
Ca¥—calmodulin-dependent protein kinase II (CaMKII) is a
multifunctional serineÏthreonine kinase with diverse
biological targets including synaptic transmission, gene
expression, cell cycle control and hormone production (see
Schulman, 1993, for review). CaMKII was first isolated
from brain and was subsequently found to consist of a
family of isoforms (Tobimatsu & Fujisawa, 1989; Schworer
et al. 1993). CaMKII is present in vascular smooth muscle,
with the ä and ã isoforms of CaMKII predominating (Zhou
& Ikebe, 1994; Singer et al. 1997). Several smooth muscle
proteins have been identified as in vitro substrates for
CaMKII including myosin light chain kinase (MLCK) (Stull
et al. 1993), myosin light chains (LC20) (Edelman et al. 1990),
caldesmon (Ngai & Walsh, 1984) and calponin (Winder &
Walsh, 1993). As a result, several laboratories have suggested

that CaMKII might play a role in the regulation of vascular
smooth muscle contractility.

Several reports have suggested that CaMKII might
modulate the Ca¥ sensitivity of the contractile apparatus by
either the phosphorylation (and consequent desensitization
to Ca¥—calmodulin) of MLCK (Tansey et al. 1992) or the
direct phosphorylation (and consequent sensitization to
Ca¥—calmodulin) of LC20 (Edelman et al. 1990). These
reports have remained controversial, in part because key
experiments in which CaMKII activity was blocked were
performed only in cultured smooth muscle cells which are
non-contractile (Tansey et al. 1992). Mitogen-activated
protein kinase (MAPK) has been shown to be activated by
CaMKII in both cultured rabbit aortic smooth muscle tissue
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1. The present study was undertaken to determine whether Ca¥—calmodulin-dependent
protein kinase II (CaMKII) participates in the regulation of vascular smooth muscle
contraction, and if so, to investigate the nature of the downstream effectors.

2. The contractility of isolated ferret aorta was measured while inhibiting CaMKII either with
antisense oligodeoxynucleotides against CaMKII or with the CaMKII inhibitor KN93.

3. Treatment with antisense oligodeoxynucleotides against CaMKII resulted in, on average, a
decrease in protein levels of CaMKII to 56% of control levels and significantly decreased the
magnitude of the contraction in response to 51 mÒ potassium physiological saline solution
(KCl). Contraction in response to the phorbol ester DPBA was not significantly affected.

4. The CaMKII blocker KN93 also resulted in a significant decrease in the force induced by
51 mÒ KCl but caused no significant change in the contraction in response to DPBA or the
á_adrenoceptor agonist phenylephrine.

5. During contraction with 51 mÒ KCl, both CaMKII and mitogen-activated protein kinase
(MAPK) activity increased, as determined by phospho-specific antibodies. The MAPK
phosphorylation level was inhibited by KN93, PD098059 (a MAPK kinase (MEK) inhibitor)
and calcium depletion.

6. Myosin light chain (LC20) phosphorylation also increased during contraction with KCl and
the increase was significantly blocked by PD098059 as well as by both KN93 and antisense
oligodeoxynucleotides to CaMKII.

7. The data indicate that CaMKII plays a significant role in the regulation of smooth muscle
contraction and suggest that CaMKII activates a pathway by which MAPK activation leads
to phosphorylation of LC20 via activation of myosin light chain kinase.

0497

Keywords:



(Muthalif et al. 1996; Katoch et al. 1999) and cultured rat
aortic vascular smooth muscle cells (Abraham et al. 1997). In
fresh, contractile smooth muscle from the ferret aorta,
MAPK has been shown to phosphorylate caldesmon and
increase contractility (Khalil & Morgan, 1993; Dessy et al.
1998). Similarly, activated extracellular-regulated kinase
(ERK)2 MAPK added to Triton-permeabilized airway
smooth muscle increases contractility (Gerthoffer et al.
1997). MAPK also causes phosphorylation of caldesmon in
colonic smooth muscle and disinhibited caldesmon in an in
vitro motility assay (Gerthoffer et al. 1996). The role of
MAPK in regulating contractility remains controversial,
however, since Nixon et al. (1995) showed that caldesmon
could be phosphorylated by MAPK in Triton-permeabilized
rabbit vascular strips in the absence of a change in
contractility.

Thus, there are many possible sites of action of CaMKII in
the smooth muscle cell. However, the physiological relevance
of this kinase has been called into question because of its
relatively low affinity for calmodulin (CaM). The affinity of
CaMKII for CaM was reported to be in the range 20—100 nÒ
at saturating calcium concentrations, about a factor of 10
lower than that of other CaM-activated kinases such as
MLCK (Kamm & Stull, 1989; Schulman & Hanson, 1993).
However, once CaMKII is activated by interacting with the
Ca¥—CaM complex and undergoing autophosphorylation in
a co-operative manner, the phosphorylated enzyme has an
autonomous activity that persists even in the absence of
Ca¥—CaM (Hanson et al. 1994). This property may allow
CaMKII to exert a physiologically important, prolonged
action long after a transient calcium signal (see Singer et al.
1996, for review).

In the present study, we provide evidence for a CaMKII-
dependent component of contractile force in ferret aorta
smooth muscle. Furthermore, we show that MAPK activation
as well as phosphorylation of LC20 are linked to CaMKII as
downstream events in a signalling cascade.

METHODS

Tissue preparation and contraction measurements

Adult ferrets were killed with 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 ice-cold and oxygenated (95% Oµ—5% COµ)
physiological saline solution (PSS) composed of (mÒ): NaCl 120,
KCl 5·9, NaHCO× 25, dextrose 11·5, CaClµ 2·5, MgClµ 1·2 and
NaHµPOÚ 1·2 (pH 7·4). The aorta was cleaned of all adherent
connective tissue, and the endothelium was removed by gentle
abrasion with a rubber policeman. Circular strips (3 mm wide) of
aorta were prepared as previously described (Jiang & Morgan,
1989) and attached to a force transducer. They were allowed to
equilibrate at 37°C for at least 1 h and then challenged with a
depolarizing solution containing 51 mÒ KCl (PSS in which 51 mÒ
NaCl was stoichiometrically replaced by KCl; KCl PSS).

Oligodeoxynucleotide loading procedure and organ culture

The antisense 21-mer oligodeoxynucleotide designed against
CaMKII (5'-GC GGG TGC AGG TGG CGG TGG T-3') was derived
from a sequence reported for a rat CaMKII ã isoform (Zhou &
Ikebe, 1994). The sequence includes residues neighbouring the start
codon, which has been shown to improve the antisense efficacy.
Fluorescein isothiocyanate (FITC)-tagged, phosphorothioate anti-
sense oligodeoxynucleotide derivatives were synthesized as well as
the sense (5'-AC CAC CGC CAC CTG CAC CCG C-3') and random
sequence (5'-GT GTG GCG GTG GAC GTG GGC G_3') counterparts
using a Millipore Expedite nucleic acid synthesis system, and were
cleaved from the reaction column by 30% ammonium hydroxide
and purified by a Poly-Pak cartridge (Millipore).

A method originally developed to load aequorin into smooth muscle
and referred to as a ‘chemical loading procedure’ (Morgan &
Morgan, 1982), has been used in many laboratories to load diverse
substances such as aequorin, heparin or DNA into smooth muscle
tissue (Morgan et al. 1984; Kobayashi et al. 1989; Lesh et al. 1995;
Earley et al. 1998) and is sometimes referred to as a ‘reversible
permeabilization method’ even though evidence is lacking that the
cell membrane is permeabilized and the mechanism of the loading
procedure is unknown. Briefly, muscles are soaked for 30—120 min
in each of a series of four solutions at 2°C. The compositions of the
solutions are (mÒ): Solution I: EGTA 10, NaµATP 5, KCl 120,
MgClµ 2 and Tes 20; Solution II: EGTA 0·1, NaµATP 5, KCl 120,
MgClµ 2 and Tes 20, with 25 ìÒ oligodeoxynucleotide;
Solution III: EGTA 0·1, NaµATP 5, KCl 120, MgClµ 10 and Tes 20;
Solution IV: NaCl 120, KCl 5·8, dextrose 11, NaHCO× 25, MgClµ
10 and NaHµPOÚ 1·4. The [Ca¥] is then raised in solution IV from a
background concentration of approximately 10¦É Ò to the normal
value of 2·5 mÒ in gradual steps in order to avoid damage to the
preparation from the ‘Ca¥-paradox’ (Zimmerman & H�ulsmann,
1966). Tissues are 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 U ml¢), streptomycin (25 mg ml¢) and
nystatin (50 U ml¢). This procedure is repeated daily for 3 days in
order to obtain a sufficient loading of oligodeoxynucleotides during
several half-lives of the target protein. In this study the viability of
the preparation and contractile function were tested daily by
measuring the response to KCl PSS. The effect of the relative
amount of CaMKII on the contraction was tested on day 4.

Measurement of LC20 phosphorylation

Muscle strips were quick frozen by immersion for 60 min in acetone
containing 10% trichloroacetic acid (TCA) and 10 mÒ dithiothreitol
(DTT) precooled with dry ice. Muscles were stored at −80°C until
use. Tissues were brought to room temperature in acetone—
TCA—DTT, then ground with glass pestles and washed 3 times
with ether to remove TCA. Tissues were extracted in 100 ìl of
sample buffer containing 20 mÒ Tris base—23 mÒ glycine (pH 8·6),
8·0 Ò urea, 10 mÒ DTT, 10% glycerol and 0·04% bromophenol blue.
Urea-extracted samples (20 ìl) were electrophoresed at 400 V for
2·5 h after a 30 min pre-run on mini polyacrylamide gels (1·0 mm
thickness) containing 10% acrylamide—0·27% bisacrylamide, 40%
glycerol, 20 mÒ Tris base and 23 mÒ glycine, pH 8·6. Proteins
were transferred to polyvinylidene difluoride (PVDF) membranes
and immunoblotted 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). The bands
containing myosin light chain were detected with enhanced
chemiluminescence (ECL; Super Signal, Pierce) visualized on films,
acquired by Adobe Photoshop and then analysed by NIH Image.
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Care was taken to ensure that saturation of the signal did not occur
at any step in the processing.

Western blot protocol

Samples were homogenized in a buffer containing 20 mÒ Mops, 4%
SDS, 10% glycerol, 10 mÒ DTT, 20 mÒ â-glycerophosphate, 5·5 ìÒ
leupeptin, 5·5 ìÒ pepstatin, 20 KIU aprotinin, 2 mÒ Na×VOÚ,
1 mÒ NaF, 100 ìÒ ZnClµ, 20 ìÒ phenylmethylsulphonyl fluoride
(PMSF) and 5 mÒ EGTA. Protein-matched samples (modified
Lowry protein assay, DC Protein Assay Kit, Bio-Rad) were
subjected to SDS-PAGE (Protogel, National Diagnostics), transferred
to PVDF membranes and immunoblotted as described above. For
the measurement of phospho-MAPK and phospho-CaMKII levels,
muscles were quick frozen as above for LC20 phosphorylation.
Similarly, densitometry of protein-matched (modified Lowry
protein assay, DC Protein Assay Kit) immunostained samples was
performed and analysed by NIH Image, taking care to ensure that
saturation of the signal did not occur at any step in the processing.
The success of protein matching was confirmed by Napthol Blue
Black staining of the membrane and densitometry of the actin
band.

Materials

Rabbit polyclonal phospho-MEK1Ï2 antibody (1:1000), rabbit
polyclonal p44Ïp42 MAPK antibody (1:1000) and mouse monoclonal
phospho-p44Ïp42 (Thr

202

ÏTyr
204

) MAPK antibody (1:4000) were
obtained from New England Biolabs (Beverly, MA, USA). KN93
was obtained from RBI (Natick, MA, USA) and PD098059 was
obtained from Sigma. The CaMKIIã antibody was obtained from

Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA) and used at
1:500. The affinity-purified pan-CaMKII antibody was made to a
peptide sequence in the catalytic domain shared by all isoforms of
CaMKII as previously described (CK2-CAT; Singer et al. 1997).
The affinity-purified phospho-CaMKII antibody was produced
using similar methods to a Keyhole limpet haemocyanin (KLH)-
coupled peptide corresponding to the conserved amino acid
sequence surrounding the phosphorylated Thr

287

residue in the
CaMKII ä- and ã_subunits (HRQET(p)VDCLKKF). The antibody
was specific for the phosphorylated form of CaMKII and did not
cross-react with unphosphorylated kinase or kinase phosphorylated
on other residues, such as Thr

306

and Thr
307

(D. Van Riper & H. A.
Singer, unpublished data). The phospho-CaMKII antibody was
used at 1:500 and the pan-CaMKII antibody was used at 1:500.

Statistics

Each set of data was expressed as a mean ± s.e.m. Student’s t test
was used to determine the statistical difference of the means
between groups of two.

RESULTS

Antisense oligonucleotides to CaMKII ã isoform

decrease contractility

As described in Methods, aortic strips were loaded with
phosphorothioate antisense oligonucleotides to a ã isoform
of CaMKII (Zhou & Ikebe, 1994) or the appropriate controls.
To confirm adequate loading, all oligos were FITC labelled
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Figure 1. Effect of CaMKII antisense loading on fluorescence, contractility and CaMKII protein

level

A, quantification of the fluorescence (in arbitrary units, a.u.) of FITC-oligonucleotide-loaded muscles versus
sham-loaded muscles. **P < 0·01. B, magnitude of the steady-state (10—15 min) contractile response to
51 mÒ 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 mÒ KCl on day 1 (n = 8—13 animals).
*P < 0·05, **P < 0·01 compared to same muscle on day 1. †P < 0·05 compared to random sequence-
loaded muscles on day 4. C, Western blot for CaMKII ã isoforms in paired samples: sham-loaded time
controls, SH; fresh tissue, F; antisense-loaded muscles, AS; and random sequence-loaded muscles, R
(markers on the right are in kDa).



and the fluorescence of the preparation quantified at the end
of the experiment as shown in Fig. 1A. A highly statistically
significant increase in fluorescence was obtained after loading
with FITC-tagged antisense or random sequence oligos in
comparison to the sham-loaded preparations. Similar
amounts of the antisense and random sequence oligos were
taken up by the tissue. It was also noted that uniform
fluorescence was observed throughout the thickness of the
muscle in all cases (data not shown).

Contractility was assessed daily by a standard challenge
with 51 mÒ KCl. The muscles loaded with the antisense
oligos showed statistically significant decreases in the
amplitude of the KCl-induced contraction on days 3 and 4
(Fig. 1B). In contrast, there was no statistically significant
change in contractility in preparations loaded with the
random oligonucleotide sequence or sham loaded (control).
Western blots of day 4 muscles were obtained to monitor
the protein levels of CaMKII. As shown in Fig. 1C, two
bands of 51 and 58 kDa were consistently seen with an anti-
body to ã isoforms of CaMKII. The same bands were also
detected by a pan-CaMKII antibody (data not shown).
Densitometry was performed to quantify the sum of the
two CaMKII ã isoform bands. On average, CaMKII protein
levels were decreased by antisense loading to 51 ± 6·5%
(n = 13) of those in paired, random sequence-loaded muscles.

The day 4 oligonucleotide-treated muscles were challenged
with a range of concentrations of KCl as shown in Fig. 2. In
all cases the contractility of the antisense-treated muscles
was significantly decreased as compared to that of random
sequence-treated muscles. In contrast, when muscles were
challenged with 1 ìÒ DPBA, a phorbol ester, there was no
statistically significant decrease in the amplitude of the
contractile response of muscles loaded with antisense oligos
compared to random sequence-loaded muscles: day 4 anti-

sense-treated muscles displayed a DPBA-induced contraction
that was 83 ± 10% of the contraction on day 1 in response
to 51 mÒ KCl; random sequence-treated muscles displayed
a DPBA-induced contraction that was 91 ± 12% of the
day 1 contraction in response to 51 mÒ KCl.

Antisense oligonucleotides to CaMKII decrease LC20

phosphorylation

Since CaMKII has been reported to phosphorylate LC20 at
the same sites as MLCK (Edelman et al. 1990), we measured
LC20 phosphorylation levels in antisense-treated muscles
quick frozen after 5 min exposure to 51 mÒ KCl. LC20
phosphorylation was 30 ± 1·9% in sham-loaded muscles,
30 ± 2·1% in random sequence-loaded muscles and
21 ± 2·1% (n = 14) in antisense-loaded muscles. LC20
phosphorylation was significantly less in the antisense-
treated muscles than that in both the random sequence-
treated muscles (P < 0·01) and the control sham-loaded
muscles (P < 0·005).

Antisense oligonucleotides to CaMKII decrease

MAPK phosphorylation

Since MAPK has been reported to be downstream of
CaMKII in signalling pathways in cultured smooth muscle
(Abraham et al. 1997), we also measured MAPK
phosphorylation levels in quick-frozen muscles after 5 min
exposure to 51 mÒ KCl on day 4 in sham-loaded, random
sequence-loaded and antisense-loaded muscles. On average,
normalizing to the densitometry values from random
sequence-loaded muscles, the antisense-treated muscles had
phospho-MAPK levels that were 54% (4890 ± 853 a.u.
(n = 9) versus 9020 ± 942 a.u. (n = 11), P = 0·005) of those
in random sequence-loaded muscles. In comparison, the level
in sham-loaded muscles was 89% (8040 ± 1065 (n = 9),
P > 0·05) of that in random sequence-loaded muscles.
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Figure 2. Effect of CaMKII antisense- or random

sequence loading on steady-state (10—15 min)

contraction versus KCl concentration

Forces are normalized to the day 1 response of the same
muscle to 51 mÒ KCl (n = 6). *P < 0·05, **P < 0·01.

Figure 3. Effect of 30 ìÒ KN93, KN92 or vehicle

treatment on the contractile response to 51 mÒ KCl

Forces are normalized to the steady-state amplitude of the
contraction in response to 51 mÒ KCl of each muscle before
treatment (n = 5—9). *P < 0·05, **P < 0·01.



KN93 inhibits contractility of ferret aorta

preparations

KN93 is a pharmacological inhibitor of CaMKII (Sumi et
al. 1991). KN92 is an inactive analogue of KN93. For
comparison with the results from antisense-treated muscles,
we also investigated the effects of KN93 and KN92 in
muscles studied on the day of removal from the animal. As
shown in Fig. 3, 30 ìÒ KN93 caused a statistically
significant decrease in the amplitude of the contraction in
response to 51 mÒ KCl at all time points, between 1 min
and 30 min after the addition of 51 mÒ KCl, compared to
parallel vehicle- or 30 ìÒ KN92-treated muscles. In contrast,
when the á_adrenoceptor agonist phenylephrine was used to
initiate contraction, there was no significant difference
between KN93- and vehicle-treated muscles (vehicle, 96 ±
10% of the initial 51 mÒ KCl response; KN93, 90 ± 4·6%
of control KCl response; n = 4). Similarly, when 5 ìÒ of the
phorbol ester DPBA was used to initiate contraction, there
was no significant difference between the KN93- and
vehicle-treated muscles (vehicle, 134 ± 7·7% of the initial
KCl response; KN93, 127 ± 9·2% of the initial KCl
response; n = 4).

KN93 decreases LC20 phosphorylation

It is generally accepted that Ca¥—CaM-dependent activation
of MLCK and the subsequent phosphorylation of the 20 kDa
myosin light chains is a major regulatory mechanism of
smooth muscle contractility. For this reason, we measured
light chain phosphorylation levels in the presence and
absence of KN93, as shown in Fig. 4. When 51 mÒ KCl
was added at time 0, there was a rapid increase in LC20
phosphorylation, which was observed as early as 1 min after
stimulation, and which persisted for at least 30 min. In
parallel KN93-treated muscles, there was a statistically
significant decrease in light chain phosphorylation levels at 1
and 5 min compared with control. This decrease was not
statistically significant at 30 min.

Potassium-induced depolarization activates CaMKII

in ferret aortic smooth muscle

An antiphospho-CaMKII antibody was used to probe
CaMKII activity levels at various time points after the
addition of 51 mÒ KCl to ferret aortic strips (Fig. 5). The
activity of this enzyme increased significantly by 1 min,
continuing to increase at 5 min and remained high at
30 min after exposure to KCl. When the rate of activation
of CaMKII is compared with the time course of the KCl-
induced contraction (Fig. 5B), it can be seen that CaMKII
activity began to increase at roughly the same time that
force began to rise, and like force, CaMKII phosphorylation
remained at high levels during steady-state tone.

KCl-induced MAPK activation is calcium dependent

and sensitive to compound KN93

We have previously shown that phenylephrine induces
MAPK activation in this tissue in a Ca¥-independent
manner (Dessy et al. 1998). However, it is known that
CaMK activation as well as the amplitude of the KCl-
induced contraction are Ca¥ dependent. Therefore, we
determined the effect of Ca¥ depletion on MAPK activation
in KCl-stimulated ferret aortas using antibodies to both
phospho-MEK and phospho-MAPK. As is shown in Fig. 6A,
51 mÒ KCl increased both phospho-MEK and phospho-
MAPK levels (lane 2). Both increases were prevented by
Ca¥ depletion during the KCl challenge (lane 3). Similar
results were obtained in three experiments.
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Figure 4. Effect of KN93 on LC20 phosphorylation

LC20 phosphorylation (moles phosphate per mole LC20) at
the indicated time points after treatment with 51 mÒKCl in
the presence of 30 ìÒ KN93 or vehicle (n = 4—6). *P < 0·05.

Figure 5. Activation of CaMKII during KCl-induced

contraction

An antibody specific for autophosphorylated CaMKII
(pCaMKII) was used to monitor activation of CaMKII after
0, 1, 5 and 30 min exposure to 51 mÒ KCl. Top panel,
typical Western blot. Bottom panel, contraction and
densitometry of phospho-CaMKII versus time (mean of 4
experiments).



As shown in Fig. 6B, the addition of 30 ìÒ KN93 before
induction of contractions with 51 mÒ KCl caused a decrease
in the level of phospho-MAPK both at 1 min and at 30 min
after the addition of KCl. Similar results were obtained in
three experiments. It was noted that KN93 brought
phospho-MAPK levels to near basal values (i.e. a nearly
100% decrease), whereas KN93 caused, at the same
concentration, a 26% decrease in contractility (Fig. 3).
These findings are consistent with the CaMKII-induced
activation of MAPK being only part of the mechanism by
which KCl increases contractility.

If the effect of CaMKII on contractility depends on MAPK,
then inhibition of MAPK should also decrease the amplitude
of the contraction and reduce LC20 phosphorylation in a
manner similar to that observed with KN93. Compound
PD098059 is known to block the activation of MEK and
MAPK (Dudley et al. 1996). As shown in Fig. 7A, PD098059
caused a significant decrease in the amplitude of the
contraction in response to KCl. Similarly, when LC20
phosphorylation was measured in the tissue after 5 min
exposure to 51 mÒ KCl, in the absence and presence of
PD098059, the values were 31 ± 1·8% (n = 8) and
24 ± 2·1% (n = 8), respectively (Fig. 7B). Thus, these data
are consistent with CaMKII modulating contraction, at
least in part through activation of MAPK. It is worth
noting that the effect of PD098059 on force appears
somewhat larger than that of KN93 while inhibition of
LC20 phosphorylation is of a similar magnitude. This raises
the suggestion that MAPK does not act solely through the
activation of MLCK.

DISCUSSION

The main finding of the present study is that inhibition of
CaMKII in differentiated smooth muscle results in inhibition
of contractility. Similar results were obtained with two very
different approaches, the use of antisense oligonucleotides
and the pharmacological inhibitor KN93. These results were
further supported by the finding that CaMKII auto-
phosphorylation increases with a time course comparable to
that of the contraction and is maintained during tone
maintenance. To some degree these findings were surprising.
Previous studies had suggested that CaMKII down-regulates
calcium signalling via phosphorylation of MLCK (Tansey et
al. 1992). This mechanism could not explain the results of
the present study, since downregulation of CaMKII by
pretreatment with both KN93 and antisense oligonucleotides
should increase the force by this mechanism, but a decrease
in force in aortic strips was seen in the present study. The
results obtained in cultured cells in the study of Tansey et
al. (1992) may not be directly applicable to contractile strips
because in cultured smooth muscle cells smooth muscle (sm)-
MLCK was almost completely replaced by non-muscle (nm)-
MLCK (Stephens et al. 1999b). nm-MLCK is normally
localized to the nucleus in contrast to sm-MLCK, which is
localized in the cytosol, perhaps being associated with
contractile filaments (Stephens et al. 1999a).
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Figure 6. Effect of Ca¥ depletion and KN93 on MAPK

activation by 51 mÒ KCl

A, effect of Ca¥ depletion on MAPK activation. Resting
muscles (lane 1) or muscles treated with 51 mÒ KCl for 5 min
in normal PSS (lane 2) or Ca¥-free PSS containing 5 mÒ
EGTA plus 51 mÒ KCl (lane 3). Blots were probed for
phospho-MAPK and then re-probed for phospho-MEK.
Similar results were seen in three experiments. B, ERK_1
activation in the presence of KCl for 1 or 30 min in the
absence (K) or presence of 30 ìÒ KN93 (KN). Similar results
were seen in three experiments.

Figure 7. Effect of PD098059 on contraction and LC20

phosphorylation

A, amplitude of the contractile response to 51 mÒ KCl. First
bar, baseline resting tone, by definition equal to 0; second
bar, control KCl response; third bar, response to KCl in the
presence of 50 ìÒ PD098059 (n = 4). B, LC20
phosphorylation. First bar, in resting muscle; second bar,
during control KCl contraction; third bar, with KCl in the
presence of 50 ìÒ PD098059 (n = 7—8). *P < 0·05.



The ability of CaMKII to influence contraction appears to
be mediated by MAPK. As noted above, depletion of Ca¥
significantly decreased activation of MAPK. Similarly,
compound KN93, an antagonist of CaMKII, blocked
activation of MAPK, contraction and phosphorylation of
LC20. Consistent with this possibility, an inhibitor of
MAPK activation (i.e. PD098059) also inhibited contraction
and phosphorylation of LC20 in this tissue. Thus, a
plausible sequence of signalling events in KCl-stimulated
ferret aorta would be: Ca¥u� CaMKII � ? � MAPK�
MLCK� LC20. We cannot rule out the possibility in the
present study that KN93, PD098059 or CaMKII antisense
oligonucleotides artifactually decreased Ca¥ to indirectly
decrease LC20 phosphorylation levels; however, the fact
that these three very different experimental manipulations
produced the same results would appear to make this
possibility unlikely.

We have previously reported that MAPK is activated
during á-adrenoceptor agonist-induced contraction through
a pathway involving protein kinase C å (PKCå) in ferret
aorta vascular smooth muscle cells (Khalil & Morgan, 1993;
see Morgan & Leinweber, 1998, for review). This activation
was Ca¥ independent and occurred in the absence of
detectable changes in LC20 phosphorylation. The finding
that depletion of calcium completely abolished the activation
of MAPK during KCl-induced contractions as well as the
lack of effect of KN93 and antisense to CaMKII on phorbol
ester-initiated contractions in the present study suggests
that two different pathways of Ca¥-independent and Ca¥-
dependent MEK activation may exist during á_adrenoceptor
agonist- and KCl-induced contractions, respectively, in this
tissue. Similarly, in other studies, MAPK activation in
cultured cells in response to ionomycin, but not phorbol
esters and platelet-derived growth factor, was almost
completely abolished by 30 ìÒ of the CaMKII inhibitor
KN93 (Abraham et al. 1997). Interestingly, calponin has
been suggested to act as an adaptor protein assisting the
translocation of MAPK to the plasmalemma in the PKC-
dependent, Ca¥-independent pathway in ferret aorta (Menice
et al. 1997). In contrast, during KCl-induced contractions,
neither calponin (Parker et al. 1994) nor MAPK (Khalil &
Morgan, 1993) appears to translocate to the plasmalemma,
highlighting the differences between the two putative
pathways.

Since MAPK has previously been suggested to contract
smooth muscle via phosphorylation of caldesmon (in the
presence of an á-adrenoceptor agonist) (Dessy et al. 1998),
we were surprised to find that both KN93 and CaMKII
antisense oligonucleotides significantly decreased LC20
phosphorylation. Interestingly, CaMKII has been reported
to directly phosphorylate LC20 at the same sites
phosphorylated by MLCK in vitro. This, however, raises the
issue of the relationship of the alteration in LC20
phosphorylation levels to that of MAPK activation. A
possible unifying mechanism is provided by the reports of
Nguyen et al. (1999) and Morrison et al. (1996) who

observed that MAPK can activate MLCK. This mechanism
is consistent with the fact that PD098059, which prevents
MAPK activation, also decreased LC20 phosphorylation
and force production during KCl-induced contractions.

In summary, the data in the present study indicate that
CaMKII plays a significant role in the regulation of smooth
muscle contractility and suggest that the downstream
signalling pathways include a MAPK-induced activation of
MLCK.
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