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Abstract
Smooth muscle caldesmon (h-CaD) is an actin- and myosin-binding protein that reversibly inhibits
the actomyosin ATPase activity in vitro. To test the function of h-CaD in vivo, we eliminated its
expression in mice. The h-CaD-null animals appeared normal and fertile, although the litter size
was smaller. Tissues from the homozygotes lacked h-CaD and exhibited up-regulation of the non-
muscle isoform, l-CaD, in visceral, but not vascular tonic smooth muscles. While the Ca2+-
sensitivity of force generation of h-CaD-deficient smooth muscle remained largely unchanged, the
kinetic behavior during relaxation in arteries was different. Both intact and permeabilized arterial
smooth muscle tissues from the knockout animals relaxed more slowly than those of the wild-type.
Since this difference occurred after myosin dephosphorylation was complete, the kinetic effect
most likely resulted from slower detachment of unphosphorylated cross-bridges. Detailed analyses
revealed that the apparently slower relaxation of h-CaD-null smooth muscle was due to an
increase in the amplitude of a slower component of the biphasic tension decay. While the identity
of this slower process has not been unequivocally determined, we propose it reflects a thin-
filament state that elicits fewer re-attached cross-bridges. Our finding that h-CaD modulates the
rate of smooth muscle relaxation clearly supports a role in the control of vascular tone.
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Introduction
Myosin phosphorylation, governed by the activities of both myosin light chain kinase
(MLCK) and myosin phosphatase [63], is the primary mechanism that regulates smooth
muscle contractility, which controls many important physiological processes, including
blood pressure, airway resistance, movement of food through the gastro-intestinal system
and childbirth. There is, however, evidence that this motor-based on/off switch is not
sufficient to account for all aspects of smooth muscle physiology [10,2,68]. Additional
regulatory mechanisms may be needed to accommodate complicated situations [67]. One
such mechanism involves caldesmon (CaD; [62]) and the thin-filament machinery that is
possibly also operating in smooth muscle.

CaD is an actin-binding protein present in both smooth muscle and non-muscle tissues
[47,49,70]. The smooth muscle isoform (h-CaD; [8,22]) and the non-muscle isoform (l-CaD;
[53,11,64]) are derived from a single gene by alternative splicing [27]. The difference
between the two isoforms is an extended single helix of repeating sequences that only exists
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in h-CaD and acts as a “spacer” to separate the more compact N- and the C-terminal
domains [43]. It has been shown that the N-terminal end of h-CaD binds to the neck (S2)
region of myosin [28,24,72,39], while the C-terminal end of CaD binds actin and inhibits the
actomyosin ATPase activity [16,44,56,71]. Based on these and other findings a working
model has been put forward for CaD [70], in which h-CaD tethers myosin filaments to actin
filaments [72], and together with tropomyosin, sterically blocks actomyosin interactions in
the resting state. Upon stimulation, myosin is phosphorylated by MLCK and the C-terminal
domain of h-CaD is removed from its inhibitory position on actin either by Ca2+/calmodulin
[59,25] or by phosphorylation [51,1], allowing myosin binding and muscle contraction. In
this model CaD plays dual roles during smooth muscle contraction. Structurally, it maintains
the orderly arrangement of the thick and thin filaments and functionally, it acts as a
“molecular brake” to modulate development of contractile force.

The inhibitory action of h-CaD was supported by both biochemical [26] and cellular assays
using decoy peptides [29]. Additional evidence came from experiments with removal of h-
CaD either by extraction [45] or by antisense- [12] or siRNA- [60] knockdown. In all cases
it was observed that after decreasing the level of h-CaD the vascular smooth muscle strip
experienced a higher basal tone or smaller active contraction. This is consistent with the
hypothesis that smooth muscle regulation includes a thin-filament-based disinhibition
component. To further test the functional role of h-CaD, we have generated a mouse model
in which the h-CaD gene is specifically disrupted by homologous recombination [18].
Although in the h-CaD-null animals there was a compensatory up-regulation of the non-
muscle isoform such that drastic phenotypes were not observed, subtle symptoms did exist
that could be attributed to the absence of h-CaD. Here we report a novel finding that h-CaD-
deficient mouse arterial muscles relaxed more slowly than wild-type (WT) tissues. Our data
are consistent with the notion that h-CaD exerts its inhibitory action by facilitating the
detachment of ATP-bound, dephosphorylated cross-bridges, rather than preventing
phosphorylated cross-bridge formation. Thus, our mouse model not only reveals the
physiological function of h-CaD in smooth muscles, but also sheds new light on the
mechanism of vascular regulation.

Materials and Methods
Tissue Preparation and Isometric Force Measurements

Adult male C57BL/6 mice (25 ± 4 g) were euthanized by CO2 according to an IACUC-
approved protocol. Aortic and tail arteries and urinary bladder were dissected and freed from
fat and soft connective tissues [32]. Arterial vessels and bladder (detrusor) tissues were
denuded of endothelial and epithelial layers, respectively. Arterial rings (0.75 mm in length)
and bladder smooth muscle strips (0.3 mm in width and 2.5 mm in length) were held by fine
hooks of two tungsten needles, one of which was attached to a force transducer (AM801,
SensoNor, Horten, Norway). The smooth muscle tissues were then immersed in the normal
external solution (see below) in a well on a temperature-controlled Teflon-coated bubble
plate [48] to allow rapid solution exchange by sliding the plate to an adjacent well and
rapidly freezing with liquid N2-cooled propane at −150° C. The tissues were repeatedly
stimulated with 154 mM K+ solution at 30 °C until a steady maximal force was attained for
each tissue. Myofibrils were prepared from mouse rectum smooth muscle according to
published procedures [61] with slight modification (i.e., more extensive homogenization and
repeated treatment with 1% Triton).

Permeabilization of Tissues
After several contractions were induced by 154 mM K+ and by 30 μM α1-agonist
phenylephrine at 30 °C to confirm the integrity of the preparations, the aortic rings were
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incubated in relaxing solution for several minutes. For measuring the Ca2+-sensitivity of
contractions, the rings were permeabilized with 40 μg/ml purified Staphylococcus aureus α-
toxin (List, Campbell, CA, USA) at pCa 6.7 buffered with 10 mM EGTA at 30° C and then
treated with 10 μM Ca2+ ionophore A23187 (Calbiochem) for 20 min at 20° C to deplete the
sarcoplasmic reticulum (SR) of Ca2+ and to maintain the cytoplasmic Ca2+ constant without
changes in protein composition [41]. For kinetic studies of arterial contraction and
relaxation, the rings were treated with 60 μM β-escin (Sigma) for 30 min at 5°C and then
for 15 min at 30° C together with 10 μM A23187, which results in larger pores than with α-
toxin and homogenous permeabilization within the tissues [48], thus ensuring faster and
more effective control of intracellular Ca2+ concentration. All experiments with
permeabilized smooth muscle tissues were carried out at 20° C to minimize the deterioration
of contractility. To measure the time course of relaxation, we used 10 mM EGTA-containing
relaxing solution with 300 μM ML-9 to block MLCK. All solutions were neutralized to pH
7.1 with KOH at 20 °C and an ionic strength of 0.2 M was achieved by using appropriate
amounts of potassium methanesulfonate [48].

Solution Compositions
The external solutions for intact smooth muscle rings were prepared as described previously
[48]. The normal external solution for intact smooth muscle rings was 150 mM NaCl, 4 mM
KCl, 2 mM calcium methanesulphonate, 2 mM magnesium methanesulphonate, 5.6 mM
glucose, 30 μM EDTA, and 5 mM N-2-hydroxyethylpiperazine-N′-2-ethanesulfonic acid
(Hepes). To depolarize smooth muscle cells, potassium methanesulphonate (150 mM) was
substituted for NaCl of the external solution with all other components used at the same
concentration. Both solutions were adjusted to pH 7.4 with Tris.

The standard relaxing solution used for resting states of the α-toxin- and β-escin-
permeabilized strips contained the following [48]: 74.1 mM potassium methanesulfonate, 2
mM Mg2+, 4.5 mM MgATP, 1 mM EGTA, 10 mM creatine phosphate, 30 mM piperazine-
N,N′-bis(2-ethanesulfonic acid), 1 mM dithiothreitol and pH 7.1 adjusted with KOH at
20°C. In the activating solution, 10 mM EGTA was used and a calculated amount of
calcium methanesulfonate was added to give the final desired concentration of free Ca2+

ions [32]. Ionic strength of 0.2 M was adjusted with potassium methanesulfonate.

Protein Quantification by Immunoblot Analysis
Protein levels were determined with an Odyssey Infrared Imaging System (LI-COR
Biosciences, Lincoln, NE) using dye-conjugated secondary antibodies. Anti-CaD polyclonal
antibody (made in house) and anti-β-actin monoclonal antibody (Sigma) were coupled to
IRDye™ 700-conjugated anti-rabbit and IRDye™ 800-conjugated anti-mouse antibodies,
respectively. h-CaD and l-CaD electrophoretically transferred from SDS polyacrylamide
gels to PVDF membranes were readily distinguished on the basis of their molecular weights
with the same antibody, thus allowing quantification of both isoforms in the same sample.
The band corresponding to anti-β-actin was used as an internal standard for sample loading.

Histology
For histological analysis the aorta were removed immediately after the mice were sacrificed,
fixed in phosphate-buffered saline containing 4% formaldehyde, dehydrated with a graded
series of ethanol solutions, embedded in paraffin and cut into 3–5 μm sections. Sections
were deparaffinized, rehydrated and stained with hematoxylin and eosin. For
immunofluorescence imaging, aorta tissues from WT and homozygous knockout (KO) mice
were fixed in the phosphate-buffered (PBS) solution containing 4% paraformaldehyde
before being embedded in OCT compound and frozen in liquid N2. After sectioning (7 μm)
on a Leica CM3050S cryostat, the samples were stained with Alexa Fluor 532 phalloidin
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(200:1 dilution with PBS; for actin) and Hoechst 33258 (1000:1 dilution; for nuclei)
according to Eddinger [13]. Elastin was detected by autofluorescence (excited at 488 nm,
emission collected at 520 nm). Stained sections were observed using a Leica DMR
microscope with 40X objective and epifluorescence illumination.

Electron Microscopy
Immunogold electron microscopy of mouse bladder tissues was carried out [42] with a
rabbit polyclonal anti-CaD antibody [41]. All specimens were examined with a Philips 300
electron microscope at 60kV.

Determination of Myosin Light Chain Phosphorylation by Immunoblot Analysis
Rapidly frozen muscle rings were fixed with 10% TCA in acetone at −80 °C overnight,
gradually warmed and washed in acetone, dried under vacuum, homogenized in 1% SDS,
15% glycerol, 62.5 mM Tris (pH 6.8), 30 mM DTT, 100 μM Pefabloc (Roche), 10 μM E-64
(Boehringer-Mannheim) and 0.005% bromophenol blue (pH 6.8) then centrifuged. The
protein concentration of the supernatant was measured using a protein assay kit (Pierce).
Phosphorylation of myosin light chain (MLC) was determined by immunoblot analysis [31]
using anti-phospho-MLC antibody (Cell Signaling). The experiments to estimate the total
amount of MLC were carried out in duplicate with equal amounts of the same tissue extracts
in the same gel and the same nitrocellulose membrane except anti-MLC antibody (Sigma).

Data Analysis and Statistics
All decay traces of isometric tension were analyzed by fitting to a 2-exponential equation by
nonlinear regression using KaleidaGraph (Synergy Software, v. 3.6). Results of force
measurements, protein level and cell number determinations are all presented as means ±
SE. Data were analyzed by Student t-test with repeated measurements.

Results
Characterization of h-CaD-null Mice

As described in our preliminary report [18], we have successfully disrupted expression of
smooth muscle h-CaD in mice. This was achieved by inserting a tandem stop codon
immediately after the exon 3a of the CaD gene beyond the splicing sequence, such that the
expression of h-CaD was prematurely terminated, whereas the expression of the shorter
isoform, l-CaD, remained intact. The resulting homozygous mice indeed lacked h-CaD, but
nevertheless, expressed l-CaD (see below). The percentage of living homozygous offspring
from heterozygous parents was only 8.63% (40 out of a total of 472 pups), remarkably lower
than the expected value (25%). As noted previously [18], h-CaD-deficient pups were often
born with protruding guts, possibly due to failure of ventral wall closure during the late
stages of embryogenesis, a birth defect similar to that found in human babies known as
omphalocele. Herniated pups could not survive as a result of starvation and/or cannibalism,
accounting for part of the missing knockout population. However, the homozygous animals
without herniation appeared normal and grew to adulthood without drastic symptoms. While
both surviving male and female h-CaD-null mice were fertile, the litter size derived from
homozygous crossing was again often smaller (typically n ≤ 3). In particular, undeveloped
and re-absorbed fetuses were found in the pregnant homozygous female, suggesting that
deficiency in h-CaD leads to developmental defects other than herniation. The cause and
mechanism of this phenotype are not understood at this point and require further
investigation.

In the KO mouse l-CaD was found in smooth muscle tissues (Table 1), isolated myofibrils
(from mouse rectum; Fig. 1A & B), as well as tissue sections (urinary bladder; Fig. 1C).
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Notably, filament arrangement in the KO tissue was inexplicably less well organized
compared to WT (Fig. 1C). We did notice that the KO bladder was frequently found to be
full even after the animal was sacrificed suggesting that overstretching of the tissue could
possibly have resulted in filament disarray. Nevertheless, judging from the close association
of the gold particles with myosin filaments in both the KO and WT samples, it appears that
the non-muscle isoform occupies the same locations as smooth muscle CaD. The expression
of l-CaD indeed increased in response to h-CaD KO except that, as we reported previously
[18], this compensatory switchover of CaD isoforms was tissue-dependent. In visceral
smooth muscles (such as bladder and intestines) where the content of h-CaD is normally
higher [20], the up-regulation of l-CaD in the homozygous tissue was robust, whereas in KO
tonic smooth muscles (such as aorta and tail artery), the l-CaD content largely remained
unchanged (Table 1). We have estimated the CaD content by quantifying the band intensity
of h- or l-CaD on immunoblots normalized to that of β-actin. We found that in WT mice the
ratio of h-CaD in bladder to aorta was 5.57 ± 0.76 (n = 3). As for l-CaD, the ratio between
bladder and aorta in the WT mice was 1.73 ± 0.24 (n = 4). In KO mice the relative level of l-
CaD increased almost 3-fold (l-CaDKO/l-CaDWT = 2.91 ± 0.84; n = 4) in bladder smooth
muscle, but about the same as that of the WT (l-CaDKO/l-CaDWT = 0.98 ± 0.06; n = 5) in
aortic smooth muscle (Fig. 2). Similar results were obtained for tail artery, where the relative
amount of l-CaD was about the same between the KO and WT tissues (l-CaDKO/l-CaDWT =
1.03 ± 0.33; n = 3), although the levels of both h- and l-CaD were 4-fold lower than those in
aorta. No gross differences were found in the morphology of KO and WT mouse aorta (Fig.
3A), and immunofluorescence imaging also revealed no substantial differences between the
number of cell layers in the media sections of the KO and WT aorta (Fig. 3B). In KO non-
muscle tissues, however, there appeared to be a down-regulation of l-CaD (Table 1). The
significance of that is unclear at this point.

Physiological Studies of Smooth Muscles from h-CaD-deficient Mice
We have examined the effect of h-CaD on the contractility of aortic smooth muscle by
carrying out physiological measurements on tissues isolated from adult WT and
homozygous KO mice. Intact mouse aorta developed force upon activation with either
membrane depolarization by high concentrations of K+ or agonist treatment (phenylephrine,
ATP and endothelin-1). Among the agonists tested, U46619 (a thromboxane analog; 1–10
μM) induced the largest amount of force in both WT and KO aortas. This maximum force
(mean ± SE) per unit cross-section area of h-CaD-null aorta (11.5 ± 1.0 mN/mm2; n = 7)
was about 30% lower than that of the WT (16.5 ± 2.5 mN/mm2; n = 7), although the p-value
of this difference exceeds the range of statistical significance (p = 0.14) owing to the
relatively large animal variation. We did not find significant differences either in the total
number of cells in the unit cross-sectional area (33.3 ± 4.4 /mm2 for WT vs. 33.4 ± 4.1 /mm2

for KO; n = 9) or in the total content of actin and myosin (data not shown). On the other
hand, the rates of relaxation of the intact aortic tissues from the KO mice were noticeably
slower than that from the WT animals (Fig. 4A). For example, the half-time for the force
decay after high K+ (154 mM) stimulation was t1/2 = 58.2 ± 12.8 sec for the KO aorta,
compared to t1/2 = 30.4 ± 1.4 sec for WT (p = 0.027). No clear difference was observed for
the bladder tissues, which did not have a sustained phase upon stimulation with high K+ or
carbachol (Fig. 4A). Since the contractility of these intact muscle strips might be subject to
variations in the intracellular Ca2+ concentration ([Ca2+]

i), we have measured the forces
under permeabilized conditions such that the Ca2+ level can be controlled with EGTA-Ca2+

buffer externally.

Force was first measured as a function of [Ca2+] in α-toxin-permeabilized aorta, in which
endogenous calmodulin was retained [33]. To compare among samples taken from different
animals, the measured force was normalized based on the maximum value obtained at pCa
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4.5. The force developed in the KO aorta at pCa > 6 was slightly, but consistently (p < 0.05)
higher than that in the WT aorta. Such a difference, however, disappeared at lower pCa
levels, rendering no significant changes in the overall Ca2+-sensitivity between the h-CaD-
null and the WT samples (Fig. 4B). We have fitted the data with the Hill equation. The
obtained pCa50 and Hill coefficients were, respectively, 6.11 ± 0.02 and 1.28 ± 0.18 for the
WT (n = 4), and 6.14 ± 0.06 and 1.00 ± 0.04 for KO aorta (n = 4). As a comparison, we have
also tested permeabilized urinary bladder smooth muscle strips. The Ca2+-sensitivity,
although lower and more cooperative than that found for tonic aortic smooth muscles (of
both WT and KO), was nearly identical for the KO and WT bladder samples. The pCa50 and
Hill coefficients were, respectively, 5.59 ± 0.04 and 2.36 ±0.29 for the WT (n = 8); and 5.53
± 0.05 and 2.41 ± 0.22 for KO bladder (n = 6). The levels of relative force induced by
intermediate Ca2+ (pCa 6.3) alone, together with GTPγS (30 μM) or PDBu (1 μM), were all
similar in the WT (5 ± 2 %, 64 ± 6 % and 63 ± 3 %, respectively; n = 3) and the KO samples
(8 ± 2 %, 62 ± 4 % and 65 ± 3 %, respectively; n = 4; Fig. 4C). In the Ca2+-free solution (10
mM EGTA), the resting tension of either permeabilized tissue was not affected by the
presence of staurosporine (1 μM), a non-selective kinase inhibitor. The maximum
contraction induced by pCa 4.5 in the presence of GTPγS (30 μM) was also not statistically
different (p = 0.56) between WT and KO littermates (n = 3).

To further validate the kinetic observations and to achieve better and faster control of Ca2+

levels, β-escin was used for tissue permeabilization. Permeabilized aorta rings from WT and
KO mouse littermates were first stimulated with the pCa 4.5 solution. After the force
reached maximum, the muscles were then relaxed with the Ca2+-free solution (10 mM
EGTA with no added Ca2+) in the presence of ML-9 (300 μM) to ensure complete inhibition
of MLCK. The relaxation of contractile forces was recorded over a period of 30 min (Fig.
5A). We did not observe significant differences in tension development; however, during
relaxation the force invariably showed a slower decay for the KO samples (Fig. 5A; red
trace) than for the WT samples (black trace). When analyzed, the time course of the decay
could be best fitted with a two-exponential process, the apparent rate constants and the
corresponding relative amplitudes (in parentheses) were: k1 = 0.46 ± 0.08 min−1 (66 ± 5%)
and k2 = 0.060 ± 0.007 min−1 (34 ± 5%) for the WT aorta (n = 6), and k1 = 0.71 ± 0.04
min−1 (32 ± 3%) and k2 = 0.081 ± 0.008 min−1 (68 ± 3%) for the KO sample (n = 6; Table
2). To facilitate the fitting the initial points near the short plateau right after changing to
relaxing solution were truncated. According to Khromov et al. [30], this “lag phase” may
reflect MLC dephosphorylation. We did not find any difference in this phase between WT
and KO aorta (Fig. 5A). Based on our analysis, there existed two first-order kinetic
processes during aortic relaxation, one being 8- to 9-fold faster than the other. Despite the
appearance of slower relaxation for the KO samples, the rate constants of both components
were actually higher for KO than WT tissues (p < 0.05). What made the overall slowness of
the KO was the relative amplitude of the two components. Thus, the apparently slower
relaxation observed for the KO samples was due to a greater contribution of the slower
component of the relaxation process for the h-CaD-null muscle strips, rather than a decrease
of the rate constants.

We also performed the same experiments on tail arteries. The results were qualitatively
similar to those of aorta, i.e., the h-CaD-deficient tissues relaxed more slowly than the WT
samples, except that there was a more extensive lag phase. The lag phase appeared longer
for the KO sample (35 ± 6 sec, n = 6) than the WT sample (24 ± 2 sec, n = 6, p = 0.04; Fig.
5B). Whether this indicates a difference in the rate of MLC dephosphorylation remains to be
seen. For the kinetic parameters of tail arteries, the apparent rate constants and the
corresponding relative amplitudes were: k1 = 1.71 ± 0.15 min−1 (81 ± 5%) and k2 = 0.40 ±
0.09 min−1 (19 ± 5%) for the WT aorta (n = 6), and k1 = 1.55 ± 0.26 min−1 (62 ± 2%) and k2
= 0.34 ± 0.07 min−1 (38 ± 2%) for the KO sample (n = 6; Table 2). Note that although the
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rate constants of both fast and slow components were comparable (p > 0.5) between WT and
KO tail arteries, which relaxed 2 to 3 times faster than the aorta, the major change was still
the relative amplitudes of the two components. The characteristics of relaxation kinetics did
not seem to be related to the amount of CaD in the tissue, because urinary bladder smooth
muscle, which had a higher level of h- and l-CaD than aorta in both WT and KO tissues (see
above; Table 1), also relaxed at a faster rate than aorta (not shown).

Myosin Light Chain Phosphorylation during Relaxation
Since MLCK activity was abolished during relaxation with the removal of Ca2+ and
inclusion of EGTA and ML-9, we tested whether the slower relaxation rate exhibited by the
h-CaD-null aortic muscles was due to an altered myosin phosphatase activity. The level of
MLC phosphorylation of the muscle strips was determined by Western blot analysis as a
function of time. Four time points were taken: at t = 0 (immediately after exposure to
relaxation buffer), 2, 5, and 10 min after the initiation of relaxation (Fig. 6). The results with
both anti-MLC and anti-phospho-MLC antibodies showed that while similar levels of MLC
phosphorylation were attained for both WT and KO samples at t = 0, there was essentially
no detectable phosphorylated MLC in either sample after 2 min exposure to the relaxing
solution (Fig. 6). These results are consistent with earlier reports that MLC
dephosphorylation is faster than contractile force decay [34,30,40]. A similar time course of
MLC dephosphorylation was observed for rabbit artery under similar conditions [32,48,35].
On the other hand, the major mechanical difference between WT and KO aorta was only
seen after 5 min (Fig. 5). Since at this time point the fast component of force decay was
already nearly finished and so was dephosphorylation of MLC, it appeared that it was
mainly the slower component of the decay process, which may or may not have any bearing
on MLC dephosphorylation, that contributed to the differences between the KO and WT
tissues.

Discussion
The functional role of h-CaD in smooth muscle regulation has been studied for more than
three decades. The general consensus is that h-CaD inhibits actomyosin interaction by
binding to actin and blocking the myosin-binding site; the inhibition is reversed by either
Ca2+/CaM or by Erk-mediated phosphorylation. This view is supported by many
experimental observations, albeit indirectly, including contraction induced by competing
peptides [29], augmented basal contraction [12] or heightened Ca2+-sensitivity [45] by
removal of h-CaD, and enhanced relaxation by exogenously added CaD [3]. CaD was also
proposed to function as a “latch” for sustained tension maintenance without ATP hydrolysis
[46].

The smooth muscle-specific isoform of CaD, h-CaD, is present in all vertebrate smooth
muscle tissues. Although there has been a controversy on whether or not the h-CaD content
varies among different types of smooth muscles [21,19,36,37], we did observe a lower h-
CaD level in murine vascular smooth muscles (aorta and tail artery) than in visceral smooth
muscles (urinary bladder; Table 1). Since h-CaD is thought to play an inhibitory role during
muscle contraction, the higher expression level of h-CaD in visceral smooth muscles might
contribute to the rapidness of the transient contraction (hence “phasic”). However, when the
expression of h-CaD was abolished, l-CaD became up-regulated only in visceral smooth
muscles [18]. While this may suggest that CaD (of either isoform) is indispensable in these
muscles, it also implies that l-CaD can at least partially substitute for h-CaD. On the other
hand, vascular smooth muscles, which contain less h-CaD in the WT animals, did not show
a clear isoform switchover in the KO mice. Thus, such KO muscles have a net decrease in
the total content of CaD, providing an opportunity to reveal the physiological function of h-
CaD.
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A more interesting finding was the effect of h-CaD abrogation on the kinetics of arterial
contractility: Total withdrawal of h-CaD caused an apparently slower rate of relaxation.
Either intact or permeabilized aortic strips from both WT and KO animals developed forces
at a similar rate, but the KO tissues relaxed more slowly than the WT tissues (Figs. 4A and
5A). Measurements of MLC phosphorylation indicated that the observed difference is not
directly due to a slower dephosphorylation rate of myosin in the h-CaD-null tissue (Fig. 6).
An indirect effect, however, cannot be ruled out at this point, although it may still be
unlikely given that KO tail arteries exhibited a longer lag phase (and presumably, slower
MLC dephosphorylation) than WT tissues, but did not show greater differences in relaxation
kinetics. A more likely explanation is that h-CaD affects the cycling rate of cross-bridges
formed by myosin that is completely or nearly completely dephosphorylated. It has been
shown previously that the rate of relaxation of skinned smooth muscle is accelerated when
CaD, but not calponin, is loaded exogenously [3]. Our observation seems to be in line with
that report, although the mechanism of such an effect remains elusive.

When the time course of the contractile force relaxation was analyzed, it became clear that
for both WT and KO tissues there were two components in the decay kinetics following the
“plateau phase” or lag phase [30]. The values of the two rate constants varied with tissue
types; tail artery relaxed 3 to 5 times faster than aorta (Table 2). However, the apparent
longer decay time for the h-CaD-deficient tissue was not due to a slower rate constant, but
rather, to an increased contribution of the slower component of the decay process. Bi-
exponential force decay during relaxation of skinned smooth muscle tissues has been
observed previously [3], but the identity of each component was not explicitly discussed.
The question of interest is what reactions these two components correspond to.

The observed difference in the relaxation kinetics could be due to different protein isoforms,
although we do not know whether this is the case, or if it is, the identity of the altered
protein. However, we think it is unlikely to be smooth muscle myosin heavy chain, whose
two isoforms, SM-A (tonic) and SM-B (phasic), exhibit different steady-state ATPase
activities [4], because in mouse aorta myosin is nearly 100% in the form of SM-A [5], yet
the force decays bi-exponentially (Table 2). The kinetic effect could have also stemmed
from changes in the cross-bridge population across various states in the cycle at the onset of
relaxation, or alternatively, from changes in the cross-bridge cycling itself. Upon relaxation,
phosphorylation of MLC ceases to continue, and the cross-bridge becomes completely
dephosphorylated. Since the release of product (i.e., ADP) is slow [52], the most populated
state after dephosphorylation is A•M•D, where A, M and D represent, respectively, actin,
myosin and ADP. A•M•D continues to cycle, according to the model of Somlyo and
coworkers [15], which allows for the dephosphorylated cross-bridges to re-attach
cooperatively, until all the cross-bridge are eventually detached.

Our data indicate that there exist two cycling paths for the dephosphorylated cross-bridge
(i.e., latchbridge), each being rate-limited by a reaction step, one faster than the other. In
normal smooth muscles where h-CaD is present, the majority of the cross-bridges (66% for
aorta and 81% for tail artery; Table 2) cycles along a path that is rate-limited by the fast
component. When h-CaD is not present, a fraction of the cross-bridge is diverted to the path
that is rate-limited by the slow component, such that the amplitude of this slower component
increases (from 34% to 68% for aorta and from 19% to 38% in tail artery). It should be
noted that here we assumed that the rate is an intrinsic property for a given biological
process, while the amplitude is more easily altered by perturbations such as eliminating a
protein species. The fact that both fast and slow components existed in the force decay of the
WT sample, and that the difference between the WT and the KO samples was greater for the
amplitude than for the rate constants of the two components, seemed to support our
assumption.
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In search of a mechanistic explanation for the observed relaxation kinetics, one could draw
some lessons from work done on the striated muscle system. According to Stehle et al.[65],
muscle relaxation involves two mutually coupled events: (1) cross-bridge detachment and
(2) change of the thin filament from an active to inactive state. There is plenty of evidence
that in striated muscle the latter event, which is in rapid equilibrium [7], occurs before the
onset of the former [9]. Since inactivation of thin filaments does not change the sarcomere
length [66], this event is thought to correspond to the initial slow or lag phase before the
rapid force decay, which is caused by cross-bridge detachment. In the case of smooth
muscle, the lag phase is ascribed to MLC dephosphorylation [30], but it may also include
change in the state of the thin filament. According to the steric-blocking model [6,69], this
would be movement of troponin-tropomyosin, or for smooth muscle, CaD-tropomyosin,
back to a position on the actin filament that hinders myosin binding. It is conceivable that
this “off-position” might be under strain, because the dephosphorylated cross-bridges are
still attached. Assuming that there are two possible positions (e.g., positions similar to the B-
and the C-states; [50]) for CaD-tropomyosin to occupy, one having more extensive overlap
with the binding site for myosin than the other, the cross-bridge would exhibit different
abilities to re-attach, resulting in different net detachment rates of cross-bridges and hence
the observed biphasic decay. Our data then suggest that when h-CaD is absent, fewer
tropomyosin molecules are at or near the blocking position. In other words, the return of
smooth muscle tropomyosin to the proper inhibitory position upon relaxation needs help
from h-CaD. Indeed, it has been demonstrated that in striated muscle the movement of
tropomyosin is facilitated by troponin subunits [17,38]. CaD may very well play a troponin-
like role in smooth muscle both structurally and functionally.

On the basis of its ability to simultaneously interact with both actin and myosin in vitro and
thus to tether thick and thin filaments [23,28], h-CaD has previously been suggested to help
maintain the latchbridge in vivo [46]. This idea, although attractive, cannot explain why in
visceral smooth muscles where the h-CaD content is high, no strong latch phenomenon has
been observed. Furthermore, if h-CaD were to contribute to latchbridge maintenance, one
would expect a faster detachment rate of cross-bridges in the h-CaD-null tissue, which might
be the case for aorta, but was not observed for tail artery (Table 2). Our results suggest that,
rather than maintaining the latchbridge, h-CaD actually facilitates the detachment of the
latchbridge in the presence of ATP, thus promoting faster relaxation. Such an effect is
consistent with the generally observed inhibitory properties of CaD. That h-CaD promotes
latchbridge dissociation has previously escaped detection, probably because the second
phase is always only a minor component as long as h-CaD is present in smooth muscle
tissues. It should be pointed out that the inhibitory action of h-CaD on cross-bridge
attachment could still occur. That inhibition is due to actin binding of the C-terminal region
of the molecule, while the action regarding the latchbridge does not need to be associated
with the same region of h-CaD. Interestingly, a similar kinetic behavior was observed in
another mouse model where the myosin-binding site of CaD was deleted [57]. Whether the
CaD-myosin interaction is related to the phenotype is an intriguing question awaiting further
investigation.

It is known that while at the resting state the MLC phosphorylation level is not zero (10–
20% of total MLC) and no active force can be detected [55]. One potential explanation is
that any basal contractility could be inhibited by h-CaD. If this were the case, one would
expect a higher resting tone and a higher Ca-sensitivity for force development in the h-CaD-
null tissue. The lack of a clear leftward shift in the force-pCa plot from our experiments
seems to argue against this possibility. There was, however, a small but significant increase
in contraction in the KO aorta when 6 < pCa < 7, which disappeared at both higher and
lower pCa values (asterisks, Fig. 4B). It is possible that in aorta any effect of CaD at high
Ca2+ concentrations could be neutralized by Ca2+/calmodulin, resulting in no net difference
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in contractility between the WT and the KO, whereas at relatively low [Ca2+] the active
force induced by resting phosphorylated cross-bridges is suppressed by l-CaD present in the
KO tissues. In bladder the difference between KO and WT was even less, and the Ca2+

dependence of active force was steeper than that of aorta. This is in contrast to previous
studies where an increase in force at low Ca2+ was observed when h-CaD was extracted
from skinned taenia coli, and the change was partially reversed by reconstitution of CaD
[45,54]. We believe that, although for visceral smooth muscle there might indeed be a more
robust CaD effect than in vascular smooth muscle, such an effect was masked by the up-
regulation of l-CaD in the KO tissues, rendering a decreased net difference in our
experiments. In an earlier study where the h-CaD content in the intact swine carotid smooth
muscle was decreased by 60% with anti-sense oligonucleotides, there was a correspondent
decrease of 62% in contractility that was interpreted as a raised basal tone [12]. Although we
have not observed a higher basal force, we did find that forces generated by h-CaD-deficient
tissues tend to be lower than the WT. Whether this is related to the change in filamentous
organization as seen in bladder (Fig. 1C) requires further study. To test the true effect on the
basal tone, one also needs to perform rescue experiments or to generate mice in which both
CaD isoforms are knocked out.

The action of h-CaD may thus be two-fold: During the resting state or when the level of
MLC phosphorylation is low, CaD inhibits the actomyosin interaction via its C-terminal
region. Upon activation, this region of CaD is removed from its inhibitory position, either by
Ca2+/calmodulin, or MAPK-mediated phosphorylation [14], or by direct competition with
myosin [58]. This function is the “conventional” role of h-CaD that has been well described.
A more novel action of h-CaD turns up when relaxation commences and MLC is
dephosphorylated. Under this circumstance CaD helps tropomyosin to move from the on-
position to the off-position, permitting more effective net detachment of cross-bridges upon
relaxation. In this sense CaD might indeed works like a molecular brake, except that such a
function is visible only when MLC is not phosphorylated, enabling the muscle to relax more
promptly. When h-CaD is absent, vascular smooth muscle relaxes more slowly. This may
conceivably elevate the tone. Our study thus raises the possibility that h-CaD is involved in
the regulation of vascular tone.
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Fig. 1.
l-CaD is present in h-CaD-null smooth muscle tissues. (A) Coomassie staining of total
extract (Lane 1) and the myofibril fraction (Lane 2) of homozygous mouse rectum. (B)
Immunoblot of l-CaD from chicken liver (Lane 1) and the rectum myofibril fraction (Lane
2) from KO mouse as in (A). (C) Immunogold electron micrographic images show that the
distribution of l-CaD in the smooth muscle tissue from the urinary bladder of the KO mouse
resembles that of h-CaD in the WT sample. The somewhat less organized filament
arrangement in the KO sample might reflect the muscle having been more stretched than the
WT tissue, although both samples were treated in the same way. However, note that the gold
particles in the KO tissue are closely associated with filamentous structures in a similar
fashion as in the WT tissue. Magnification: 15960X.
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Fig. 2.
Immunoblot analysis by Odyssey imaging of tissue extracts from bladder and aorta of WT
and KO mice. WT aorta has less h-CaD than does WT bladder, and the up-regulation of l-
CaD in the KO animal is less robust. β-actin was used as an internal reference.
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Fig. 3.
Hematoxylin and eosin stained transverse histological sections (A) and immunofluorescence
imaging of transverse cryostat sections (B) of WT and KO mouse aorta. The h-CaD-
deficient aorta appeared to have thinner wall and larger diameter, although the number of
cell layers in the media section was the same. For the immunofluorescence images the
samples were stained with Alexa Fluor 532 phalloidin (200:1 dilution with PBS; for actin)
and Hoechst 33258 (1000:1 dilution; for nuclei) according to Eddinger [13]. Scale bars, 0.2
mm for H&E staining and 0.1 mm for the immunofluorescent images.
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Fig. 4.
A. High K+ (first two peaks) and phenylephrine- or carbachol-induced (third peak)
contractions of intact aorta (upper panel) and urinary bladder (lower panel) from adult WT
(black trace) and CaD-KO mice (gray trace). Note that for high K+-induced contractions of
aorta, but not bladder, the relaxation rate of the KO sample is slower than the WT (p < 0.05).
B. Contractile Ca2+ sensitivity of α-toxin-permeabilized aorta (upper panel) and bladder
(lower panel) in WT (open circles, dot lines) and CaD-KO (closed circles, solid lines) adult
mice. Asterisks denote data points with p < 0.05. The smooth curves are best fits to the Hill
equation (see text). C. Relative force generated by GTPγS (30 μM) and PDBu (1 μM) at
pCa 6.3 in α-toxin-permeabilized WT (open bars) and KO (closed bars) mouse urinary
bladder. All measurements were carried out at 30 °C.
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Fig. 5.
A. Time courses of contraction and relaxation of β-escin-permeabilized aorta isolated from
WT (black) and h-CaD-KO (red) mice. After permeabilization with β-escin, smooth muscle
strips were treated with 10 μM A-23187 for 20 min to deplete Ca2+ from the sarcoplasmic
reticulum in relaxing solution containing 1 mM EGTA. The strips were stimulated at 20 °C
with the pCa 4.5 solution buffered with 10 mM EGTA and relaxed with the Ca2+-free
relaxing solution containing 10 mM EGTA (with no added Ca2+) and 300 μM ML-9. B.
Time courses of relaxation of β-escin-permeabilized tail arteries isolated from WT (black)
and h-CaD-KO (red) mice. C. Force decay traces of WT (black) and KO (red) aortic tissues
(as described in A) were fitted with a bi-exponential equation, which yielded the amplitudes
and rate constants.
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Fig. 6.
Measurements of MLC phosphorylation. α-toxin-permeabilized aortic muscle strips from
KO and WT mice were snap frozen at t = 0, 2, 5, and 10 min after onset of relaxation and
subjected to quantification of both MLC and phosphorylated MLC by immunoblot analysis.
Shown here is a representative result of 3 independent measurements.
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Table 1

Summary of relative expression level of CaD in mouse tissues a

Tissue l-CaDKO/l-CaDWT h-CaDWT l-CaDWT

Diaphragm 0.33 ± 0.14 (4) N.D. 0.97 ± 0.48 (4)

Brain 0.37 ± 0.11 (4) N.D. 0.19 ± 0.04 (4)

Lung 0.44 ± 0.20 (4) N.D. 0.55 ± 0.24 (4)

Kidney 0.66 ± 0.19 (4) N.D. 0.31 ± 0.05 (4)

Heart (l.v.) 0.71 ± 0.09 (4) N.D. 2.84 ± 1.13 (4)

Aorta 0.98 ± 0.06 (5) 0.27 ± 0.08 (3) 0.17 ± 0.04 (5)

Tail Artery 1.03 ± 0.33 (3) 0.06 ± 0.02 (3) 0.04 ± 0.02 (3)

Stomach 1.72 ± 0.23 (4) N.D. 0.91 ± 0.01 (4)

Intestine 2.67 ± 0.88 (3) N.D. 0.61 ± 0.12 (3)

Bladder 2.91 ± 0.84 (4) 1.60 ± 0.66 (3) 0.27 ± 0.06 (4)

a
Results (average ± S.E. with n in parentheses) were based on the digitized immunoblot band intensity of l-CaD normalized to that of β-actin.
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