
Calponin (CaP) is a relatively recently discovered
32–36 kDa smooth muscle-specific protein whose function
is controversial (Takahashi et al. 1988; Takahashi &
Nadal-Ginard, 1991; Horowitz et al. 1996). There have
been two mechanisms proposed by which CaP might
regulate smooth muscle contractility. One suggestion is
that CaP, an actin-binding protein with some homology
to troponin, directly inhibits actin-activated Mg2+-
ATPase activity of myosin. CaP has been shown to bind
actin and inhibit the actin-activated Mg2+-ATPase activity
of myosin in vitro (Takahashi et al. 1986; Mezgueldi et al.
1995). When CaP is phosphorylated in vitro, its actin-
binding and myosin inhibitory properties are diminished
(Takahashi et al. 1986; Winder & Walsh, 1990, 1993;
Horiuchi & Chacko, 1991; Makuch et al. 1991; Winder et

al. 1991). However, it is not clear whether CaP is
phosphorylated in vivo during smooth muscle contraction
(Bárány et al. 1991; Gimona et al. 1992; Bárány & Bárány,
1993; Winder et al. 1993; Winder & Walsh, 1993; Nagumo
et al. 1994; Adam et al. 1995; Rokolya et al. 1996; Pohl et
al. 1997). Furthermore, it has been questioned whether
CaP plays a significant role in regulating smooth muscle
actomyosin in vivo since its location does not seem to be
compatible with a physiological role in directly regulating
myosin ATPase activity (Marston, 1991; North et al.
1994; Parker et al. 1994, 1998; Mabuchi et al. 1996;
Menice et al. 1997). A CaP knockout mouse lacking h1, a
basic CaP, has recently been reported (Yoshikawa et al.
1998; Matthew et al. 2000; Takahashi et al. 2000). In
phasically active smooth muscle from this mouse an
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1. The present study was undertaken to determine whether calponin (CaP) participates in the
regulation of vascular smooth muscle contraction and, if so, to investigate the mechanism.

2. By PCR homology cloning, the cDNA sequence of ferret basic (h1) CaP was determined and
phosphorothioate antisense and random oligonucleotides were synthesized and introduced into
strips of ferret aorta by a chemical loading procedure.

3. Treatment of ferret aorta with CaP antisense oligonucleotides resulted in a decrease in protein
levels of CaP to 54 % of that in random sequence-loaded muscles, but no change in the protein
levels of caldesmon (CaD), actin, desmin or extracellular regulated protein kinase (ERK). 

4. Contraction in response to phenylephrine or a phorbol ester was significantly decreased in
antisense-treated muscles compared to random sequence-loaded controls. Neither basal
intrinsic tone nor the contraction in response to 51 mM KCl was significantly affected by
antisense treatment. 

5. During phenylephrine contractions, phospho-ERK levels increased, as did myosin light chain
(LC20) phosphorylation. Phenylephrine-induced ERK phosphorylation and CaD phosphorylation
at an ERK site were significantly decreased by CaP antisense. Increases in myosin light chain
phosphorylation were unaffected. 

6. The data indicate that CaP plays a significant role in the regulation of contraction and suggest
that in a tonically active smooth muscle CaP may function as a signalling protein to facilitate
ERK-dependent signalling, but not as a direct regulator of actomyosin interactions at the
myofilament level.
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increase in shortening velocity was observed, consistent
with a role for CaP in directly interfering with actomyosin
activity. However, these authors also reported changes in
tropomyosin and actin levels as well as in caldesmon
(CaD) mobility in these animals. It is possible that the
change in actin levels caused the observed change in
shortening velocity. Furthermore, agonist activation of
tonic smooth muscles was not investigated in these
studies.

In contrast, it has also been suggested that CaP may
facilitate agonist-dependent signal transduction. CaP,
unlike other actin-binding proteins which inhibit
actomyosin ATPase activity (such as CaD and troponin),
has been reported to undergo an apparent agonist-
induced translocation in ferret vascular smooth muscle
cells (Parker et al. 1994, 1998; Menice et al. 1997). Others
have also reported difficulty in isolating CaP from thin
filament preparations unless special procedures were used
(Lehman, 1989, 1991). Recently, this laboratory has
reported that CaP (a) co-immunoprecipitates with
extracellular regulated protein kinase (ERK) and with
the Ca2+-independent isoform of protein kinase C (PKCe)
in ferret aorta homogenates, (b) co-localizes with ERK
and PKCe in cells and (c) directly binds ERK and PKCe in
vitro (Menice et al. 1997; Leinweber et al. 1999, 2000). The
N-terminal ‘CH domain’ of CaP binds ERK (Leinweber
et al. 1999), while the C-terminal half of CaP binds the
regulatory domain of PKC and facilitates the activation
of PKC in vitro (Leinweber et al. 2000). Based on these
results, we have speculated that CaP may function as an
adaptor protein connecting the PKC cascade to the ERK
cascade.

In the present study, we used an antisense approach to
acutely down-regulate the CaP content of smooth muscle
cells of the ferret aorta. The results obtained indicate that
CaP plays a significant role in the regulation of smooth
muscle contraction and suggest that CaP functions as a
signalling protein to facilitate ERK-dependent signalling
and CaD phosphorylation at an ERK site during agonist-
induced contractions of tonic smooth muscle.

METHODS
Partial cloning of CaP by RT-PCR

The amino acid sequence of basic CaP from different vertebrates was
compared and two oligonucleotides from homologous regions were
designed as primers. Antisense 5fi-CCC TTG TTG CTG CCC ATC TG-3fi
and sense (degenerate) 5fi-CAA CTT CAT GGA T/CGG CCT C-3fi
sequences were synthesized. Total RNA was isolated from ferret
aorta using TRIzol reagent (Gibco BRL). First strand cDNA synthesis
was performed (cDNA synthesis kit from Clontech) using random
hexamer at a reaction volume of 20 µl. A 2 µl volume of this reaction
product was PCR amplified with these sense and antisense primers
under the following conditions: 94 °C 5 min, 10 cycles (touchdown):
94 °C 45 s, 60–61 °C 30 s, 72 °C 40 s followed by 25 cycles of 94 °C 45 s,
55 °C 30 s and 72 °C 40 s. A final extension for 7 min was applied at
72 °C. One product of about 500 bp was cloned into the TOPO TA
vector (Invitrogen) and sequenced. 

cDNA library and cloning

Total RNA was isolated from ferret aorta as described above.
HybriZAP 2.1 cDNA library was made from the custom library
production facility of Stratagene. Screening of the library was
performed according to instructions from the supplier. The partial
clone DNA fragment was used as a probe in screening the library. As
many as 14 different primary clones were sequenced and found to be
the same sequence. The nucleotide sequence and the deduced amino
acid sequence are presented in Fig. 1. 

Tissue preparation 

Ferrets (Marshal Farms, North Rose, NY, USA) were killed with an
overdose of chloroform in a ventilation hood, in agreement with
procedures approved by the Institutional Animal Care and Use
Committee. The thoracic aorta was quickly removed and immersed in
oxygenated (95 % O2–5 % CO2) physiological saline solution (PSS)
composed of (mM): 120 NaCl, 5.9 KCl, 25 NaHCO3, 11.5 dextrose, 2.5
CaCl2, 1.2 MgCl2, 1.2 NaH2PO4 (pH 7.4). The aorta was cleaned of all
adherent connective tissue, and the endothelium was removed by
gentle abrasion with a cell scraper.

Contraction measurements

Circular strips (3 mm wide) were prepared as previously described
(Jiang & Morgan, 1989) and attached to a force transducer. The strips
were allowed to equilibrate at 37 °C for at least 1 h and challenged
with a depolarizing solution containing 51 mM KCl (PSS in which
45.1 mM NaCl has been stoichiometrically replaced by KCl). Muscle
strips were then washed and allowed to equilibrate for 1 h before
beginning the experiment. Throughout the study, forces were
expressed as percentages of forces obtained on day 1 of the
experiment. The means ± S.E.M. of forces on day 1 for 51 mM KCl,
10_5

M phenylephrine and intrinsic tone were: 1.63 ± 0.09 g,
1.57 ± 0.10 g and 0.87 ± 0.03 g, respectively, for antisense-treated
muscles (n = 27), 1.51 ± 0.08 g, 1.56 ± 0.10 g and 0.88 ± 0.04 g for
random-treated muscles (n = 21) and 1.54 ± 0.07 g, 1.63 ± 0.12 g
and 0.91 ± 0.03 g for sham-loaded muscles (n = 24).

Oligodeoxynucleotide loading and organ culture

The antisense oligonucleotide was generated from a sense 21-mer
sequence of ferret CaP (5fi-TT GGC ACC AGC TGG AAA ACA T-3fi,
see Fig. 1). All oligodeoxynucleotides were synthesized as fluorescein
isothiocyanate-conjugated (FITC)-tagged phosphorothioates, using a
Millipore Expedite nucleic acid synthesis system, cleaved from the
reaction column by 30 % ammonium hydroxide and purified using a
Poly-Pak cartridge (Glen Research, Sterling, VA, USA). For most
experiments, the effects of antisense (5fi-AT GTT TTC CAG CTG-
GTG CCA A-3fi) were compared to those of a random sequence
(5fi-CG TGG TAT AAA ACC GAT CAC G-3fi) as well as a sham-loaded
and a time control.

A method originally developed to load aequorin into smooth muscle
and referred to as a ‘chemical loading procedure’ (Morgan & Morgan,
1984) was used to introduce the oligonucleotides into the cells of the
vascular strip. This method has been used to load diverse substances
such as peptides, heparin and DNA into smooth muscle tissue
(Kobayashi et al. 1989; Lesh et al. 1995; Earley et al. 1998; Kim et al.
2000; Hulvershorn et al. 2001) and is sometimes referred to as a
‘reversible permeabilization method’ (Lesh et al. 1995; Johnson et al.
1996) even though the mechanism of the loading procedure is
unknown and evidence is lacking that the cell membrane is
permeabilized. The lack of change in any measurable cell function
and the lack of loss of small molecules argue that the mechanism does
not involve permeabilization (DeFeo & Morgan, 1985; Johnson et al.
1985; Rembold & Murphy, 1986; Morgan & Jiang, 1987). Briefly,
muscles were soaked for 30–120 min each in a series of four solutions
at 2 °C. The compositions of the solutions were as follows. Solution I:
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EGTA 10 mM, Na2ATP 5 mM, KCl 120 mM, MgCl2 2 mM, Tes 20 mM;
solution II: EGTA 0.1 mM, Na2ATP 5 mM, KCl 120 mM, MgCl2 2 mM,
Tes 20 mM, oligodeoxynucleotide 25 µM; solution III: EGTA 0.1 mM,
Na2ATP 5 mM, KCl 120 mM, MgCl2 10 mM, Tes 20 mM; solution IV:
NaCl 120 mM, KCl 5.8 mM, dextrose 11 mM, NaHCO3 25 mM, MgCl2

10 mM, NaH2PO4 1.4 mM. The pH of all solutions was titrated to 7.0.
After adding solution IV the [Ca2+] was raised to the normal value of
2.5 mM in gradual steps in order to avoid damage to the preparation
from the ‘Ca2+ paradox’ (Zimmerman & Hülsmann, 1966). Tissues
were kept overnight at room temperature in a mixture of PSS and

Dulbecco’s modified Eagle’s medium (1:1) in the presence of penicillin
(25 units ml_1), streptomycin (25 mg ml_1) and nystatin (50 units ml_1).
This procedure was repeated daily for 3 days in order to obtain a
sufficient loading of oligodeoxynucleotides to decrease the level of
the target protein significantly. The viability of the preparation and
contractile function were tested daily by measuring the response to
KCl PSS.

To confirm the loading of FITC-tagged oligonucleotides, fluorescence
was quantified using a w40 objective (NA 0.85) on a Nikon Diaphot
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Figure 1. Nucleotide and deduced amino acid sequence of ferret basic CaP as determined with a
full-length cDNA clone isolated from a ferret aorta cDNA library 

Amino acid residues are given in one-letter code above the respective codons. The numbers on the right
represent the nucleotide position. Antisense oligonucleotide used in the study is from the region
underlined. The arrow indicates the position of degenerate oligonucleotides used in RT-PCR for partial
cloning of the gene. The nucleotide sequence has been submitted to GenBank. The accession number of this
sequence is AF323674.



300 microscope attached to a Photometrics CH250 cooled CCD
camera. An aperture on the excitation side of the objective lens was
closed until vignetting was observed to reduce the scatter of light and
to minimize the contribution of out of focus focal planes. Images were
acquired from at least 10 optical sections for each muscle. For each
section the average fluorescence intensity from each of five
100 w 100 pixel boxes was determined using PMIS Image Processing
Software (EHD imaging GmbH, Damme, Germany). The average of
the five values for each section was then plotted against position
(mm) into the tissue.

Measurements of LC20 phosphorylation

LC20 phosphorylation was measured by a previously published
method (Kim et al. 2000). Muscle strips were quick frozen by
immersion in a dry ice–acetone slurry containing 10 % trichloroacetic
acid (TCA) and 10 mM dithiothreitol (DTT). Muscles were stored at
_80 °C until used. Tissues were brought to room temperature in a dry
ice–acetone–TCA–DTT mixture, then ground with glass pestles and
washed three times with ether to remove the TCA. Tissues were
extracted in 100 µl of sample buffer containing 20 mM Tris base and
23 mM glycine (pH 8.6), 8.0 M urea, 10 mM DTT, 10 % glycerol and
0.04 % bromophenol blue. Samples (20 µl) were electrophoresed at 400 V
for 2.5 h after a 30 min pre-run in 1.0 mm mini-polyacrylamide gels
containing 10 % acrylamide–0.27 % bisacrylamide, 40 % glycerol,
20 mM Tris base and 23 mM glycine, pH 8.6. Proteins were transferred
to polyvinylidene difluoride (PVDF) membranes and subjected to
immunoblot with a specific LC20 antibody (1:1500, Sigma). Anti-
mouse IgG (goat) conjugated with horseradish peroxidase was used as
a secondary antibody (1:2000, Calbiochem). Bands were detected
with enhanced chemiluminescence (ECL) (Super Signal kit, Pierce
Chemical Co., Rockford, IL, USA) visualized on films and analysed
by NIH Image (US National Institutes of Health Research Services
Branch). Care was taken to ensure that saturation of the signal did
not occur at any step in the processing. Moles phosphate per mole
light chain was calculated by dividing the density of the phosphoryl-
ated band by the sum of the densities of the phosphorylated plus the
unphosphorylated bands.

Western blot analysis 

Tissues were quick frozen at the end of the final day of the
experiment, day 4, as for LC20 phosphorylation, above. Samples
were homogenized in a buffer containing 20 mM Mops, 4 % SDS, 10 %
glycerol, 10 mM DTT, 20 mM b-glycerophosphate, 5.5 µM leupeptin,
5.5 µM pepstatin, 20 KIU aprotinin, 2 mM Na3VO4, 1 mM NaF,
100 µM ZnCl2, 20 µM 4-(2-aminoethyl)benzenesulphonyl fluoride
(AEBSF) and 5 mM EGTA. Protein-matched samples (modified
Lowry protein assay, DC Protein Assay Kit, Bio-Rad) were
electrophoresed on SDS-PAGE (Protogel, National Diagnostics),
transferred to PVDF membranes and subjected to immunostaining
and densitometry, as above, using the appropriate antibody. The
success of protein matching was confirmed by Naphthol Blue Black
staining of the membrane and densitometry of the actin band. Any
mismatch of lane loading was corrected by normalization to actin
staining. Each set of samples (antisense, random, sham) from an
individual experiment was run on the same gel and densitometry was
performed on the same film.

Antibodies

The mouse monoclonal CaP antibody (1:500 000) and rabbit
polyclonal desmin antibody (1:1000) were obtained from Sigma (St
Louis, MO, USA). Rabbit polyclonal CaD antibody (1:10 000) was a
generous gift from K. Mabuchi (BBRI). The rabbit polyclonal
p44/p42 MAPK antibody (1:1000) and rabbit polyclonal phospho-
p44/p42 (Thr-202/Tyr-204) MAPK antibody (1:1000) were obtained
from New England Biolabs (Beverly, MA, USA). The phospho-CaD
Ser-789  antibody was produced by L. Adam (Bristol Myers Squibb

Co., Princeton, NJ, USA) and has been previously characterized
(D’Angelo et al. 1999).

Statistics

Each set of data was expressed as a mean ± S.E.M. Student’s unpaired
t test was used to determine the statistical significance of the means
between groups of two with P < 0.05 taken as significant.

RESULTS
Isolation and sequencing of cDNA encoding ferret
basic CaP 

RT-PCR was performed with total RNA of ferret aorta
using two oligonucleotides (see arrows, Fig. 1). The
amplified DNA obtained corresponded to the size of the
expected product. This was cloned into a TOPO TA vector,
sequenced and found to be 508 bp in length. The deduced
amino acid sequence of this amplified DNA showed
considerable homology with that of basic CaP of other
vertebrates. This fragment was used in screening a
HybriZAP 2.1 custom cDNA library (Stratagene). Fourteen
different primary clones were isolated and sequenced; 11
of these were complete cDNA clones of 1129 nucleotides
in length (excluding poly(A) tail) with an open reading
frame of 297 amino acid residues (Fig. 1).

The amino acid sequence of the ferret basic CaP gene was
compared with those from rat, pig, mouse, human and
chicken and a high degree of homology was found between
all sequences. In fact, 97–98 % identity exists between all
sequences except for the chicken where the identity with
ferret CaP is 83 %.

Antisense oligonucleotides to CaP load into cells
throughout vascular rings

As described in Methods, aortic strips were loaded with
CaP antisense or random sequence oligonucleotides, or sham
loaded. To confirm adequate loading, all oligonucleotides
were FITC labelled and the fluorescence of the preparation
was quantified at the end of the experiment (Fig. 2A
and B). Statistical analysis of the increase in fluorescence
obtained after loading with FITC-tagged antisense or
random oligonucleotides showed this to be highly
significant in comparison to the sham-loaded preparations.
There was no significant difference between the amounts
of the antisense and random oligonucleotides that were
taken up by the tissue (Fig. 2A). It was also noted that
uniform fluorescence was observed throughout the
thickness of the muscle in all cases (Fig. 2B).

Antisense oligonucleotides to CaP, but not random
sequence oligonucleotides, decrease CaP protein levels

Western blots of day 4 muscles were obtained to monitor
the protein levels of CaP. Figure 2C shows a Western blot
of a particularly successful experiment in which CaP
protein levels from the antisense-treated muscle were
decreased essentially 100 % compared to those from a
random sequence-loaded muscle, a sham-loaded muscle
and a time control. On average, CaP protein levels were
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decreased by antisense loading to 54 ± 5.1 % (n = 20) of
those in paired, random sequence-loaded muscles (Fig. 2D).
For comparison, CaP levels in sham-loaded muscles were
97 ± 7.6 % of those in random sequence-loaded muscles.
Actin levels, determined by Naphthol Blue Black staining
of the immunoblot membrane (Fig. 2C), were monitored
to confirm equal protein loading of lanes and to show
specificity of the antisense treatment. On average, actin
protein levels were not significantly changed by
antisense loading. By densitometry, actin levels in
antisense-loaded muscles averaged 108 ± 5.7 % of those
in paired, random sequence-loaded muscles. 

The levels of CaD, desmin and CaP were determined by
Western blot analysis (Fig. 2D). In individual experiments,

any inequality in lane loading was corrected by
normalization to the actin level. As can be seen in Fig. 2D,
there were no significant changes in CaD or desmin levels
in CaP antisense-treated muscles compared to random
sequence- or sham-loaded muscles.

Contractility is maintained in organ culture

Contractility was assessed daily by exposure of the
muscles to 51 mM KCl. The force generated in response to
51 mM KCl was normalized to the response of each muscle
on day 1 (Fig. 3A). In serum-free organ culture, there was
no significant decrease in the amplitude of the KCl-
induced contraction with time in any group. Furthermore,
there was no significant difference in the amplitude of
the KCl contraction between the antisense-loaded muscles

Calponin and smooth muscle contractilityJ. Physiol. 537.2 571

Figure 2. Effect of CaP antisense or random sequence loading on the level of fluorescence and on
CaD, desmin and CaP protein levels

A, quantification of fluorescence (in arbitrary units) of FITC-oligonucleotide-loaded muscles versus sham-
loaded muscles. **P < 0.01 compared to sham-loaded muscles. B, uniform fluorescence was observed
throughout the thickness of the muscle. C, Western blot for CaP (upper panel) in comparison to actin levels
(lower panel) from the same homogenates, determined by Naphthol Blue Black staining. D, the average
levels of CaD, desmin and CaP in antisense-loaded (4), random sequence-loaded (%) or sham-loaded (5)
muscles (n = 13–18). **P < 0.01 for antisense- compared to random sequence-loaded muscles. ‡‡ P < 0.01
for antisense- compared to sham-loaded muscles. All samples were protein matched. 



and either the sham-loaded or random sequence-loaded
muscles on any day. However, a tendency was noted for
all muscles to show a slight increase in contractile
amplitude on days 2 and 3, perhaps representing a
recovery from the trauma of dissection on day 1 (Fig. 3A).
We also measured the rate of force development (as the
time to development of 50 % peak force) in these muscles.
These values did not change significantly either, and on
day 4 they were: 167 ± 8.9 s (n = 18), 169 ± 15 s (n = 14)
and 148 ± 10 s (n = 10) for antisense-, random- and
sham-treated muscles, respectively. 

A basal active intrinsic tone has previously been
demonstrated to be present in ferret aorta (Pawlowski &
Morgan, 1992). The mechanism of this tone is unknown

but it is eliminated by cooling and presumably requires
crossbridge cycling. Antisense loading had no effect on
the magnitude of intrinsic tone in these preparations
(Fig. 3B).

CaP antisense decreases agonist-induced contractility

Contractility was assessed daily by exposure of the
muscles to 10 µM phenylephrine (PE). The muscles loaded
with the antisense sequence showed statistically
significant decreases in the amplitude of the PE-induced
contraction on day 3 (8.3 ± 4.9 % decrease) and on day 4
(26 ± 7.2 % decrease) (Fig. 3C) compared to day 1. In
contrast, there was no statistically significant change in
contractility in preparations loaded with the random
oligonucleotide sequence or in sham-loaded preparations.
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Figure 3. Effect of CaP antisense loading on KCl- or PE-induced contraction, intrinsic tone and
Ca2+-independent contractions

A, magnitude of steady-state (10–15 min) contractile response to 51 mM KCl on the indicated number of
days after loading with oligonucleotides. Forces are normalized to the amplitude of contraction of each
muscle in response to 51 mM KCl on day 1 (n = 10–12). B, magnitude of intrinsic tone, normalized to the
amplitude of the intrinsic tone on day 1 (n = 10). Intrinsic tone is defined as the change in active basal
tone at constant length when the temperature is changed between 37 °C and 2 °C. C, magnitude of
steady-state (10–15 min) contractile response to 10 µM PE on the indicated number of days after loading
with oligonucleotides. Forces are normalized to the amplitude of the contraction of each muscle to PE on
day 1 (n = 10–12). D, effect of CaP antisense loading on Ca2+-independent contractions (PE- and
DPBA-induced contraction in the presence of EGTA) (n = 8). *P < 0.05, **P < 0.01 compared to random
sequence-loaded muscles. ‡P < 0.05, ‡‡ P < 0.01 compared to sham-loaded muscles. DPBA contractions
are normalized to KCl contractions on day 1 and PE contractions are normalized to PE contractions on
day 1.



The rate of contraction due to exposure to PE was
measured as the time to the development of half the peak
force and did not change with antisense treatment. The
time to development of 50 % peak force after the addition
of PE was: 87 ± 9.4 s (n = 18), 80 ± 10 s (n = 14) and
74 ± 6.1 s (n = 10) in antisense-, random- and sham-
treated muscles, respectively. 

In day 4 tissues, after the PE-induced contraction
reached a steady state, 3 mM EGTA was added. The
steady-state portion of the contraction that persists after
the addition of EGTA corresponds to the previously
described Ca2+-independent contractile tone (Collins et al.
1992) and has been suggested to involve thin filament
regulation (Menice et al. 1997; Dessy et al. 1998). Muscles
loaded with antisense produced a contraction that was
46 % of that in random sequence-loaded muscles and 44 %
of that in sham-loaded muscles in response to PE in a
Ca2+-free solution (Fig. 3D ). 

The phorbol ester 12-deoxyphorbol 13-isobutyrate 20-
acetate (DPBA) has previously been reported to contract
ferret aorta in the absence of any measurable increase in
LC20 phosphorylation (Jiang & Morgan, 1989) and is thus
likely to involve thin filament regulation. The response to
3 µM DPBA was determined in day 4 tissues in Ca2+-free
PSS, after the determination of the amplitude of the
Ca2+-independent phenylephrine contraction. The
muscles loaded with antisense sequence showed a 39 %
decrease in the amplitude of the DPBA-induced contraction
compared to the random sequence-loaded muscle (Fig. 3D ).
In contrast, there was no statistically significant

difference in the response to DPBA between preparations
loaded with the random sequence or sham loaded.

Antisense oligonucleotides to CaP do not decrease
LC20 phosphorylation

It is generally accepted that calcium–calmodulin
(Ca2+–CaM)-dependent activation of myosin light chain
kinase (MLCK) and the subsequent phosphorylation of
the 20 kDa myosin light chains are a major regulatory
mechanism for smooth muscle contractility. In an effort
to determine the mechanism of the antisense-induced
changes in contractility, we measured LC20 phosphoryl-
ation levels in antisense-treated muscles quick frozen
after 5 min exposure to 10 µM PE. In all muscles, PE
treatment resulted in a significant increase in LC20
phosphorylation levels (Fig. 4) but there was no
significant difference between antisense-treated muscles
and random sequence- or sham-loaded muscles in PE-
induced LC20 phosphorylation.

Antisense oligonucleotides to CaP decrease agonist-
induced changes in CaD phosphorylation

CaD is an actin binding protein that has been suggested to
be involved in thin filament regulation, possibly as the
downstream target of a PKC- and ERK-dependent
pathway. We used a phospho-CaD antibody to monitor
phosphorylation of CaD at Ser-789, an ERK site, in PE-
treated muscles. As is shown in Fig. 4B, there was a
significant decrease in PE-induced CaD phosphorylation
in antisense-treated muscles compared to random- or
sham-loaded muscles.
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Figure 4. Effect of CaP antisense loading on LC20 and CaD phosphorylation

A, comparison of LC20 phosphorylation levels as determined by glycerol urea gels. **P < 0.01 compared
to resting muscles. No differences occurred between PE-stimulated tissues loaded with antisense (AS) or
random (R) sequences or sham loaded (n = 6). B, comparison of CaD phosphorylation levels as determined
by an antibody specific for phosphorylation of Ser-789, between antisense-, random- or sham-loaded
muscles. Values are protein matched and normalized to actin levels as determined by Naphthol Blue Black
staining to correct for any differences in lane loading. *P < 0.05 compared to antisense-treated muscles
(n = 4).



Antisense oligonucleotides to CaP decrease agonist-
induced increases in ERK phosphorylation

To confirm a role for CaP in an ERK-dependent pathway,
we measured the levels of ERK and phospho-ERK in
antisense-treated muscles quick frozen after 5 min
exposure to 10 µM PE. As can be seen in Fig. 5A, there was
no significant decrease in the level of ERK in antisense-
treated muscles compared to random- or sham-loaded
muscles. As previously described (Dessy et al. 1998), PE
treatment resulted in a severalfold increase in phospho-
ERK levels in control muscles. However, there was a
significant decrease in the PE-induced ERK phosphoryl-
ation in antisense-treated muscles compared to random-
or sham-loaded muscles (Fig. 5B).

DISCUSSION
The main finding of the present study is that down-
regulation of CaP protein levels in differentiated smooth
muscle resulted in a significant inhibition of agonist-
induced contractility. Thus, these results indicate that
endogenous CaP is a physiologically important regulator
of vascular tone. However, as mentioned above, in vitro
studies have demonstrated that CaP can inhibit actin-
activated myosin ATPase activity. Furthermore, in a
study on toad stomach cells (Malmqvist et al. 1997), the
chemical extraction of CaP resulted in a sustained
increase in basal tone. It is to be noted, however, that the
signal transduction in this muscle appears to be quite
different from that in vascular smooth muscle, both in
the unusual agonist-induced translocation of PKC away

from the cell membrane as well as in the fact that the cells
do not appear to contract to phorbol esters (Meininger et
al. 1999). If CaP had a physiologically important role in
inhibiting myosin ATPase activity in the intact ferret
aorta smooth muscle cell, then the down-regulation of
CaP should lead to an increase in basal tone, i.e. a
generalized increase in contractility. Such a result has
been reported when CaD was down-regulated using an
antisense approach (Earley et al. 1998) or by a peptide
antagonist (Katsuyama et al. 1992). Alternatively,
Haeberle (1994) has reported that, in an in vitro motility
assay, the addition of CaP caused a decreased sliding
velocity, as expected, but also caused an increase in the
force exerted on stationary actin filaments. He
hypothesized that the increased force was due to a
decreased rate of dissociation of high-affinity actomyosin
complexes. Presumably, in the intact fibre this effect
would lead to a generalized increase in basal tone under
control conditions and a decrease in basal tone in response
to CaP down-regulation. In contrast, in the present study,
there were no changes in the level of basal, intrinsic tone
when endogenous CaP was down-regulated, only a
decrease in the amplitude of agonist-induced contractions.
Thus, the results of the present study are not consistent
with a role for CaP in directly regulating actomyosin
interactions at the myofilament level in ferret aorta
smooth muscle. 

We have previously suggested an alternative role for CaP
as an adaptor molecule that facilitates PKC and ERK-
dependent signalling, leading to contraction of smooth
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Figure 5. Effect of CaP antisense loading on ERK and phospho-ERK protein levels

Upper panel, typical blot; lower panel, average densitometry results. A, the level of ERK (n = 8) in
unstimulated muscles. B, the level of the PE-induced increase in phospho-ERK (n = 6). *P < 0.05,
**P < 0.01 for antisense-loaded muscles compared to random sequence-loaded muscles and sham-loaded
muscles. Values are protein matched and normalized to actin levels as determined by Naphthol Blue Black
staining to correct for any differences in lane loading.



muscle (Menice et al. 1997; Leinweber et al. 1999, 2000).
This suggestion was based on in vitro protein chemistry,
immunoprecipitation and cell imaging studies. The in
vivo results presented here for CaP antisense-treated
muscles are consistent with this suggestion, in that acute
CaP down-regulation caused a decrease in agonist-induced
contractility. In this regard, it is also of interest that
CaP antisense inhibited both phenylephrine-induced
contractions and DPBA-induced contractions but not
KCl-induced contractions. DPBA is a phorbol ester
known to activate PKC. Phenylephrine has been shown
to cause the translocation and, presumably, activation of
the Ca2+-independent isoform of PKC, PKCe, in ferret
aorta cells (Khalil et al. 1992) as well as the activation of
ERK (Dessy et al. 1998) in these same cells. The phorbol
ester-induced contraction of ferret aorta, as well as the
part of the phenylephrine contraction that persists in the
absence of extracellular calcium, occurs without a
detectable change in LC20 phosphorylation levels (Jiang
& Morgan, 1989; Menice et al. 1997). Thus, the fact that
the antisense-induced decrease in the amplitude of the
phenylephrine contraction in the presence of extracellular
calcium occurred without a detectable change in the levels
of LC20 phosphorylation, but with a significant decrease
in ERK phosphorylation levels, is also consistent with a
role for CaP as a signalling molecule that facilitates ERK-
dependent signalling.

We have previously reported that PE activation leads to
both ERK activation and CaD phosphorylation at ERK
sites and that both events are down-regulated by the
MAPK/ERK kinase (MEK) inhibitor PD098059 (Dessy et
al. 1998). The fact that CaP antisense-treated muscles had
significantly lower phosphorylation of CaD at Ser-789
is further evidence linking CaP, ERK and CaD in a
signalling cascade. Thus, our results and the results of
others, as recently reviewed by Morgan & Gangopadhyay
(2001), are consistent with a model whereby PE- or DPBA-
induced stimulation leads to PKC activation. At the time
of PKC activation, PKC binds CaP, which also binds
ERK. The three proteins translocate to the cell membrane
as a complex. At the membrane, ERK co-distributes with
MEK and is phosphorylated. Phosphorylation of ERK
releases ERK from the membrane and targets ERK to
CaD on the actin filaments. The phosphorylation of CaD
by ERK contributes to a disinhibition of the contractile
proteins and an increased contractility. 

It is of interest to compare our results using an antisense
approach to acutely down-regulate CaP levels to those
reported for the CaP knockout mouse lacking h1 basic
CaP (Yoshikawa et al. 1998; Matthew et al. 2000). In this
mouse, no change in tonic contractile force was detected
but shortening velocity was increased during KCl
contraction. Our results in the present study are in
agreement with the results from the CaP knockout mouse
in that we also saw no decrease in the amplitude of the
KCl tonic contraction. Takahashi et al. (2000) reported

that an increase in shortening velocity during KCl
contraction in the aorta of the CaP knockout mouse
occurred only after 5 min of stimulation but not after
1 min and suggested that this may indicate that CaP
plays a role in the genesis of the latch state of smooth
muscle, a phenomenon primarily associated with tonic
contractions. However, these authors did not investigate
agonist-induced contractions.

Matthew et al. (2000) reported that there is no detectable
change in the amplitude of agonist-induced contractions
in permeabilized muscles from the CaP knockout mouse.
However, these authors only studied phasic muscle in the
permeabilized state; also, a decrease in actin and
tropomyosin levels was seen in these muscles as well as
an upward shift in CaD mobility, suggesting that
compensatory mechanisms may have masked some of the
functional effects of CaP knockout. It is worth pointing
out that in the present study we used intact, rather than
permeabilized muscles, which may have preserved
signalling molecules necessary for CaP’s action. It has
been suggested that CaP might play a more important
role in the regulation of agonist-induced contractions of
tonic smooth muscle (Walsh, 2000), such as the aorta used
in our study. In other investigations, Nigam et al. (1998)
have reported that h1 and h2 CaPs are present in greater
amounts in aortic smooth muscle from adult Sprague-
Dawley rats compared to Wistar or Wistar Kyoto rats.
Furthermore, the Sprague-Dawley rat aortae, containing
more CaP, were more sensitive in contractile response to
the a-agonist noradrenaline (norepinephrine) compared
to the Wistar or Wistar Kyoto rat aortae (Nigam et al.
1998). These results are consistent with the results of the
present study.

Thus, in summary, when we acutely decreased CaP
protein levels to about half of the endogenous level in
ferret aortic smooth muscle, results were obtained which
are consistent with a significant physiological role for CaP
in facilitating agonist-induced contractions in tonic
smooth muscle, but are not consistent with a role in
directly regulating actomyosin interactions at the
myofilament level in this tissue.
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