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Relationships among biochemical signaling processes
involved in Ca2�/calmodulin (CaM)-dependent phosphoryla-
tion of smooth muscle myosin regulatory light chain (RLC) by
myosin light chain kinase (MLCK) were determined. A geneti-
cally-encoded biosensorMLCK for measuring Ca2�-dependent
CaMbinding and activationwas expressed in smoothmuscles of
transgenic mice. We performed real-time evaluations of the
relationships among [Ca2�]i, MLCK activation, and contraction
in urinary bladder smoothmuscle strips neurally stimulated for
3 s. Latencies for the onset of [Ca2�]i and kinase activation were
55 � 8 and 65 � 6 ms, respectively. Both increased with RLC
phosphorylation at 100 ms, whereas force latency was 109 � 3
ms. [Ca2�]i, kinase activation, and RLC phosphorylation
responses were maximal by 1.2 s, whereas force increased more
slowly to a maximal value at 3 s. A delayed temporal response
between RLC phosphorylation and force is probably due to
mechanical effects associatedwith elastic elements in the tissue.
MLCK activation partially declined at 3 s of stimulation with no
change in [Ca2�]i and also declined more rapidly than [Ca2�]i
during relaxation. The apparent desensitization of MLCK to
Ca2� activation appears to be due to phosphorylation in its cal-
modulin binding segment. Phosphorylation of twomyosin light
chain phosphatase regulatory proteins (MYPT1 and CPI-17) or
a protein implicated in strengtheningmembrane adhesion com-
plexes for force transmission (paxillin) did not change during
force development. Thus, neural stimulation leads to rapid
increases in [Ca2�]i, MLCK activation, and RLC phosphoryla-
tion in phasic smooth muscle, showing a tightly coupled Ca2�

signaling complex as an elementary mechanism initiating
contraction.

Increases in [Ca2�]i3 in smooth muscle cells lead to Ca2�/
CaM-dependent MLCK activation and RLC phosphorylation.
Phosphorylation of RLC increases actin-activated myosin
MgATPase activity leading tomyosin cross-bridge cycling with
force development (1–3).

The activation of smoothmuscle contractionmay be affected
by multiple cellular processes. Previous investigations show
that free Ca2�/CaM is limiting for kinase activation despite the
abundance of total CaM (4–6). The extent of RLC phosphoryl-
ation is balanced by the actions of MLCK and myosin light
chain phosphatase, which is composed of three distinct protein
subunits (7). The myosin phosphatase targeting subunit,
MYPT1, in smoothmuscle binds to myosin filaments, thus tar-
geting the 37-kDa catalytic subunit (type 1 serine/threonine
phosphatase, PP1c) to phosphorylated RLC. RLC phosphoryl-
ation andmuscle forcemay be regulated by additional signaling
pathways involving phosphorylation of RLC by Ca2�-inde-
pendent kinase(s) and inhibition of myosin light chain phos-
phatase, processes that increase the contraction response at
fixed [Ca2�]i (Ca2�-sensitization) (8–14). Many studies indi-
cate that agonist-mediated Ca2�-sensitization most often
reflects decreased myosin light chain phosphatase activity
involving two major pathways including MYPT1 phosphoryla-
tion by a Rho kinase pathway and phosphorylation of CPI-17 by
PKC (8, 14–16). Additionally, phosphorylation of MLCK in its
calmodulin-binding sequence by a Ca2�/calmodulin-depend-
ent kinase pathway has been implicated inCa2� desensitization
of RLC phosphorylation (17–19). How these signaling path-
ways intersect the responses of the primary Ca2�/CaM path-
way during physiological neural stimulation is not known.
There is also evidence that smooth muscle contraction

requires the polymerization of submembranous cytoskeletal
actin filaments to strengthen membrane adhesion complexes
involved in transmitting force between actin-myosin filaments
and external force-transmitting structures (20–23). In tracheal
smooth muscle, paxillin at membrane adhesions undergoes
tyrosine phosphorylation in response to contractile stimulation
by an agonist, and this phosphorylation increases concurrently
with force development in response to agonist. Expression of
nonphosphorylatable paxillin mutants in tracheal muscle sup-
presses acetylcholine-induced tyrosine phosphorylation of
paxillin, tension development, and actin polymerization with-
out affecting RLC phosphorylation (24, 25). Thus, paxillin
phosphorylation may play an important role in tension devel-
opment in smooth muscle independently of RLC phosphoryla-
tion and cross-bridge cycling.
Specificmodels relating signalingmechanisms in the smooth

muscle cell to contraction dynamics are limited when cells in
tissues are stimulated slowly and asynchronously by agonist
diffusing into the preparation. Field stimulation leading to the
rapid release of neurotransmitters from nerves embedded in
the tissue avoids these problems associated with agonist diffu-
sion (26, 27). In urinary bladder smoothmuscle, phasic contrac-
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tions are brought about by the parasympathetic nervous sys-
tem. Upon activation, parasympathetic nerve varicosities
release the two neurotransmitters, acetylcholine and ATP, that
bind tomuscarinic and purinergic receptors, respectively. They
cause smooth muscle contraction by inducing Ca2� transients
as elementary signals in the process of nerve-smooth muscle
communication (28–30). We recently reported the develop-
ment of a genetically encoded, CaM-sensor for activation of
MLCK. The CaM-sensorMLCK contains short smoothmuscle
MLCK fused to two fluorophores, enhanced cyan fluorescent
protein and enhanced yellow fluorescent protein, linked by the
MLCK calmodulin binding sequence (6, 14, 31). Upon dimer-
ization, there is significant FRET from the donor enhanced
cyan fluorescent protein to the acceptor enhanced yellow fluo-
rescent protein. Ca2�/CaM binding dissociates the dimer
resulting in a decrease in FRET intensity coincident with acti-
vation of kinase activity (31). Thus, CaM-sensorMLCK is capa-
ble of directly monitoring Ca2�/CaM binding and activation of
the kinase in smooth muscle tissues where it is expressed spe-
cifically in smooth muscle cells of transgenic mice. We there-
fore combined neural stimulation with real-time measure-
ments of [Ca2�]i, MLCK activation, and force development in
smoothmuscle tissue from thesemice. Additionally, RLCphos-
phorylation was measured precisely at specific times following
neural stimulation in tissues frozen by a rapid-release elec-
tronic freezing device (26, 27). Results from these studies reveal
that physiological stimulation of smooth muscle cells by neu-
rotransmitter release leads to rapid increases in [Ca2�]i, MLCK
activation, and RLC phosphorylation at similar rates without
the apparent activities of Ca2�-independent kinases, inhibition
of myosin light chain phosphatase, or paxillin phosphorylation.
Thus, the elemental processes for phasic smooth muscle con-
traction are represented by this tightly coupled Ca2� signaling
complex.

EXPERIMENTAL PROCEDURES

Preparation of Urinary Bladder Smooth Muscle Strips from
Mice—Transgenic mice with CaM-sensor MLCK expression
specifically in smoothmuscle tissues were bred and screened as
previously described (6). Expressed amounts of the MLCK
CaM-sensor were less than 30% of the content of endogenous
kinase and stresses generated by bladder strips from wild-type
and transgenic animals were comparable (6). Transgenic ani-
mals showed no obvious phenotypic differences fromwild-type
mice. All animal protocols were approved by the University of
Texas Southwestern Medical Center IACUC.
Mouse bladder tissues were obtained from 8–12-week-old

transgenic mice expressing CaM-sensor MLCK or age-
matched wild-type mice. Briefly, the urinary bladder was
removed, opened, and urothelium removed by blunt dissection.
The smooth muscle layer was dissected into longitudinal strips
(0.5 � 0.5 � 8.0 mm) that were mounted on a fluorescence
myograph (Scientific Instruments, Heidelberg, Germany) or an
isometric force apparatus. Strips were equilibrated and
stretched 1.2 times slack length. All protocols were performed
in physiological salt solution (in mM: 118.5 NaCl, 4.75 KCl, 1.2
MgSO4, 1.2 KH2PO4, 24.9 NaHCO3, 1.6 CaCl2, 10.0 D-glucose,
pre-gassed with 95% O2, 5% CO2 at 35 °C).

Simultaneous Measurement of Contraction and CaM-Sensor
MLCKFRETRatio or [Ca2�]i—Simultaneousmeasurements of
force and FRET ratio or [Ca2�]i were made as previously
described (6). Because of the potential for CaM-sensor fluores-
cence to interfere with the fluorescence of Indo-1 in muscle
strips and the potential for overexpressed green fluorescent
protein containing proteins to interfere with muscle contrac-
tion by interacting with myosin (32), we determined that there
was no difference in the latency of force development between
wild-type and CaM-sensor transgenic mice (data not shown).
These data are consistentwith previous analyses on force devel-
opment with the agonist carbachol and KCl (6). FRET ratio,
[Ca2�]i, and force measurements were recorded on a Powerlab
8/SP data acquisition unit (AD Instruments, Colorado Springs,
CO). For FRET measurements, the muscle strips were illumi-
nated with an excitation wavelength of 430 nm, and emission
light was detected by two photomultipliers using 480- and
525-nm filters. The extent ofMLCK activation was determined
from the 480/525-nm emission ratio (FRET ratio) for strips
electrically stimulated with conditions (50 Hz, 20 V, 0.5-ms
duration) that induce maximal muscle contraction. Strips were
stimulated at 5-min intervals for up to 20 times to collect data
for signal averaging.
Global intracellular calcium concentrations were measured

by the Indo-1 fluorescence ratio in wild-type bladder strips as
described previously (6). Bladder smooth muscle strips were
incubated in the dark with physiological salt solution contain-
ing 10 �M Indo-1 AM, 0.01% pluronic F-127, and 0.02% cremo-
phor for 4 h at room temperature. After incubation, tissues
were mounted in the fluorescence myograph and washed with
fresh physiological salt solution for 30 min at 35 °C. Strips were
illuminated at 365 nm and emission intensities were measured
at 405 and 485 nm to obtain an emission ratio of 405 to 485 nm.
Strips were stimulated as for FRET measurements.
Fluorescence ratio data were analyzed over the course of a

contraction-relaxation cycle with 50 Hz stimulation for 3 s fol-
lowed by 12 s relaxation (Fig. 1). To improve signal-to-noise
and retain temporal resolution, unfiltered signals were aver-
aged (8–20 contractions from a single strip) after alignment to
the initial stimulus pulse using a signal-averaging program
written for Matlab. Latency for an increase in the fluorescence
ratiowas estimated as the time after stimulus initiation atwhich
the signal no longer oscillated below the mean of the average
resting value.
Preparation of Electrically Stimulated Bladder Smooth Mus-

cle Strips for Biochemical Measurements—Strips of bladder
smooth muscle were dissected and mounted by silk thread to
Grass FT03 force transducers for measurement of isometric
force. Fine silver wire attached directly to the ends of the tissue
allowed continuous field stimulation of the preparation
between the time the organ bathwas lowered and the tissuewas
frozen. After mounting, strips were equilibrated, stretched to
optimal length, and pre-contracted with 65 mM KCl. Strips
remained quiescent for at least 30 min and were frozen imme-
diately following 0, 100, 250, 1200, or 3000 ms of 50 Hz electric
field stimulation. Force development was recorded on a Pow-
erlab 8/SP data acquisition unit (AD Instruments, Colorado
Springs, CO). Muscle strips were frozen with a rapid-release
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electronic freezing device with hammer surfaces pre-chilled in
liquid nitrogen (33). For the relaxation period, urinary bladder
strips were frozen at 2, 5, 7, or 12 s after a 3-s electric field
stimulation with the freezing device. Frozen samples were
stored at �80 °C until they were added to a frozen slurry of
acetone in 10% trichloroacetic acid, thawed, homogenized
in 10% trichloroacetic acid and 10 mM dithiothreitol, and
then centrifuged to process for protein phosphorylation
measurements.
Measurement of RLC and CPI-17 Phosphorylation—Muscle

proteins precipitated in 10% trichloroacetic acid and 10 mM
dithiothreitol were solubilized in 8 M urea sample buffer and
subjected to urea/glycerol-PAGE at 400 volts for 80 min (RLC)
or 150 min (CPI-17) to separate non-phosphorylated and
monophosphorylated protein forms (14, 34). Following elec-
trophoresis, proteins were transferred to nitrocellulose
membranes and probed with polyclonal antibodies against
smooth muscle RLC or CPI-17. The ratio of monophospho-
rylated RLC or CPI-17 to total RLC or CPI-17 (nonphospho-
rylated plus monophosphorylated) was determined by quan-
titative densitometry and expressed as mole of phosphate/
mol of protein.
Measurement of MYPT1, MLCK, and Paxillin Phosphory-

lation—Protein samples prepared in urea sample buffer were
added to 0.2 volumes of SDS sample buffer containing 250 mM
Tris, pH 6.8, 10% SDS, 50 mM dithiothreitol, 40% glycerol, and
0.01% bromphenol blue, boiled, and subjected to SDS-PAGE.
Proteins were transferred to nitrocellulose membranes and
visualized by immunoblot staining using antibodies to total
MYPT1 and phospho-MYPT1 at Thr-696 or Thr-850 (Upstate,
Waltham, MA); total MLCK (Sigma) and phospho-MLCK at
Ser-1760 in the CaM-binding sequence (numbering for human
MLCK sequence) (Invitrogen); and total paxillin (BD Bio-
sciences) and phospho-paxillin at Tyr-118 (Cell Signaling
Technology, Danvers, MA). The phosphorylation of MYPT1
and paxillin are expressed as a ratio relative to that obtained
with tissues treatedwith 10�Mcarbachol for 1 or 5min, respec-

tively, whereasMLCKphosphoryla-
tion is relative to results obtained
with 65 mM KCl for 1 min.
Statistical Analyses—All data are

presented as mean � S.E. Statistical
comparisons were performed by
paired Student’s t test for [Ca2�]i,
MLCK activation, and force devel-
opment, independent t test for
phosphorylation of RLC, CPI-17,
MYPT1, paxillin, and MLCK. Two-
tailed values were used and p values
�0.05 were considered significant.

RESULTS

Time Course for Increases in
[Ca2�]i, MLCK Activation, RLC
Phosphorylation, and Force with
Neural Stimulation—Experiments
were performed to optimize stimu-
lus parameters such as strength,

duration, or frequency for selective stimulation of intramural
nerves in strips of mouse urinary bladder (26). Selected param-
eters were 20 V, 0.5 ms duration, 50 Hz direct current pulses to
the muscle chamber to induce maximal contractile responses
that were inhibited 57 � 7% (n � 5) by the muscarinic antago-
nist 0.1 �M atropine. The neurally mediated contractile
responseswere inhibited 28� 5% (n� 5)with a combination of
purinergic antagonists suramin and �,�-methylene ATP (10
�M each), whereas the addition of antagonists of both receptors
inhibited contraction 93 � 2% (n � 10). The contractile
responses to neural stimulation were 1.45 � 0.18 times
the maximal response obtained with carbachol. These results
are similar to previous reports on mouse bladder smooth mus-
cle (29, 30) indicating the robust neural responses aremediated
by both muscarinic and purinergic receptors.
For fluorescence studies and contractile measurements dur-

ing neural stimulation, data were acquired continuously for
15 s. In Fig. 2A, the time for the onset of force development is
illustrated in a typical tracing, whereas Fig. 2B shows contrac-
tion-relaxation responses over 15 s. Representative tracings of
the Indo-1 ratio (F405/F485), FRET ratio (F480/F525), and
force are shown in Fig. 2C. Measurements of neurally stimu-
lated bladder smooth muscle strips demonstrated that [Ca2�]i
andMLCKactivation increased rapidly upon electric field stim-
ulation, whereas force development lagged, reaching its maxi-
mal response more gradually (Fig. 2C). During the relaxation
phase following a 3-s stimulation, MLCK activation declined
faster than [Ca2�]i (Figs. 1 and 2C). Phosphorylation of RLC
was measured in quick-frozen muscle samples at the indicated
times by urea-glycerol PAGE (Fig. 2D). RLC phosphorylation
was low in the nonstimulated bladder smooth muscle and
increased rapidlywith neural stimulation (0.11� 0.08 to 0.51�
0.06 mol of P/mol of RLC), consistent with the rapid MLCK
activation.
There were significant changes in [Ca2�]i, MLCK activation,

and force within the first 250 ms of neural stimulation (Fig. 3).
Latencies for the onset of [Ca2�]i and MLCK activation were

FIGURE 1. Fluorescence ratio data for Indo-1 and MLCK CaM-sensor. Traces are derived from the average
values obtained from a single strip for repeated contractions to 50 Hz for 3 s, as indicated by the stimulation bar.
Right column is the expanded time scale to illustrate latency.
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not significantly different (p � 0.33) at 55 � 8 and 65 � 6 ms,
respectively (indicated by arrows in Fig. 3). Both [Ca2�]i and
MLCK activation increased rapidly following their respective
latencies, and RLC phosphorylation was significantly elevated
by 100 ms. Latency for the onset of force was significantly lon-
ger at 109 � 3 ms. In addition, beyond the absolute latency,

force increased considerably more
slowly than RLC phosphorylation
(Fig. 3). Delays due to coupling
between [Ca2�]i and MLCK activa-
tion appear insignificant.
[Ca2�]i, MLCK activation, and

RLC phosphorylation responses
continued to increase rapidly after
250 ms, reaching maximal values at
1.2 s (Fig. 4). [Ca2�]i and RLC phos-
phorylation remained at maximal
values up to 3 s, whereas MLCK
activation partially decreased. Iso-
metric force developedmore slowly,
reaching amaximal value after 3 s of
stimulation. The times required for
one-half maximal responses for
[Ca2�]i, MLCK activation, and RLC
phosphorylation were similar (250
ms), whereas force development
was slower (1200 ms).
MYPT1, CPI-17, and Paxillin

Phosphorylation—MYPT1 and CPI-
17 phosphorylation play impor-
tant roles in modulation of RLC
phosphorylation and Ca2� sensiti-
zation by inhibiting myosin light
chain phosphatase activity (12,
14). Because MLCK activation
decreased at 3 s without a signifi-
cant decrease in RLC phosphoryl-
ation, we measured MYPT1Thr-696,
MYPT1Thr-850, and CPI-17 phos-

phorylation (Fig. 5). We previously showed that treatment of
mouse bladder tissues with 10 �M carbachol for 1 min signifi-
cantly increased phosphorylation of MYPT1Thr-696 and CPI-17
(14). In the present study, we used this treatment as a positive
control for analysis. Compared with values obtained without
neural stimulation, phosphorylation of MYPT1Thr-850 and
CPI-17 did not change up to 3 s (Fig. 5). MYPT1Thr-696 did not
change significantly until 3 s. However, in smooth muscle tis-
sues that were stimulated an additional 2 s (5 s total) there were
significant increases inMYPT1Thr-696 andMYPT1Thr-850 phos-
phorylation that were similar to values obtained with carbachol
stimulation for 1 min (108 � 15 and 79 � 5%, respectively).
There was no increase in CPI-17 phosphorylation at 5 s of neu-
ral stimulation (22� 2%). These data indicate that phosphoryl-
ations ofMYPT1 andCPI-17 donot play a significant role in the
initial contractile response of bladder smooth muscle to neural
stimulation.
Paxillin at membrane adhesions undergoes tyrosine phos-

phorylation concurrently with force development with agonist.
This response is thought to play a role in the polymerization of
submembranous cytoskeletal actin filaments that increases the
rigidity of the membrane during tension development and
allows force transmission of phosphorylated, cycling myosin
cross-bridges (20). Therefore, we also measured paxillin phos-
phorylation in response to neural stimulation (Fig. 5). Relative

FIGURE 2. Measurements of isometric force, Indo-1 ratio, FRET ratio, and RLC phosphorylation in electri-
cally stimulated bladder smooth muscle strips. A, representative force tracing (upper channel) upon electric
field stimulation (lower channel) during the initial 0.5-s stimulation of a bladder strip from a CaM-sensor trans-
genic mouse. Stimulus pulses were delivered at 50 Hz. Arrow indicates the estimated time of latency for force
development. Initiation of the stimulus train is designated time 0. B, representative force tracing for a 3-s
electric field stimulation followed by 12 s relaxation. The response within the black rectangle was amplified to
show the latency for force development in A. C, recordings of Indo-1 ratio, FRET ratio, and force responses in
bladder strips stimulated for 3 s as indicated by the stimulus marker. Indo-1 ratio and FRET ratio are represent-
ative single traces from 2 strips filtered at 50 Hz. D, immunoblot following urea/glycerol-PAGE to separate
phosphorylated RLC (RLC-P) from the nonphosphorylated RLC for strips frozen at the indicated times after the
onset of stimulation.

FIGURE 3. Latencies and time course of [Ca2�]i, FRET ratio, RLC phospho-
rylation, and force during the initial 250 ms of electrical stimulation.
Values of [Ca2�]i (F), FRET ratio (E), RLC phosphorylation (�), and force (�) at
the indicated times are expressed as a fraction of maximal values obtained
with electric field stimulation. Arrows indicate average times for latency of the
indicated parameter. Values are mean � S.E. (n � 4 to 9). *, p � 0.05 versus
resting value.
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to the phosphorylation response with carbachol, there was no
significant increase in paxillin phosphorylation by 3 s of neural
stimulation.
[Ca2�]i, MLCK Activation, RLC Phosphorylation, and Force

during Relaxation—After stimulating smooth muscle tissues
for 3 s, responses were measured during the subsequent relax-
ation period; values were normalized to the values obtained at
3 s of stimulation (Fig. 6). The extent of MLCK activation
declined rapidly, whereas [Ca2�]i declined more slowly. Force
declined more slowly than RLC phosphorylation. Estimated
half-times for decreases in [Ca2�]i, MLCK activation, and
force during the relaxation phase from the continuous meas-
urements were 2.6 � 0.4, 0.7 � 0.9, and 3.2 � 0.6 s, respec-
tively. The estimated half-time for RLC dephosphorylation is
at least 1.2 s.
MLCK Phosphorylation—Ca2�-dependent phosphorylation

of MLCK has been implicated in a Ca2� desensitization mech-

anism by inhibiting Ca2�/CaM binding to the kinase (35, 36).
Because there was a decline in MLCK activation before an
apparent decline in [Ca2�]i during the contraction and relax-
ation periods, MLCK phosphorylation was measured byWest-
ern blotting with an antibody that binds to the phosphorylated
serine in the C terminus of the Ca2�/CaM binding sequence in
MLCK that affects Ca2�/CaM binding. Depolarization of
smooth muscle tissues with high concentrations of K� leads to
increased MLCK phosphorylation (17, 35). Therefore, we
treated smooth muscle tissues with 65 mM KCl for 1 min as a
positive control. In the neurally stimulated tissues, MLCK
phosphorylation reached a maximal response by 3 s and then
gradually declined to resting values during the relaxation
period (Fig. 7). The decrease in MLCK activation while
[Ca2�]i remained elevated during neural stimulation and in
the early phase of relaxation correlates to MLCK
phosphorylation.

DISCUSSION

The principal finding of the present study is that physiologi-
cal stimulation of bladder smooth muscle by neurotransmitter

FIGURE 6. [Ca2�]i, FRET ratio, RLC phosphorylation, and force during
relaxation after 3 s of electrical stimulation. Strips were frozen at the indi-
cated times during relaxation. Values of [Ca2�]i (F), FRET ratio (E), RLC phos-
phorylation (�), and force (�) are expressed as percent of values at 3 s. Values
are mean � S.E. (n � 4 to 9). *, p � 0.05 versus resting values (all values
significantly changed after 0 s as shown by one asterisk for each time).

FIGURE 7. MLCK phosphorylation during contraction and relaxation with
electrical stimulation. Results are expressed relative to values obtained at 1
min with 65 mM KCl. Values are mean � S.E. (n � 4 to 8). *, p � 0.05 versus
resting value. **, p � 0.01 versus resting values.

FIGURE 4. Time course of [Ca2�]i, FRET ratio, RLC phosphorylation, and
force during 3 s of electrical stimulation. Values of [Ca2�]i (F), FRET ratio
(E), RLC phosphorylation (�), and force (�) at the indicated times are
expressed as a fraction of maximal obtained with electric field stimulation.
Values are mean � S.E. (n � 5 to 12). *, p � 0.05 versus resting values (all values
significantly changed at each time after 0 s as shown by one asterisk for each
time).

FIGURE 5. MYPT1Thr-696, MYPT1Thr-850, CPI-17, and paxillin phosphoryla-
tion during 3 s of electrical stimulation. MYPT1Thr-696 (F), MYPT1Thr-850 (E),
CPI-17 (�), and paxillin (�) phosphorylation at the indicated times during a
3-s field stimulation. For MYPT1Thr-696, MYPT1Thr-850, and paxillin phosphoryl-
ation, results are expressed relative to values obtained with 10 �M carbachol
at 1 (MYPT1) and 5 (paxillin) min. For CPI-17 phosphorylation, results are
expressed as percent of total CPI phosphorylated (14). Values are mean � S.E.
(n � 4 to 6). *, p � 0.05 versus resting values.
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release results in rapid increases in [Ca2�]i, MLCK activation,
and RLC phosphorylation revealing the activity of a tightly cou-
pled signaling complex that precedes isometric force develop-
ment. The electrical stimulation paradigm used in this study
was selected to approximate the time course of mouse bladder
contractions measured by filling cystometry in vivo (37, 38).
Similar to the response pattern in isolated muscle, pressure
traces from intact bladder during voiding show a rapid contrac-
tion lasting just a few seconds, followed by a slower relaxation
taking 10 or more seconds. Our results are similar to those of
others where electric field stimulation of mouse bladder
smooth muscle strips elicits rapid, frequency-dependent con-
tractions that aremaximal at 50Hz and that are inhibited�60%
by muscarinic and �30% by purinergic antagonists (30, 39).
These maximal stimulus conditions resulted in increases in
intracellular Ca2� at rates similar to those measured in post-
synaptic responses of detrusormuscle fromCa2�-sensingmice
(40). We have not identified the sources of calcium in response
to maximal neural stimulation, however, the importance of
Ca2� entry through voltage-dependent calcium channels for
normal bladder function was clearly demonstrated with the
smoothmuscle-specific knock-out of theCav1.2 L-type calcium
channel (41). Both muscarinic and purinergic agonists have
been shown to elicit depolarization of mouse bladder smooth
muscle (42). Thus, theminimal signaling throughRhoAor PKC
pathways, evidenced by slight or no changes in MYPT1 and
CPI-17 phosphorylation during short cycles of contraction,
may reflect the predominance of calcium signaling in regulating
normal bladder function.
MLCKhas a high affinity for Ca2�/CaMwith an apparentKD

value of 1 nM (43). Ca2� binds to CaM quite rapidly (1 � 108
M�1 s�1) to induce conformational changes necessary for its
binding to MLCK, which occurs as a rapid, bimolecular associ-
ation (5 � 107 M�1 s�1) (44–46). This binding is associated
with a slower conformational isomerization (�2 s�1) of skeletal
as well as smooth muscle MLCK in the binary complex.
Although skeletal muscle myosin light chain kinase activation
occurs more rapidly than the slower structural isomerization
(45), similar evidence is lacking for smoothmuscleMLCK lead-
ing others to propose that the isomerization process could
account in part for the latency of contraction in stimulated
smooth muscles (46). However, the activation of smooth mus-
cleMLCK in the neurally stimulated tissues was tightly coupled
with the increase in [Ca2�]i. The latencies for [Ca2�]i and
MLCK activation were not different at 55 and 65 ms, respec-
tively. To estimate the rates of rise for [Ca2�]i and MLCK acti-
vation, the rising segment, between 0.1 and 1.2 s, was fit by a
one-phase exponential (r2 	 0.99). The pseudo-first order rates
were similar at 2.4 and 3.0 s�1, respectively. Therefore, we con-
clude that there is no significant delay in Ca2�/CaM binding
and activation of smooth muscle MLCK, in vivo. This conclu-
sion is similar to results obtained biochemically (45) and phys-
iologically (47) with skeletal muscle MLCK.
Changes in [Ca2�]i do not always lead to proportional

increases inMLCKactivation. At longer times after initiation of
neural stimulation, therewas an apparent desensitization of the
kinase to Ca2�. This desensitization occurs when MLCK is
phosphorylated in the C terminus of its CaM binding sequence

thatwould decrease the affinity of the kinase forCa2�/CaM (17,
35). The phosphorylation was shown previously to be Ca2�-de-
pendent (17, 18) and recent evidence indicates it may be medi-
ated by Ca2�-dependent activation of CaM-dependent protein
kinase kinase-� that phosphorylates and activates AMP-acti-
vated protein kinase, which then phosphorylatesMLCK (19). If
the concentration of AMP increases sufficiently in contracting
muscle, it may also directly activate AMP-activated protein
kinase. The Ca2�-dependent or AMP-stimulated feedback
mechanisms would thus diminish MLCK activity.
The activation of MLCK is tightly coupled to RLC phospho-

rylation. With the initiation of contraction, there were propor-
tional increases in the extent of MLCK activation and RLC
phosphorylation up to 3 s. The initial characterization of the
CaM-sensor MLCK showed a proportional change in FRET
ratio with kinase activity when equilibrated at different calcium
concentrations (31). The physiological data herein show that
the rates of change in FRET ratio and RLC phosphorylation are
similar. After cessation of neural stimulation, there were
decreases in [Ca2�]i, MLCK activation, and RLC phosphoryla-
tion within a few seconds resulting in relaxation. The decreases
inMLCK activation andRLCphosphorylation appeared to pre-
cede decreases in [Ca2�]i probably because of the Ca2� desen-
sitization of MLCK by the phosphorylation of its CaM binding
sequence.
Neural stimulation did not result in activation of Ca2�-sen-

sitization pathways involving G protein receptor coupling sig-
naling through RhoA or PKC to phosphorylation of MYPT1 or
CPI-17 within the time required for maximal force develop-
ment. Ca2�-sensitization has been noted in a variety of smooth
muscle tissues where it is thought to play physiological as well
as pathophysiological roles (12, 13, 15). We did not observe
phosphorylation of MYPT1 or CPI-17 during neural stimula-
tion up to 3 s, consistent with the view that Ca2�-dependent
RLCphosphorylation initiates smoothmuscle contractionwith
Ca2�-sensitization mechanisms recruited later as important
but secondary modulatory events. Carbachol stimulation with
its associated slower contractile response does lead to MYPT1
and CPI-17 phosphorylation in bladder smoothmuscle (14, 48)
as it does for other kinds of smooth muscles (12, 13, 15). How-
ever, the primary importance ofMLCK for phasic smoothmus-
cle contraction even with agonist stimulation is emphasized by
the loss of contractile responses with MLCK gene ablation (3).
Because of the tight temporal link between MLCK activation
and RLC phosphorylation, it also appears that Ca2�-independ-
ent kinases are not involved in RLC phosphorylation with neu-
ral stimulation. Similarly, ablation of the MLCK gene did not
uncover Ca2�-independent RLC phosphorylation in bladder
smooth muscle (3).
Evidence has also been presented that smooth muscle con-

traction requires the polymerization of submembranous
cytoskeletal actin filaments that increases the rigidity of the
membrane during tension development (20–23). These
changes may strengthen membrane adhesion complexes and
allow transmission of forces from cycling cross-bridges ofmyo-
sin on actin through the adhesion complexes to the external
force transmitting structures. Thus, signals activated by inte-
grin receptors and G protein-coupled receptors collaborate to
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regulate actin cytoskeletal remodeling as well as activation of
actomyosin. These two processes can be activated independ-
ently of one another, but it is proposed that the development of
contractile force requires the activation of both the actomyosin
system and actin polymerization (20). One of the first steps in
initiating cytoskeletal remodeling in response to agonist stim-
ulation is the tyrosine phosphorylation of paxillin that recruits
it to membrane adhesion sites to facilitate the adaptation of
smooth muscle cell shape and stiffness. We did not observe a
change in paxillin phosphorylation during neural stimulation,
similar to our observations onMYPT1 andCPI-17 phosphoryl-
ation. Recent observations on vascular smooth muscle show
that paxillin phosphorylation follows, rather than precedes
force development (49). Thus, paxillin phosphorylation and
cytoskeletal remodeling may be recruited after the primary
RLC phosphorylation and force development responses for
increasing cell force. Alternatively, the neural stimulus may
activate a different pathway for actin polymerization or
cytoskeletal remodeling may play a more important role in
other kinds of smooth muscles such as tonic airway smooth
muscle compared with phasic bladder smooth muscle.
The relationship between RLC phosphorylation and force

with neural stimulation is complex and shows considerable
hysteresis in the contraction and relaxation phases. In skinned
fibers and in intact tissue strips at peak force, there is a relatively
simple relationship where force is proportional to RLC phos-
phorylation (14, 50). However, rapid cell activation by neuro-
transmitter released during electric field stimulation of nerves
shows a significant lag between RLC phosphorylation and force
during force development and a greater rate of RLC dephos-
phorylation relative to force during relaxation (26). Force
developed by the cyclic interactions between myosin and actin
is transmitted through elastic elements located in the tissue,
cells, and contractile apparatus. Thus, the delay in force during
contraction relative to rapid RLC phosphorylation is most
likely attributable to the effects of internal compliance on the
manifestation of force in the tissue (51).
In summary, neural stimulation of a phasic smooth muscle

tissue leads to rapid increases in [Ca2�]i, MLCK activation, and
RLCphosphorylation, showing a tightly coupledCa2� signaling
complex as an elementary cellular response sufficient to initiate
contraction. Modulatory signaling pathways involving Ca2�-
sensitization via inhibition of myosin phosphatase activity
(MYPT1 and CPI-17 phosphorylation) or Ca2�-independent
kinases were not evident.
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