is
activated and phosphorylation of the regulatory myosin
light chains occurs [63]. This could regulate an activation-
dependent modulation of myosin filament number or
length. Evidence from light and electron microscopic
studies have demonstrated that contraction increases thick
filament density in some smooth muscles (rat anococcy-
geus smooth muscle) but not others (guinea pig taenia
coli) [63±65]. However, HOROWITZ et al. [66] detected
only trace amounts of monomeric myosin in both relaxed
and contracted gizzard smooth muscle using monoclonal
antibodies to specifically label monomeric myosin, and
these investigators concluded that the assembly/disas-
sembly of myosin is unlikely to play a significant role in
the contraction/relaxation cycle in gizzard smooth mus-
cle. Although the available evidence does not support
extensive assembly and disassembly of myosin filaments
during the contraction/relaxation cycle in smooth muscle
tissues; it does not rule out the possibility that increases in
the number or length of existing myosin filaments may
occur during contractile activation.

There are significant differences in the structure of myo-
sin filaments in smooth muscle and skeletal muscle tissues.
Electron microscopic evidence for myosin filament struc-
ture in vivo indicates a nonhelical side-polar arrangement
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of crossbridges along a rod-like myosin filament, with no
central bare zone [67±69]. The crossbridges on smooth
muscle myosin filaments project in opposite directions
on opposite sides of the filament, such that the myosin rod
heads along each side have the same polarity along the
entire length of the filament [68, 69]. This contrasts with
the bipolar arrangement of crossbridges in skeletal mus-
cle, where helically arranged crossbridges of opposite
polarity project from each side of a central bare zone.

The thin filaments of airway smooth muscle cells

Structure and function of filamentous actin. Actin is the
primary protein constituent of the thin filament and fila-
mentous actin (F-actin) forms the thin filament backbone.
A number of actin-binding proteins are bound to actin in the
thin filaments; among these are tropomyosin, caldesmon,
and calponin. Additional proteins that may also be tightly
bound to actin filaments include filamin (also called actin
binding protein (ABP) [70], the calponin-like protein
SM22 [71, 72], myosin light chain kinase [73], and heat
shock protein 27 [74, 75].

F-actin is a polymeric protein composed of asymmetric
bi-lobed 42 kDa actin monomers. Each actin monomer
consists of two major domains, "inner" and "outer", that
are unequal in size [76±78]. In filamentous actin, the actin
monomers form a double-stranded helical array in which
the two strands cross every 36 nm [76, 77]. Four different
isoforms of actin have been identified in the smooth
muscle tissues of warm-blooded vertebrates: a- and c-
"contractile " actin, and b- and c-"cytoskeletal" actin [79].
The a- and c-"contractile" actin, as well as c- and b-
"cytoskeletal" actin isoforms have been identified in
airway smooth muscle cells [80, 81]. There is evidence
that different actin isoforms are localized to different
functional domains of the smooth muscle cell [39, 40,
82]. Differences in the N-terminal sequence of different
actin isoforms may specialize subsets of actin to different
functions by directing their binding to different actin-
binding proteins.

Actin filament polymerization and organization. As in
most eukaryotic cells, the polymer state of actin in smooth
muscle is dynamic. Actin polymerizes at the filament ends
and subunit exchange occurs even after a steady state is
achieved in which net polymerization ceases [83]. Actin
filament lengths are precisely determined and maintained
by capping proteins such as tropomodulin and CapZ;
these proteins are also known to be present in smooth
muscle [83, 84]. In many cell types, agonists can regulate
the polymer state of actin through the activation and
inhibition of proteins that nucleate, cap, or sever actin
filaments [85]. Smooth muscle contains large amounts of
gelsolin and profilin, both of which are potent regulators
of actin filament polymerization [86, 87]. In canine trach-
eal smooth muscle, globular (G)-actin constitutes ~40%
of the total actin content [88]. After contractile stimu-
lation, the G-actin content decreases by 30±40%, sug-
gesting that the contractile activation of tracheal muscle
stimulates the polymerization of G-actin into F-actin.

Both smooth and skeletal muscle actin filaments are
saturated with tropomyosin [89]. Individual tropomyosin

molecules bind in an end-to-end fashion to form a contin-
uous strand on the thin filament that lies along the double
helix formed by the actin monomers [76, 90±92]. In stri-
ated muscles, the calcium (Ca2+)-sensitive troponin com-
plex modulates the position of tropomyosin along the
actin filament to regulate myosin binding to actin and
consequently the activation and inactivation of actomyo-
sin ATPase activity [93]. The function of tropomyosin in
smooth muscle is less clear. As the thin filaments of
smooth muscle lack troponin, the troponin-tropomyosin
mechanism that regulates the actomyosin interaction in
skeletal muscle cannot be operative.

Caldesmon (h-caldesmon, MW 150 kDa) is found on
the thin filament beside tropomyosin, arranged continu-
ously along the axis of the actin double helix [82, 94, 95].
In the presence of tropomyosin, caldesmon can inhibit
actomyosin ATPase activity at the low ratios of caldesmon
to actin likely to occur in vivo (1:14) [96]. The inhibition
of actomyosin ATPase activity by caldesmon is reversed
by its phosphorylation [97]. In airway smooth muscle,
caldesmon undergoes phosphorylation in response to
contractile activation; this has led to the suggestion that it
may play a role in the regulation of contraction in this
tissue [97, 98]. The affinity of caldesmon for actin is
greatly attenuated by Ca2+-calmodulin [96, 99±101].
Thus, it has been proposed that caldesmon may interact
with tropomyosin to modulate actomyosin ATPase acti-
vity in smooth muscle in a manner somewhat analogous
to that of troponin in skeletal muscle [99, 102±104].

Calponin is a 34-kDa Ca2+-calmodulin binding protein
that is also distributed with actin filaments in smooth
muscle cells in vivo [41, 105]. The function of calponin
and its structural relationship to other proteins on the actin
filament is currently unclear. Like caldesmon, calponin
inhibits actin-activated myosin MgATPase activity in
vitro [106, 107], and also inhibits actin filament move-
ment in vitro motility assays [108, 109]. There is consi-
derable controversy over whether calponin and caldes-
mon interact on the same filament in vivo. Ultrastructural
evidence suggests that calponin and caldesmon localize to
different actin filaments or different locations on the same
filament [41, 110].

Functional specialization of thin filaments in smooth
muscle. SMALL and coworkers [39, 111] first distinguished
two distinct subsets of actin filaments that localized to
different physical domains within the smooth muscle cell.
"Cytoskeletal" b-actin was selectively localized to the
dense bodies, the membrane-associated dense plaques,
and to the longitudinal channels linking consecutive
dense bodies. These areas were also occupied by the
actin-binding proteins filamin and desmin, the major con-
stituent of intermediate filaments [16, 40, 111]. "Con-
tractile" (a- or c-) actin was associated with myosin
filaments in complementary positions to those occupied
by "cytoskeletal" actin [40].

There is evidence that actin-binding proteins associate
selectively with different actin isoforms and localize to
different functional domains within smooth muscle cells.
Ultrastructural evidence from a number of different labo-
ratories supports the preferential distribution of caldesmon
to actin filaments that are associated with myosin (the
contractile domain) [41, 42, 82, 112]. However, the results
of studies describing the cellular localization of calponin
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are less consistent. Whereas WALSH et al. [105] found
that calponin was homogeneously distributed with actin
and tropomyosin throughout toad stomach and chicken
gizzard smooth muscle cells, NORTH et al. [41] concluded
that calponin was more concentrated in regions of "cyto-
skeletal" b-actin. NORTH et al. [41] also observed calponin
in cytoplasmic dense bodies and at the adhesion plaques
at the cell surface. MABUCHI et al. [42] observed calponin
to be distributed primarily at the periphery of cytoskeletal
structures in the same general region as desmin, and very
often adjacent to b-actin. In these studies, the distribution
of calponin bore no similarity to that of caldesmon and
myosin. MABUCHI et al. [43] suggested that calponin func-
tions as a bridging protein between actin and intermediate
filament networks at dense bodies. Ultrastructural data by
HODGKINSON et al. [113] indicates that the location of
calponin on F-actin is similar to that of the actin cross-
linking protein fimbrin, as well as to that of a-actinin and
gelsolin. They suggested that calponin may function to
competitively inhibit the binding of these or other actin-
binding proteins to the actin filament. Thus calponin
could regulate remodelling of the actin cytoskeleton and
thereby affect the mechanical response of the smooth
muscle cell.

Molecular basis for the mechanical properties of
tracheal smooth muscle

Regulation of active tension and shortening in airway
smooth muscle

Role of myosin light chain phosphorylation. In smooth
muscle, the Ca2+-dependent phosphorylation of myosin
light chain (MLC) 20 is a prerequisite to the initiation of
crossbridge cycling and force development or active shor-
tening. In tracheal smooth muscle, as well as in other
smooth muscles, force development is preceded by a rapid
increase in the phosphorylation of MLC 20 and intra-
cellular Ca2+ [114±116]. In neurally stimulated tracheal
smooth muscle, maximum rates of shortening and MLC
phosphorylation can be attained after 5 s of stimulation
[114, 115]. Under these stimulation conditions, transient
increases in both shortening velocity and MLC phos-
phorylation precede the development of maximal active
force. The stiffness of the muscle increases in parallel
with the increase in MLC 20 phosphorylation prior to the
development of active tension. This increase in stiffness
has been attributed to the attachment of crossbridges that
precedes force development.

There is a wealth of data from both intact and skinned
smooth muscle tissues correlating the initiation of force
development with increases in MLC phosphorylation
[116±119]; however the correlation between force and
MLC phosphorylation is not simple. In carotid arterial
smooth muscle, DILLON et al. [120] found that after an
initial transient increase in shortening velocity and MLC
phosphorylation, force remained elevated while short-
ening velocity and MLC phosphorylation declined. The
observation that the decline in MLC phosphorylation was
coincident with the decline in shortening velocity led
these investigators to hypothesize that active tension and
shortening velocity can be independently regulated based
on the phosphorylation state of MLC 20. They proposed

that the rate of shortening was regulated by the proportion
of phosphorylated crossbridges, whereas active tension
was proposed to be maintained by attached crossbridges
that had been dephosphorylated. These crossbridges,
termed "latchbridges" were hypothesized to cycle much
more slowly than phosphorylated crossbridges. The
latchbridge hypothesis was subsequently formalized in
a model [121±124] in which Ca2+-dependent MLC phos-
phorylation was both necessary and sufficient for the
development of the "latch" state. The central assumption
of the model is that crossbridges can exist in four states:
detached-phosphorylated, attached-phosphorylated, deta-
ched-dephosphorylated, and attached-dephosphorylated.
According to this model, both phosphorylated and de-
phosphorylated attached crossbridges are capable of sus-
taining force, but only phosphorylated crossbridges are
capable of forming attachments. The dephosphorylated-
attached crossbridges have a very slow rate of detach-
ment, thus limiting the crossbridge cycling rate and the
rate of shortening.

Data supporting the application of the latchbridge hypo-
thesis to airway smooth muscle has been equivocal, mainly
because in this tissue MLC phosphorylation and short-
ening velocity are not closely correlated under many
conditions of stimulation. A transient increase in MLC
phosphorylation is observed in association with a transient
increase in shortening velocity during the maximal acti-
vation of rabbit trachealis muscle by muscarinic stimuli
[115, 125]; however, under many other conditions of sti-
mulation, this correlation breaks down. Canine trachealis
muscle activated by potassium (K+)-depolarization exhi-
bits a decline in shortening velocity during the course of
the contraction while high levels of active tension and
myosin light chain phosphorylation are sustained [126,
127]. A similar dissociation between shortening velocity
and MLC phosphorylation is observed when trachealis
muscles are activated with submaximal concentrations of
muscarinic agonists or with agonists of lower efficacy,
such as 5-hydroxytryptamine [126, 128]. It is therefore
unclear whether the decline in shortening velocity that
occurs in airway muscle during a sustained contraction
can be attributed to the dephosphorylation of attached
crossbridges (latchbridges). In addition, Ca2+-depleted
trachealis muscle that is stimulated with muscarinic ago-
nists exhibits high levels of MLC phosphorylation in the
absence of significant tension development or active
shortening [129, 130].

Regulation of force and shortening velocity by second
messengers. The relationship between intracellular Ca2+,
MLC phosphorylation, and active stress can be modulated
by conditions of contractile stimulation. Tracheal muscles
contracted to comparable levels of active tension by K+-
depolarization and by carbachol exhibit lower levels of
MLC phosphorylation during the contractions induced by
K+-depolarization [130]. Isoproterenol-induced relaxation
of tracheal smooth muscles contracted by K+-depola-
rization is not associated with a decrease in intracellular
Ca2+ or a decline in MLC phosphorylation [131, 132];
whereas tracheal muscles that are stimulated to relax with
isoproterenol after contraction with muscarinic agonists
exhibit a decline in both intracellular Ca2+ and MLC
phosphorylation.
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The mechanisms by which pharmacological agonists
modulate the relationships between intracellular Ca2+,
MLC phosphorylation, force and shortening velocity have
not been fully established. STULL and coworkers [131, 133,
134] demonstrated that Ca2+-calmodulin dependent protein
kinase II phosphorylates MLC kinase in tracheal smooth
muscle and that this inhibits MLC kinase activity, thereby
decreasing the Ca2+-sensitivity of MLC phosphorylation.
Thus, the Ca2+-dependent phosphorylation of MLC kinase
may contribute to differences in the relationship between
tension and MLC phosphorylation observed when muscles
are activated by different agonists [131, 133±135]. How-
ever, the sensitivity of MLC kinase to activation by Ca2+-
calmodulin remains unchanged during the relaxation of
bovine tracheal muscle by isoproterenol [131, 136]. Thus
differences in the Ca2+ sensitivity of MLC phosphoryla-
tion during relaxation with isoproterenol are unlikely to
be mediated by effects on the Ca2+-sensitivity of MLC
kinase.

The small guanosine triphosphatase (GTPase) rho may
contribute to the regulation of MLC phosphorylation in
airway smooth muscle. In permeabilized tracheal smooth
muscle strips, acetylcholine stimulates MLC phosphoryla-
tion and force development when the intracellular Ca2+

concentration is maintained at a constant level [137±139].
The increases in MLC phosphorylation and tension in
these tissues can be blocked by C3 exoenzyme, which
specifically inhibits the activation of rho [137, 138]. The
mechanism by which rho modulates tension development
in airway smooth muscle has not been determined; how-
ever, in cultured cells, rho activates rho kinase, which can
phosphorylate the myosin binding subunit of MLC phos-
phatase, thus decreasing phosphatase activity and incre-
asing MLC phosphorylation [140, 141]. In vitro, rho
kinase can also directly phosphorylate MLC 20 [142].

Cytoskeletal and actin binding proteins have also been
proposed to play a role in regulating the relationship
between MLC phosphorylation and active shortening in
airway smooth muscle. Caldesmon inhibits actomyosin
ATPase activity and actin filament sliding velocity in vitro
[97, 143], and the phosphorylation of caldesmon by mito-
gen-activated protein (MAP) kinase in vitro reverses this
inhibition [97, 98]. Caldesmon undergoes phosphoryla-
tion during the contractile activation of tracheal smooth
muscle [144]; thus this could provide a thin-filament
mediated mechanism for the regulation of actomyosin
ATPase activity that would operate independently of
MLC phosphorylation. Calponin has also been found to
inhibit actomyosin ATPase activity and actin sliding
velocity in vitro [97, 145], and the inhibition of acto-
myosin ATPase activity by calponin can be reversed by
phosphorylation [106, 145, 146]. Contractile activation
with carbachol induces a transient increase in calponin
phosphorylation in tracheal smooth muscle [97, 145].
Thus, like caldesmon, calponin might contribute to the
regulation of crossbridge cycling in airway smooth mus-
cle by a mechanism that is separate and independent of
MLC phosphorylation.

The contractile activation of tracheal smooth muscle
also increases the tyrosine phosphorylation of a number of
integrin-associated cytoskeletal proteins, including focal
adhesion kinase (FAK) and paxillin [147, 148]. However,
the functional role of these proteins in the contraction of
smooth muscle has not yet been established. Tyrosine

phosphorylated proteins have been proposed to play a
role in the Ca2+-sensitization of agonist-induced contrac-
tion in other smooth muscle tissues [149, 150]. In non-
muscle cells, FAK contributes to the regulation of cell
motility and cell spreading [151±154].

Increased levels of MLC phosphorylation may contri-
bute to the increase in responsiveness of airway smooth
muscle that occurs with inflammation or after allergic
sensitization [155, 156]. Ragweed-sensitized canine trac-
heal smooth muscle exhibits higher shortening velocities
that are associated with elevated levels of MLC phos-
phorylation and increased activity of MLC kinase [157].
However, the mechanisms by which allergic sensitization
might increase MLC kinase activity have not been esta-
blished.

Mechanism for the length-dependence of active force in
airway smooth muscle

Role of length-tension properties in the regulation of
airway smooth muscle contractility. Tracheal smooth mus-
cle exhibits a relatively broad length-tension relationship in
which high levels of active force can be elicited over a
comparatively wide range of muscle lengths, and active
isometric force is observed at lengths as short as 20% of the
optimal length (Lo) [158±160]. The length-tension pro-
perties of bronchial muscle are similar, although the
relationship between length and isometric tension is
somewhat steeper for large bronchi than for small bronchi
[160].

The length-tension properties of airway smooth muscle
play an important role in determining the contractility of
the intact airway. In canine airways, maximal active ten-
sion occurs at ~80% of maximum airway volume in both
large and small bronchi, as well as in the trachea [160,
161]. As a result of differences in the effects of airway
geometry on active pressure, tension, and stress in a
cylindrical organ such as a bronchus, the curve for re-
lationship between airway volume (or circumference) and
active pressure is much flatter than that between airway
volume and active tension or active stress (fig. 1). Altho-
ugh the relationship between muscle length and active
stress in small muscular bronchi is qualitatively similar to
that for trachealis muscle strips, this translates into rela-
tively constant levels of active pressure generation over
most of the physiological range of bronchial volume.
Small changes in the slope of the relationship between
muscle length and active stress can translate into large
differences in the pressure generated by the intact airway
at lower volumes. As in other smooth muscles, the slope
of the length-tension curve in airway smooth muscle is
steeper at submaximal levels of agonist stimulation and
for weaker agonists than during maximal stimulation [3,
162, 163]. Thus, the effect of an increase in stimulus in-
tensity on airway smooth muscle contractility is amplified
at suboptimal muscle lengths. Because the intact airway
operates physiologically well below the Lo; measure-
ments of isometric force at Lo can markedly underesti-
mate the impact of different stimulation conditions on
airway contractility in vivo.

Molecular basis for the length-tension relationship in air-
way smooth muscle. The molecular mechanisms under-
lying the length-tension properties of smooth muscle are
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still not established. In skeletal muscle, the structure of the
sarcomere unit has been fundamental to the interpretation
of the mechanistic basis for the relationship between
muscle length and isometric tension. The length-tension
behaviour of striated muscles has been interpreted in terms
of changes in the overlap between the thick and thin
filaments as proposed by GORDON et al. [164]. In single
skeletal muscle fibres, maximal active isometric tension is
observed when the crossbridge arrays of the thick fila-
ments are fully overlapped by the thin filaments. When the
fibre is stretched beyond its Lo, isometric force declines
due to a reduction in the overlap of actin and myosin

filaments with a consequent decrease in the number of
crossbridges that can interact with actin. At fibre lengths
shorter than the optimum length, the decline in active
force is attributed to a decline in the interaction of actin
with the myosin heads on thick filaments as the opposing
thin filaments begin to overlap with the central bare zone
on the thick filaments and with each other. At extremely
short lengths, tension falls dramatically due to structural
interference with contraction caused by myosin filaments
abutting the Z-lines [164].

This mechanism is difficult to extrapolate to the smooth
muscle cell, due to the significant differences in the
structure of the contractile apparatus. As discussed in The
thick filaments of airway smooth muscle section, most
of the available evidence suggests that the thick fila-
ments of smooth muscle are side-polar with crossbridges
on each side of the filament maintaining the same polar-
ity [68, 69]. There is no central bare zone; instead bare
zones are found at the ends of the thick filaments [67±
69]. Thus there is no clear structural basis for actin
filaments of opposite polarity to abut each other at short
muscle lengths or for them to overlap in a central bare
zone. These structural differences make it difficult to
account for the length-tension properties of smooth
muscle on the basis of changes in filament overlap. This
is particularly true for the ascending limb of the length-
tension curve, the physiological range of length for most
smooth muscle tissues and for airway smooth muscle.
Although changes in the overlap of actin and myosin
filaments in smooth muscle may contribute to its length-
tension properties, there is currently no structural evi-
dence that supports a mechanistic model as to how this
might occur.

A number of other mechanisms have been proposed to
contribute to the length-dependence of tension in smooth
muscle tissues. These include mechanical interactions
between adjacent cells, length-dependent changes in the
activation of contractile filaments, and mechanosensitive
alterations in the organization or length of the contractile
filaments. The mechanical interactions between neighbour-
ing cells may be an important factor limiting the shortening
and force development of airway smooth muscle at short
muscle lengths [165±167]. Airway smooth muscle tissues
that are subjected to mild digestion of extracellular con-
nective tissue with collagenase shorten more and develop
more force at short lengths than untreated tissues [167,
168]. Force transmission across the sarcolemma of
smooth muscle cells to the ECM and to neighbouring
smooth muscle cells occurs at membrane-associated
dense plaques. As the neighbouring cells of smooth
muscle tissues are mechanically coupled, the contractile
apparatus of each individual cell exerts tension on its
neighbours, and this tension acts as a load to limit shor-
tening. In contrast to intact smooth muscle tissues, single
smooth muscle cells develop similar levels of maximal
isometric force when contractions are initiated over a
wide range of cell lengths [169]. This observation also
suggests that a significant portion of the length-depen-
dence of tension in smooth muscle results from inter-
cellular mechanical interactions.

Some of the length-dependence of isometric force in
smooth muscle may be due to length-dependent changes in
the activation of contractile proteins [170±172]. In both
tracheal and arterial smooth muscle tissues, the lower
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levels of force associated with the isometric contraction
of muscles at lengths below the Lo, are associated with
lower levels of Ca2+ activation and MLC phosphory-
lation [170±174]. This suggests that mechanosensitive
processes may modulate the signalling pathways that
regulate the activation of contractile proteins. In tracheal
muscle, there is evidence that a mechanosensitive path-
way mediated by the cytoskeletal proteins FAK and
paxillin may provide a pathway for the mechanosensitive
modulation of contractile protein phosphorylation [148].

Modulation of the organization of the contractile fila-
ments within smooth muscle cells may also contribute to
the length-tension properties of airway smooth muscle. In
nonmuscle cells, changes in cell shape or stiffness in res-
ponse to mechanical stimuli are mediated by remodelling
of the actin cytoskeleton [36, 37]. This may occur by
remodelling of the length of actin filaments, and/or
through changes in the sites of actin filament attachment
to the smooth muscle membrane. The contractile acti-
vation of trachealis muscle strips with acetylcholine
decreases the content of soluble monomeric G-actin by
30±40% [88]. In addition, latrunculin A or cytochalasin
D, which inhibit actin polymerization, profoundly inhibit
force development in tracheal muscle [88, 175]. The
inhibition of force by latrunculin is not associated with
any effects on MLC phosphorylation, suggesting that its
effects on force result directly from its effects on actin
polymerization [88]. These observations suggest that
actin filament remodelling plays an important role in
airway smooth muscle contraction. Furthermore, the
length-tension curve of tracheal smooth muscles treated
with latrunculin A is much flatter than for untreated
tissues, suggesting that actin filament remodelling may
contribute significantly to the length-tension properties of
airway smooth muscle [88].

The contractile activation of tracheal smooth muscle
stimulates the phosphorylation of paxillin and FAK, and
the degree of phosphorylation of these proteins is sensitive
to muscle length [147, 148, 176]. The stimulation of Ca2+-
depleted tracheal smooth muscle strips with acetylcholine
also elicits an increase in the tyrosine phosphorylation of
both paxillin and FAK that occurs without an increase in
MLC phosphorylation or force development [177]. The
length-sensitivity of paxillin and FAK phosphorylation is
retained in Ca2+-depleted tissues, suggesting that these
proteins may be upstream mediators of mechanosensitive
events in airway smooth muscle [148]. In nonmuscle
cells, mechanical strain is sensed by transmembrane
integrins and transduced by integrin-associated cytoske-
letal proteins into signalling pathways that regulate
cytoskeletal remodelling and other strain-sensitive cel-
lular processes [148, 178±181]. Thus the mechanosensi-
tive signalling pathway in tracheal muscle may be
analogous to the integrin-mediated pathway demonstra-
ted in nonmuscle cells, and it may provide a mechano-
sensitive pathway for the regulation of actin filament
organization and contractile protein activation.

Alterations in the length or number of myosin filaments
have also been proposed to play a role in regulating the
length-tension properties of tracheal smooth muscle.
PRATUSEVICH et al. [182] proposed that the phosphoryla-
tion of MLCs stimulated by contractile activation initiates
the polymerization of myosin filaments. Myosin fila-
ments may lengthen to adapt to contractile activation at

longer muscle lengths or new myosin filaments may be
formed. This could result in a series to parallel shift in the
organization of the contractile apparatus. There is ultra-
structural evidence that the number of myosin filaments
increases modestly during the contraction of some smo-
oth muscle tissue types, but not in others (see The thick
filaments of airway smooth muscle section); however the
effect of contraction on myosin filament density has not
been investigated in airway smooth muscle. If actin fila-
ments undergo reorganization upon contractile activation,
the myosin filaments associated with this actin might also
undergo rearrangement in order to optimize force pro-
duction [182, 183]. However, there is currently no direct
evidence for the polymerization of myosin in association
with the contraction of airway smooth muscle.

Plasticity of the length-tension properties of airway smo-
oth muscle. The length-tension relationship of trachealis
muscle cannot be represented by a single function for a
given set of stimulation conditions; the tension generated
by the muscle at a particular muscle length varies depen-
ding on the contraction history of the muscle [3, 163, 170,
182] (fig. 2). When the length of an actively contracting
trachealis muscle is decreased during the contraction,
force redevelopment at the shorter length is lower than
when the contraction is initiated at that length [163, 170,
184] (fig. 2a±f). The depression of force redevelopment at
the shorter length is proportional to the size of the length
step [163]. Similarly, force development at any muscle
length is lower when the muscle shortens to that length
isotonically, than when it is contracted at that length
under isometric conditions [3]. This property cannot be
attributed to a deactivation of contractile proteins induced
by shortening, because MLC phosphorylation is not dep-
ressed in association with the depression of force caused
by changes in muscle length [170] (fig. 2g and h).
Furthermore, force during isometric contraction is also
depressed if the length of the muscle is decreased
immediately prior to contractile activation.

The plasticity of the mechanical response of tracheal
smooth muscle is also evident with respect to other func-
tional properties of the muscle. When muscle strips are
subjected to isotonic shortening manoeuvres initiated dur-
ing isometric contraction, the shortening velocity measured
at any muscle length depends on its length history [159].
The rate of active shortening measured at a particular
muscle length is higher when isotonic shortening is ini-
tiated after isometric contraction at a short length than
when the isotonic shortening is initiated after isometric
contraction at a long muscle length under otherwise
identical conditions [159].

These observations and similar observations in other
smooth muscle tissues have led to the hypothesis that
airway smooth muscle cells can modulate the organization
of their contractile apparatus to accommodate to changes in
their physical environment [159, 166, 169, 182, 185].
According to this proposal, contraction of the muscle at a
short muscle length results in the rearrangement of con-
tractile filaments into a shorter thicker array to accom-
modate to the short, thick shape of the smooth muscle cell
[182, 185] (fig. 3). Contraction of the muscle at a long
length results in the rearrangement of the contractile
filaments into a longer thinner array. When the muscle is
contracted at a long muscle length and then shortened
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while it is activated, the contractile apparatus is unable to
reorganize to adapt to the change in length. This results in
a depression of contractility (fig. 3).

Mechanical properties of airway smooth muscle under
dynamic conditions

Mechanical modulation of airway smooth muscle tone in
vivo. The smooth muscle of the airways is unique among
smooth muscle tissues in that it is continually subjected to
changes in length and load due to stretch and retraction of
the airways during breathing. The physiological effects of
lung volume changes on airway tone are well-documented.
In healthy human subjects, deep inspiration decreases air-
way resistance and increases expiratory flow [186±189].
The stretch and retraction of the airways that occurs
during normal tidal breathing has also been shown to
have a significant modulatory effect on airway tone in
experimental animals: the increase in airway resistance in
response to bronchial challenge is significantly lower
during tidal breathing than under static conditions in both
dogs and rabbits [190, 191]. This data suggests that the
effects of stretch and mechanical oscillation on airway
smooth muscle may be important in maintaining normal
low levels of airway reactivity. Several laboratories have
demonstrated that the inhibition of deep inspiration in
healthy nonallergic subjects results in airway hyper-
reactivity that is similar in degree to that observed in
asthmatic subjects [192, 194]. Such observations have led
to the proposal that stretch of the airways caused by tidal
breathing or deep inspiration may be reduced in asthmatic
subjects, and that this may result in the airway hyper-
reactivity characteristic of asthma [195].

The effects of lung volume history on airway tone in
vivo can be mimicked in isolated bronchial segments in
vitro [196]. In these segments, inflation-deflation cycles
decrease the transmural pressure of contracted bronchi
well below the pressure obtained under static conditions

a)

b)

c)

Fig. 3. ± Hypothetical scheme for reorganization of the contractile
apparatus of the airway smooth muscle cell. The organization of the
contractile apparatus adapts to the shape of the smooth muscle cell when
the cell is actively contracted at different muscle lengths. Contractile
filament organization becomes relatively fixed after full activation of the
muscle is achieved. When the length of the fully activated muscle is
decreased abruptly, the organization of the contractile apparatus cannot
adapt to the new length and muscle contractility is depressed. a)
Contraction at long length; b) contraction at short length; c) decrease
from long to short length during contraction.
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(fig. 4). The effect of mechanical oscillation on the con-
tractile force of isolated strips of tracheal and bronchial
smooth muscle are similar to those observed in isolated
bronchial segments: length oscillation decreases the ac-
tive force of a contracted muscle strip below that obtained
under static conditions [197±199]. This suggests that the
effects of mechanical oscillation on airway responsive-
ness result directly from the effects of oscillation on the
airway smooth muscle.

Tracheal smooth muscle exhibits a characteristic pattern
of behaviour during imposed cycles of length oscillation
[197±199] (fig. 5). When the length of contracted trac-
healis muscle strips is oscillated, force decreases marked-
ly below the isometric force during the shortening phase
of the length-oscillation cycle, and remains below the
static force during the lengthening phase of the cycle until
the muscle is stretched back to the peak cycle length.
Thus, the active force of the muscle is significantly
depressed during the oscillation over most of the range of
the length cycle. The effect of oscillation on force occurs
even at extremely low frequencies of length oscillation, 1
cycle.min-1 or slower [197, 198]. The degree of depres-
sion of force during length oscillation is directly cor-
related with both the frequency and magnitude of the
oscillation. When either the frequency or amplitude of the
length oscillation is increased, force during the oscillation
cycle decreases. Similarly, oscillations in distending force
that are imposed on actively contracted tracheal smooth
muscle cause the muscle to lengthen, and the degree of
lengthening is directly correlated with the force fluctua-
tion amplitude [200].

Multiple cellular mechanisms are likely to contribute to
the effects of mechanical oscillation on airway smooth
muscle: shortening and lengthening of passive elastic
elements within the muscle cells and tissue; active shor-
tening and lengthening of the contractile element (cross-
bridge detachment and reattachment); and remodelling of
the cellular organization of the contractile apparatus. Len-

gth changes that occur during the mechanical oscillation of
smooth muscle undoubtedly cause the detachment of
crossbridges, and this results in a decrease in active force
[198, 200]. The rate of length oscillation will affect the
degree of crossbridge reattachment and thereby modulate
the active force during the oscillation cycle. When the rate
of the imposed length change is much faster than the
active shortening velocity of the muscle, few detached
crossbridges can reattach during the oscillation cycle.
Under these conditions, shortening and lengthening of the
muscle will result primarily in stretch and retraction of the
viscoelastic components of the tissue and force during the
oscillation cycle will therefore remain low. If the rate of
length change is slower than the active shortening velo-
city of the muscle, new crossbridges will detach and re-
attach during each oscillation cycle. The slower the rate of
cycling, the more attached crossbridges will be present at
any time, resulting in higher overall levels of force during
the oscillation cycle [197, 198]. FREDBERG et al. [200] have
proposed that when the amplitude of stretch on the muscle
during the oscillation is small, the number of attached
dephosphorylated crossbridges (latchbridges) will increase
and further decrease the rate of crossbridge detachment,
thereby resulting in higher levels of muscle stiffness. The
increased stiffness of the muscle then inhibits muscle
stretch, thus leading to a self-reinforcing cycle.

However, crossbridge phenomena cannot account for
many of the properties of airway smooth muscle observed
during imposed length changes. As discussed in the Mec-
hanism for the length-dependence of active force in airway
smooth muscle section, the length-history dependent pro-
perties of airway smooth muscle are difficult to explain on
the basis of crossbridge properties alone. Furthermore,
when airway smooth muscle tissues are subjected to forced
elongation, the relationship between force and muscle
length shifts along the length axis in relation to the length
at which active contraction of the muscle was initiated (fig.
6) [201]. The same trachealis muscle strip is stiffer and
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more difficult to stretch when it is shortened and re-exten-
ded after isometric contraction is initiated at a short length
than when it is re-extended after isometric contraction
with the same stimulus at a long length. This is consis-
tent with the hypothesis that the structure of the actin
filament lattice that provides the skeletal framework for
myosin filament sliding is modulated in response to the
external strain to which the muscle is subjected. Accord-
ing to this hypothesis, the cytoskeletal lattice organiza-
tion becomes "fixed" rapidly upon the activation of the
muscle, and can be modified relatively slowly after full
activation of the muscle has been achieved. Active short-
ening of the muscle is mediated by the sliding of myosin
filaments over the actin filament lattice. The observation
of parallel shifts in the re-extension curves of the tracheal
muscle following activation at different lengths is con-
sistent with a mechanism in which contractile element
length and muscle length are determined independently.

Under the dynamic conditions present during length
oscillation, the cytoskeletal lattice structure would be for-
ced to adapt to the conformation of the muscle cell at the
maximum length to which the muscle was stretched during
the length oscillation cycle. When stretch of the muscle
was minimal and the muscle remained at a short length, the
contractile filaments would be oriented so as to maximize
force development by shorter thicker muscle cells; whereas
when the muscle cell was stretched to longer lengths, the
organization of the contractile elements would be adjusted
to optimize force development to the longer thinner con-
formation of the smooth muscle cell. Thus stretch or length
oscillation to a longer length would reduce the stiffness and
active force of the muscle (fig. 7).

The observed effects of lung volume changes on airway
tone in vivo can be interpreted in terms of these cellular
mechanisms. During prolonged tidal breathing at func-
tional residual capacity (FRC), the cytoskeletal lattice of
the muscle cells would remodel to adapt to the shorter
length of the muscle cells, thus making the muscle stiffer
and increasing its contractility. Deep inspiration would
stretch the muscle to a longer length, forcing the cyto-
skeletal framework to lengthen and thereby reducing
muscle stiffness (fig. 8). When tidal breathing at FRC was
subsequently resumed after a deep breath, muscle con-
tractility and stiffness would remain lower for some time
until the cytoskeletal organization of the muscle remo-
delled to adapt to the shorter length. Airway muscle con-
tractility would therefore be a function of end inspiratory
volume: the greater the stretch on the airways during
breathing, the more muscle stiffness and contractility
would be reduced. The amount of airway narrowing and
stretch that occurred during a single breathing cycle
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Fig. 7. ± Theoretical effect of contractile filament reorganization on
muscle stiffness. Contraction of muscle cell at a short length (b) would
result in more contractile filaments in parallel making the muscle cell
stiffer than after contraction at a long length (a).
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would be determined by the frequency of the volume
cycle [191, 198]. When the average rate of airway muscle
length change was significantly slower than the short-
ening velocity of the muscle, active shortening of the
contractile element could occur during the breathing
cycle and thereby increase force [198, 200]. Thus, stretch
of the airways smooth muscle that occurred during
breathing would affect airway smooth muscle narrowing
by a combination of effects on crossbridge cycling and
contractile filament organization.

Future directions

The contractile properties of airway smooth muscle are a
fundamental determinant of airway responsiveness in vivo.
Mechanical influences on the airways during breathing
clearly play an important role in regulating airway tone in
vivo, yet the mechanisms for some of the most basic
functional properties of airway smooth muscle remain to
be established. The length-dependence of smooth muscle
contractility has been recognized for decades, and it forms
an essential foundation for many aspects of the physio-
logical regulation of airway contractility in vivo. Although
the length-sensitivity of contractile force has traditionally
been interpreted in the context of the sliding filament
model developed to explain the length-tension properties
of skeletal muscle, this model cannot account for some of
the unique functional properties of smooth muscle. It is
also difficult to interpret this model in terms of the special-
ized contractile filament organization of smooth muscle.

Emerging evidence suggests that the length-sensitivity
of contractile force in smooth muscle may be mediated in
part by mechanosensitive signalling pathways that regulate
the activation of contractile proteins as well as the orga-

nization of the contractile elements within the cell. In
nonmuscle cells, mechanosensitive signalling pathways
regulate cell proliferation and phenotype, as well as acute
functional responses such as cell motility and secretion. In
airway smooth muscle, mechanosensitive signalling path-
ways may interconnect molecular events that regulate the
activation of contractile proteins to those that modulate
cellular organization. These pathways may also lead to the
modulation of smooth muscle cell phenotype and tissue
architecture in response to mechanical forces. The inter-
play between signalling pathways that regulate smooth
muscle cell and tissue structure, phenotype and contrac-
tility will be important for understanding the changes in
airway structure and contractility that underlie pathophy-
siological conditions of airway hyperresponsiveness.
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