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Abstract Strong, K+-induced contractions of rat aorta in
Ca-free, Mg-free media were not accompanied by
increased intracellular calcium concentration, [Ca2+]i,
whereas such contractions in the presence of the divalent
cations were correlated with rising [Ca2+]i as assessed by
fura-2. At the same time, calcium channel blockers, a
modulator of Ca2+-binding proteins, and a modulator of
actin polymerization, inhibited all types of K+-induced
contractions. Increasing the K+ in isotonic medium
evoked a rise of 45Ca2+ binding to the plasma membrane
of freshly isolated aortic cells. Although Ca2+-dependent
events underlie the mechanism of K+-induced vascular
contractions in both the presence and absence of Ca2+, in
contrast to the view that [Ca2+]i is a key regulator of
excitation-contraction coupling in smooth muscle, we
suggest that the modulation of Mg2+-dependent Ca2+

binding, probably within/at the L-type calcium channel
by K+, is a trigger for aortic contraction. This Ca2+

binding may then activate actin-myosin interaction.

Keywords Calcium binding · Channels · Contraction ·
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Introduction

It is now widely accepted that K+ induces smooth muscle
contractions by increasing the intracellular calcium con-
centration, [Ca2+]i. A key role for [Ca2+]i in this process is
based on three sets of evidence: (1) both organic and

inorganic Ca2+ channel blockers inhibit contractile re-
sponses to K+ [9, 41]; (2) K+ stimulates the influx of Ca2+

into smooth muscle cells [10, 18, 20, 42]; and (3) a K+-
induced rise in [Ca2+]i is measurable with fluorescent
probes [4, 7, 13, 18, 37].

However, recently it has been found that in Ca2+-free
physiological salt solution (pCa>9) containing endothelin,
depolarization by high K+ increases the force of contrac-
tion in canine coronary artery without any changes in
[Ca2+]i [33]. More recently, we demonstrated that K+

evokes reversible and reproducible contractions in endo-
thelium-denuded rat aorta bathed in Ca-free, K-rich
isotonic salt solution containing EDTA [23]. The afore-
mentioned K+-induced contraction in Ca-free solution
was observed in different strains of rats [22], and it had a
strict Mg2+ dependence: physiological concentrations of
Mg2+ completely suppressed contractile responses; in
contrast, removal of Mg2+ from Ca-free, K-rich, isotonic
salt solution followed by stripping off the membrane-
bound Mg2+ with EDTA produced K+ responses with
amplitudes comparable to K+-induced contraction in
normal Ca solution. Modulators of intracellular Ca2+

pools had no effect on K+-induced contraction in Ca-
free, Mg-free medium, suggesting that this type of
response is unlikely to be a function of increasing
[Ca2+]i [23]. On the other hand, blockage of protein
kinase C [23, 24] and tyrosine kinase (our unpublished
data) did not affect this contraction, also suggesting that
the K+-induced contractile response potentiated by EDTA
in rat aorta is not due to altered sensitivity of the
contractile apparatus to [Ca2+]i. The existence of two
types of K+-induced contractions with almost the same
amplitudes [23], but with different requirements for Ca2+,
indicates that either a rise in [Ca2+]i is not essential for the
development of contractions, or there are two mecha-
nisms of action for contractile responses initiated by K+.

The purpose of the present study was therefore to
delineate the mechanisms of K+-induced contraction in
the rat aorta. The data provide evidence that the
mechanisms of aortic contractions in normal Ca, K-rich
medium (pCa=2.6) and in Ca-free, Mg-free, K-rich
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medium containing EDTA (pCa>8) are similar in nature.
The K+-induced contractile responses under either condi-
tion remain Ca2+ dependent. Ca2+ may come from outside
or inside smooth muscle cells; therefore, altered Ca2+

binding to subunits of the Ca2+ channels, rather than a rise
in [Ca2+]i, is likely to be the trigger for vascular
contractions in the rat aorta.

Materials and methods

Isometric force measurement in vascular preparations

Adult male Sprague-Dawley (SD) rats (in some experiments adult
male normotensive Wistar Kyoto rats) (220–350 g) anesthetized
by160 mg kg�1 pentobarbitone were killed by decapitation follow-
ing the guidelines of Government and University regulations on the
use of experimental animals. The thoracic aorta was isolated,
trimmed and placed in isotonic salt solution (ISS; Table 1). Each
aortic ring was placed in a tissue bath containing ISS bubbled with
95% O2 and 5% CO2 and mounted isometrically under a previously
determined optimum resting tension (1.8–2.0 g). Isometric record-
ing of contractile force was monitored using a force displacement
transducer (Grass F-10) coupled to a Grass model 7H polygraph
recorder. Only endothelium-denuded aortic rings (see below) were
used in our experiments.

Fura-2 loading of vascular preparations

Aortic rings were obtained by the methods described above, turned
inside out, and the luminal surface was rubbed gently with a cotton
swab to remove endothelium. When pre-contracted by phenyleph-
rine, this endothelium-denuded aorta failed to exhibit acetylcho-
line-evoked relaxation. Rings were then incubated either at room
temperature for 2.5–3 h, or at 37�C for 1.5–2 h in a solution with
the following composition (mM): NaCl 138, KCl 4.6, CaCl2 2.5,
MgSO4 1.2, glucose 11, Hepes-TRIS 20 (pH 7.4), which contained
7–25 mM fura-2AM and 0.01% pluronic M-127 (final volume of
solution was 3–5 ml). Loading was carried out in the dark. After
loading, the rings were washed five times with 10 ml of solution
(without fura-2AM and pluronic M-127) to remove the extracel-
lular dye.

Measurement of contractility and [Ca2+]i

Each fura-2-loaded rat aortic ring was mounted vertically in a
perfusion chamber with one side attached to a fixed wire and the
other to a force transducer (BG10 g; Kulite Semiconductor
Products). Resting tension was adjusted to 1.0–1.3 g. Tension and
fluorescence ratio were displayed simultaneously in real time. The
value of the first contraction in aortic rings stimulated by isotonic
K-rich solution (ISS in which 80 mM NaCl was substituted by
80 mM KCl, K80 ISS; see Table 1) was taken to be 100%. The
experiments were performed with a fluorimeter specially designed
to measure the surface fluorescence of living tissues (Deltascan
4000 microscope system, Photon Technology International). The
aortic ring was illuminated by alternating excitation wavelengths of
340 and 380 nm, and the emitted light was collected to a photo-
multiplier through a 500-nm band-pass filter. The ratio of the
fluorescence due to excitation at 340 nm (F340) to that at 380 nm
(F380) was calculated from successive illumination periods and
referred to as R340/380, which reflected the relative level of [Ca2+]i.
The basal levels of both R340 and R380 in fura-2-loaded aortic rings
showed a gradual decrease with time (no more than 10%; data not
shown), but this had no significant effect on the R340/380 ratio, and
was probably due to the slow loss of fura-2 or to photo-bleaching.
Despite the uncertainly of the cytosolic conditions for calibration of
[Ca2+]i in living tissues [37], the absolute value of basal levels of

the [Ca2+]i in ISS, in Ca0Mg0 ISS, (Table 1) and in Ca0Mg0 ISS
containing 0.1 mM EGTA were estimated using the formula of
Grynkiewicz et al. [11] as modified by Himpens et al. [13]. The
basal levels of [Ca2+]i in aortic cells bathed in these solutions were
218.3€5.4 nM (pCa=6.7), n=8; 125.4€3.3 nM (pCa=6.90), n=8 and
88.3€6.3 nM (pCa=7.1), n=12, respectively.

Isolation of single vascular muscle cells

Thoracic aortas were excised (30–40 rats per experiment) and
placed in ISS1 (Table 1) bubbled with 100% O2. Each aorta was
cleaned of adhering loose connective tissue and cut into rings 0.5–
1 mm thick. Endothelial cells were removed by gently rubbing the
internal surface with a wooden probe. The rings were washed with
Ca-free K solution obtained by equimolar substitution of KCl for
NaCl in Ca-free ISS1 (Ca0K130 ISS1, Table 1) and bubbled with
O2. Cells were isolated at low temperature [2] using the following
procedure: Rings were gently homogenized by hand in Ca0K130
ISS1 containing 20 mM EGTA at 0–2�C, first with Teflon-glass, and
then with glass-glass homogenizers. The solid pellet of connective
tissue was discarded and the homogenate was incubated at 0–2�C in
Ca0K130 ISS1 for 2 h with 0.2% collagenase (Sigma Type 1) and
0.1% elastase (Sigma Type IV from porcine pancreas). The
digested homogenate was centrifuged at 2000�g for 30 s. The
pellet of packed cells was washed twice with Ca0K130 ISS1
containing 20 mM EGTA under the same conditions. The cells
were re-suspended in ISS1 containing 5 mM EGTA and kept at 0–
2�C. After isolation, soybean trypsin inhibitor (2 mg/ml) was added
to the cell suspension. Although cells remained viable for 32 h, all
experiments were performed within 3–6 h after isolation.

Cell populations were examined through an inverted micro-
scope equipped with phase contrast optics. Cell yield was
determined by counting successive fields at �125 magnification.
A specific test for cell membrane integrity with 0.1% trypan blue
showed that 75–80% of our cells excluded dye. The prepared cells
were long and spindle-shaped without evidence of being contracted
as a result of the isolation. To assess the effect of K+ on cell length,
the cell suspension was equilibrated in ISS1 at room temperature
(22�C) and treated with 20 mM KCl (final concentration) (K20
ISS1, Table 1) for 2 min. Cell shortening was measured using the
method described by Prichard and Ashley [35]. To ensure uniform
sampling of the population, at least 35 cells per treatment were
measured and a cell length histogram was constructed (see Fig. 6A).

Permeabilization of cells

To find the concentration of saponin necessary for reliable
permeabilization of cells, 2�105 cells/ml were incubated with
different concentrations of the detergent (2–100 mg/ml) for 10 min
in Ca0K130 ISS1 containing 20 mM EGTA (pCa=7.5) and then
exposed to trypan blue. The uptake of the dye was monitored to
determine the proportion of permeable cells in the population. The
nuclei of over 90% of the cells in suspension were stained after pre-
incubation with 25 mg/ml of saponin. Consequently, 30 mg/ml
saponin (97% staining) was used in our experiments.

Measurement of 45Ca2+ uptake

It has been reported that high Na+ is able to reduce Ca2+-sensitivity
in skinned vascular smooth muscle cells [15]. Therefore, to further
study of the influence of K+ on Ca2+ transport in permeabilized
cells, we chose ISS1 containing 130 mM NaCl and 20 mM Ca2+

(pCa=4.7) (for the other components see Table 1), which, despite
the relatively high Ca2+, failed to evoke any contractile responses
(data not shown). Part of the cell suspension was equilibrated for
30–40 min at room temperature (22�C) in ISS1. Then aliquots
(2�105 cells/ml) were pre-incubated for 10 min at room temper-
ature with nifedipine (0.1 mM), or with saponin (30 mg/ml), or with
a mixture of saponin and nifedipine. Control cells were pre-
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incubated under the same conditions, but with an equal quantity of
distilled water instead of drugs. After treatment, aliquots of cell
suspension were mixed (1:1) with aliquots of ISS1 containing
CaCl2, 45CaCl2 and KCl (final concentrations: [Ca2+]ex=20 mM and
[45Ca2+]ex=1.5 mCi/ml, [K+]ex=20 mM) (K20 ISS1, see Table 1). In
some experiments, K20 ISS1 contained ryanodine (5 mM), the
inhibitor of Ca2+ release from the sarcoplasmic reticulum [12], and
oligomycin (10�6 g/ml), the metabolic inhibitor of Ca2+ transport in
mitochondria [17]. To explore the influence of Mg2+ on 45Ca2+

uptake, aortic cells were treated with 20 mM K+ in medium
containing 5 mM Mg2+ (K20Mg5 ISS1, Table 1). The cell
suspension was incubated for 1–30 min at room temperature. The
rate of Ca2+ uptake was linear for 10 min. Therefore, the incubation
time taken to evaluate the rate of Ca2+ transport was limited to 5 min
or less. The incubation mixture was rapidly filtered through
Whatman GF/C filters, which were immediately washed five times
with 6 ml ISS1 to decrease nonspecific 45Ca2+ binding to the
membrane filter. After filtration of the incubation mixture, the
radioactivity on the GF/C filters was determined (Universal LSC
cocktail for aqueous samples, Sigma) in a scintillation counter (LS
6500, Beckman).

Measurement of 45Ca2+ efflux

To study the rate of 45Ca2+ efflux, relatively larger aortic strips
weighing about 10 mg (wet weight) were used. The strips were first
placed in ISS with the CaCl2 concentration reduced to 0.1 mM for
30 min before being loaded for 3 h at 22�C in an identical solution
containing 5 mCi 45Ca2+/ml. After loading, tissues were washed in
ISS lacking CaCl2, and containing 0.5 mM EGTA (to minimize the
superficial calcium pool), and then were sequentially passed
through a series of test tubes containing 1 ml of efflux medium.
45Ca2+ efflux was measured in three solutions: (3) Ca0 ISS
containing 40 mM EGTA, (4) Ca0Mg0K130 ISS containing 40 mM
EGTA, and (5) Ca0Mg0K130 ISS containing 0.3 mM EDTA (see
Fig. 6 and figure legends). To evaluate the contributions of Ca2+

channels and Ca2+-ATPase to the mechanism of 45Ca2+ efflux from
aortic cells, either 2 mM NiCl2 or 5 mM calmidazolium were added
to all aforementioned solutions (3, 4 and 5) (see Fig. 7 and figure
legends). The aliquots from each tube (0.8 ml) were later dissolved
in 5 ml of scintillation fluid (Universal LSC cocktail for aqueous
samples, Sigma). At the conclusion of each efflux experiment, the
45Ca2+ remaining in the tissue was determined. Dried tissue was
dissolved in 0.5 ml of 0.1 N HCl containing 20 mM EGTA and
counted for 45Ca2+ in the same scintillation fluid.

45Ca2+ efflux is expressed as nmoles g�1 min�1, as determined
from the specific activity of the loading solution, and tissue wet
weights.

Measurement and calculation of free concentrations
of Ca2+ and Mg2+ in solutions

All solutions (Table 1) were made with de-ionized and double-
distilled water. The concentrations of contaminating Ca2+ ([Ca2+]free)
and Mg2+ ([Mg2+]free) in nominally ion-free solutions were mea-
sured by atomic absorption spectrophotometry (AAS-855, Nippon
Jarret Ash.). [Ca2+]free and [Mg2+]free in solutions containing EGTA
and EDTA were calculated using the apparent stability constants
described by Martel & Smith [26, 27].

Calcium-dependent contractions of aortic rings were examined
by varying the EGTA/CaEGTA ratio in the bath, and [Ca2+]free was
calculated from the equation: [Ca2+]free=Kd[CaEGTA]/[EGTA],
where the dissociation constant for the Ca-EGTA complex (Kd) was
350 nM [26, 27]. [Ca2+]free in Ca-EDTA buffers was calculated
using Eqcal for Windows (Biosoft 1996). The concentration of Ca2+

required to give the half-maximum response (EC50) was computed
by nonlinear regression using Prism 2.01 (GraphPad Software).
[Ca2+]free and [Mg2+]free were expressed as pCa (�log[Ca2+]) and
pMg (�log[Mg2+]), respectively.

Statistics and drug sources

Values are presented as the mean€SEM. Statistical significance
was tested using Student’s unpaired t-test; P<0.05 was regarded as
statistically significant.

Salts and saponin were purchased from Merck (Germany).
Dihydrocytochalasin B, W-7 [N-(6-aminohexyl)-5-chloro-1-naph-
thalenesulfonamide,HCl], ML-9 [1-(5-chloronaphthalene-1-sulfo-
nyl)homopiperazine,HCl], HA 1077 [(5-isoquinoline sulfonyl)-
homopiperazine, 2HCl], ryanodine and oligomycin were obtained
from Calbiochem (USA). All other drugs were purchased from
Sigma (USA).

Explanation of the solution naming system

We found that conventional language was not effective in describing
the 14 basic solutions and their variants used in this study. We have
therefore adopted a simple system that allows the reader to see the
key features of each solution when its effects are described. Table 1
shows the composition of the basic solutions used in this study. The
normal physiological medium for aortic rings/strips is ISS and for
fresh isolated cells, ISS1. ISS lacking either Ca2+ or both divalent
cations (Ca2+and Mg2+) are termed Ca0 ISS and Ca0Mg0 ISS. ISS1
deficient in Ca2+ is Ca0 ISS1. High-K+ solutions are obtained either
by substituting equimolar amounts of Na+ with K+ in ISS (K130
ISS) or by replacing 80 mM Na+ in ISS with 80 mM K+ (K80 ISS).
If Ca2+ is omitted from the K+ solutions, they are described as
Ca0K130 ISS and Ca0K80 ISS. High-K+ solutions lacking both
divalent cations (Ca2+ and Mg2+) are termed Ca0Mg0K130 ISS and
Ca0Mg0K80 ISS. K+-rich medium for cells was prepared by adding
20 mM KCl to ISS1 (K20 ISS1). Both ISS1 and K20 ISS1 lacking
Ca2+ are described as Ca0 ISS1 and Ca0K20 ISS1. Specific chelators
of Ca2+ and Mg2+, EGTA and EDTA, whose concentrations are
indicated in the text and figure legends, were used to further reduce
the concentrations of divalent cations in solutions.

Results

Contributions of [Ca2+]i and the Ca2+/Mg2+ ratio
to the development of K+-induced contractions

Relationship between K+-induced force development
and [Ca2+]i in rat aorta bathed in Ca0Mg0K80
containing EGTA and EDTA

Representative traces of force development (Fig. 1A) and
changes in [Ca2+]i, as evaluated by fura-2 (Fig. 1B), from
aortic rings bathed in solutions with different calcium
concentrations show that K+-induced depolarization evoked
an increase in both tension and [Ca2+]i in K80 ISS (ISS
where 80 mM NaCl was substituted by 80 mM KCl,
Table 1) (control), and a prominent K+-induced tension in
Ca0Mg0K80 ISS containing 0.1 mM EGTA (43% of
control) was potentiated to 75% of control by 3 mM EDTA.
However, both the K+ response and its potentiation by
EDTA were accompanied by a decline in R340/380. It should
be noted that in contrast to the high-K solution
(Ca0Mg0K80 containing 0.1 mM EGTA), the low-K
medium (Ca0Mg0K5 containing 0.1 mM EGTA) produced
a weak contraction (6.1€0.6%, n=15 of Ca0Mg0K80 ISS
containing 0.1 mM EGTA) (data not shown). The relax-
ation from K+-induced potentiation by EDTA, which was
produced by washing the aortic rings with Ca0 ISS
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containing 0.1 mM EGTA, was associated with some
restitution in [Ca2+]i. The second test of K+-induced
contraction in Ca2+-containing medium was also accompa-
nied by an increase in R340/380. None of the solutions caused
any change in R340/380 in unloaded rings (data not shown).
Thus, these findings clearly demonstrate a dissociation
between K+-induced contractions and elevated [Ca2+]i in
Ca2+-deficient solutions containing Ca2+ chelators.

Effects of calcium channel blockers and modulators
of actin polymerization on K+-induced contraction
in aortic rings bathed in Ca0Mg0K80 ISS
containing EDTA

K+ strongly contracted aortic rings bathed in Ca0Mg0K80
ISS (Table 1) containing either 0.04 mM EDTA

(pCa=8.4) or 0.1 mM EDTA (pCa=8.9) at 37�C (46%
and 63% of control, respectively; Fig. 2). Any contam-
ination with external Ca2+ in these experiments was
excluded by multiple washing (6�15 ml) of aortic rings
with Ca0 ISS (Table 1) containing 0.025 mM EGTA,
followed by incubation for a few minutes in this solution
(Fig. 2A). We used the low concentrations of Ca2+

chelators in the aforementioned solutions to retain
sufficient membrane-bound Ca2+ for the binding of
organic Ca2+ channel blockers to the receptor [34].
Figure 2 demonstrates that EGTA, Ni2+, Mg2+, nifedipine
and verapamil were able to produce vasodilatation in
aortic rings that had been pre-contracted in Ca0Mg0K80
ISS containing various concentrations of EDTA. Howev-
er, organic Ca2+ antagonists (5 mM trifluoperazine, 50 mM
verapamil and 0.1 mM nifedipine) became more effective
depending, perhaps, on how much residual Ca2+ and Mg2+

Fig. 1A, B Simultaneous mea-
surement of force and fura-2
fluorescence in a rat aortic ring
in different solutions. A Force
development. B The 340/380 nm
ratio, representative of [Ca2+]i.
The application of solutions is
shown by numbers under the
trace: 1 ISS; 2 K80 ISS; 3 Ca0
ISS containing 0.1 mM EGTA;
4 Ca0Mg0K80 ISS containing
0.1 mM EGTA; 5 Ca0Mg0K80
ISS containing 3 mM EGTA.
All solutions maintained at
30�C and pH 7.42. This tracing
is typical of more than 7 inde-
pendent experiments

Table 1 Composition of basic solutions (mM)

Solution name NaCl NaHCO3 NaH2PO4 KCl MgSO4 CaCl2 Glucose HEPES-NaOH Final pH

ISS 130 18 1 1.2 2.5 11 20 7.42
Ca0 ISS 130 18 1 4.7 1.2 0 11 20 7.42
Ca0Mg0 ISS 130 18 1 4.7 0 0 11 20 7.42
K130 ISS 0 18 1 130 1.2 2.5 11 20 7.42
Ca0K130 ISS 0 18 1 130 1.2 0 11 20 7.42
Ca0Mg0K130 ISS 0 18 1 130 0 0 11 20 7.42
K80 ISS 50 18 1 80 1.2 2.5 11 20 7.42
Ca0K80 ISS 50 18 1 80 1.2 0 11 20 7.42
Ca0Mg0K80 ISS 50 18 1 80 0 0 11 20 7.42
ISS1 130 0 0.2 0.5 0.1 0.02 11 20 7.35
K20 ISS1 130 0 0.2 20 0.1 0.02 11 20 7.35
K20Mg5 ISS1 130 0 0.2 20 5 0.02 11 20 7.35
Ca0 ISS1 130 0 0.2 0.5 0.1 0 11 20 7.35
Ca0K130 ISS1 0 0 0.2 130 0.1 0 11 20 7.35
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remained bound to the plasma membrane. Indeed, the
inhibitory efficiency of the organic compounds shifted
from 30–40% to 70–80% of complete relaxation of aortic
rings, if the EDTA in Ca0Mg0K80 ISS was reduced from
0.1 to 0.04 mM. On the other hand, the inorganic Ca2+

antagonists (3 mM Mg2+ and 3 mM Ni2+) and 10 mM
EGTA, which mainly binds Ca2+ ions, almost completely
relaxed the rings (Fig. 2). Thus, the data suggest that Ca2+

is still required for K+-induced contraction in rat aorta in
Ca-free, Mg-free media containing EDTA, and that these
Ca2+-dependent processes appear to be targeted by
various Ca2+ antagonists.

Furthermore, aortic contractions in Ca0Mg0K80 ISS
containing either 0.04 mM or 0.1 mM EDTA were
inhibited not only by Ca2+ channel blockers but also by a
modulator of actin polymerization, dihydrocytochalasin B
(65% and 56% of complete relaxation, respectively)
(Fig. 2).

Relationship between force development and [Ca2+]i
in rat aorta bathed in Ca0Mg0K80 ISS (nominally free
of divalent cations medium): effects of calcium channel
blockers and modulators of actin polymerization

The data shown in Fig. 3A demonstrate that K+ is capable
of eliciting a prominent contraction in rat aorta bathed in
Ca0Mg0K80 ISS. Since the Ca2+ gradient between the
cytosol and this ISS (nominally free of divalent cations)
was found to remain relatively high ([Ca2+]i=
125.4€3.3 nM, n=8, versus [Ca2+]ex=6200€168 nM,
n=8), it was possible that high K+ could provide the rise

in [Ca2+]i required for force development. To determine
whether [Ca2+]i can be a trigger for K+-induced responses
of rat aorta in ISS nominally free of divalent cations,
[Ca2+]i and force development were measured simulta-
neously (Fig. 3A). In fura-2-loaded aortic rings, substi-
tution of ISS by K80 ISS rapidly increased R340/380
(Fig. 3A, bottom trace) and this [Ca2+]i elevation accom-
panied the K+-induced tension (Fig. 3A, upper trace).
Washing the rings with ISS evoked relaxation, which was
accompanied by restoration of [Ca2+]i to the basal level.
Subsequent replacement of ISS by Ca0 ISS had no effect
on muscular tone, but resulted in a reduced value of
R340/380 (Fig. 3A, bottom trace). A final replacement of
Ca0 ISS by Ca0Mg0K80 ISS caused a relatively strong
contraction (44% of control), but this contraction either
was not accompanied by a change in [Ca2+]i or by small
alterations in the [Ca2+]i that remained below the baseline
level (Fig. 3A). Despite the contrasting changes in [Ca2+]i
observed during K+-induced responses in a Ca2+-rich
medium and those in nominally Ca2+-free, Mg2+-free
solutions, both types of contraction were almost com-
pletely inhibited by Ca2+ channel blockers (nifedipine,
verapamil, Ni2+ and Mg2+), a Ca2+-chelator (EGTA) and
an antagonist of Ca2+ binding proteins (trifluoperazine)
(Fig. 3B). Furthermore, the modulator of actin, dihydro-
cytochalasin B, was able to inhibit the contractions by
about 65% in both solutions (Fig. 3B). Thus, these
findings suggest that the K+-induced aortic contraction in
nominally Ca2+-free, Mg2+-free solution is somehow
associated with Mg2+-sensitive, Ca2+-dependent events
in smooth muscle cells and is independent of the [Ca2+]i
fluctuations.

Fig. 2A, B Effects of dihydrocytochalasin B, EGTA, trifluopera-
zine and Ca2+ channel inhibitors on K+-induced contraction in
EDTA-containing solutions. A Experimental protocol. Numbers
under traces identify the solutions used. Aortic rings bathed in (1)
isotonic salt solution (ISS) (pH 7.45, 37�C) were contracted by
substitution of ISS by (2) ISS in which 80 mM NaCl was
substituted by 80 mM KCl (K80 ISS). After the relaxation of these
rings in (1) ISS, they were washed in (3) zero-Ca ISS (Ca0 ISS)
containing 25 mM EGTA to decrease external pCa to 7.71 and
removed absorbed Ca2+ from tissue surface. Further aortic rings
were washed either in (4) Ca0Mg0K80 ISS containing 0.1 mM

EDTA (left graph) or (5) Ca0Mg0K80 ISS containing 0.04 mM
EDTA (right graph). Inhibitors were applied at the arrows: a
verapamil (50 mM), b trifluoperazine (5 mM), c nifedipine (0.1 mM),
d dihydrocytochalasin B (5 mM), e NiCl2 (3 mM)/MgSO4 (3 mM)
and f EGTA (10 mM). These tracings are typical of 8 independent
experiments. B Summary of data on the inhibitory action of
different drugs obtained in experiments according to the protocol.
Contraction of aortic rings in K80 ISS was defined as 100%. Data
are mean€SEM of 8 independent experiments. *P<0.05 versus
either solution 4 (left graph) or solution 5 (right graph). **P<0.001
versus either solution 4 (left graph) or solution 5 (right graph)
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Relationship between Ca2+/Mg2+ ratio in solutions
and K+-induced contraction in rat aorta

The data shown in Fig. 4A indicate a positive correlation
between K+-induced contraction and the Ca2+/Mg2+ ratio
(for low and medium concentrations of Ca2+ in the
medium), either in solutions with physiological concen-
trations of Mg2+ (Fig. 4A, right), or in nominally Mg2+-
free solutions (Fig. 4A left). This further substantiates the
suggestion made above.

Contribution of [Ca2+]i and the external Ca2+/Mg2+ ratio
to the relaxation of rat aorta pre-contracted by K+

A reduction of [Ca2+]i, when Ca2+ is withdrawn from the
K+-containing medium, is considered to be the dominant
mechanism for relaxation in smooth muscles [4, 7, 13, 18,
37]. This mechanism was operating when aortic rings
contracted by K130 ISS were washed with Ca0K130 ISS
containing 20 mM EGTA (pCa=7.7 and pMg=2.9), i.e.,

when the washing solution contained a physiological
concentration of Mg2+ (Fig. 4B). However, if aortic rings
were washed with Ca0Mg0K130 ISS containing 20 mM
EGTA (pCa=7.7 and pMg=5.4) that caused [Ca2+]i to
drop below a basal level (Fig. 4C, bottom trace), the
relaxation of K+-pre-contracted rings reached only
22.7€2.1% (P<0.01, n=6) of that produced by Ca0K130
ISS. The complete effect required the addition of 3 mM
Mg2+ to Ca0Mg0K130 ISS (pMg=2.5) (Fig. 4C, upper
trace). Thus, increasing the external Mg2+/Ca2+ ratio from
1.52�102 to 1.20�105 produces relaxation.

These results imply that the external Ca2+/Mg2+ ratio
affects not only the development of contraction, but also
contributes to relaxation of the rat aorta. Besides, they
show that a decrease in [Ca2+]i is not essential for the
relaxation of K+ pre-contracted rat aorta.

Fig. 3 A Simultaneous measurement of force and fura-2 fluores-
cence of aortic rings bathed in both normal high-K medium (K80
ISS) and in ISS nominally free of divalent cations (Ca0Mg0K80
ISS). The upper trace shows force development; the lower trace
shows the 340/380 ratio (R340/380), indicating [Ca2+]i. The solutions
used are identified by numbers under the traces: 1 ISS; 2 K80 ISS; 3
Ca0 ISS; 4 Ca0Mg0K80 ISS. All solutions were maintained at 37�C
and pH 7.42. This tracing is typical of 6 independent experiments.

B Analysis of inhibition of K+-induced responses. Effects of
different Ca2+ antagonists and a modulator of actin polymerization
on aortic rings precontracted by either K80 ISS (left histogram) or
Ca0Mg0K80 ISS (right histogram). The maximal relaxation
induced by a mixture of EGTA (10 mM) and papaverine
(0.1 mM) either in K80 ISS or in Ca0Mg0K80 ISS was defined
as 100%. Data are mean€SEM of 8 dependent experiments
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Effects of inhibitors of myosin light chain kinase,
W-7 and ML-9, and Rho-associated kinase, HA 1077,
on K+-induced contractile responses of aortic rings
in Ca-free media

Figure 5 shows that pre-incubation of aortic rings for
20 min with 30 mM W-7, or 10 mM ML-9 or 10 mM HA
1077 failed to modify their contractile responses in
Ca0Mg0K130 ISS containing 30 mM EDTA (see also
[38]). Apparently, phosphorylation of myosin light chain
is not associated with the K+-induced contraction in Ca-
free medium.

45Ca2+ uptake by intact and permeabilized aortic cells

To determine the mechanism underlying the K+-induced
contraction, basal and K+-initiated 45Ca2+ uptakes were
compared in intact and saponin-treated cells, where there
is no Ca2+ gradient.

Most spindle-shaped cells were shortened by K+ in
media containing Ca2+ (Fig. 6A). Figure 6B demonstrates
that 20 mM KCl accelerated 45Ca2+ uptake, which
remained linear for the first 10 min in both intact and
saponin-treated cells incubated in ISS1 at 22�C. Longer
treatment of these cells with 20 mM K+ appreciably
inhibited 45Ca2+-uptake (Fig. 6B), as others have observed
in smooth muscle [20]. Pre-incubation of cells with
0.1 mM nifedipine or application of 5 mM Mg2+ to aortic

Fig. 4 Relationships between
the Ca2+/Mg2+ ratio and A de-
velopment of the K+-induced
contraction, and B, C relaxation
in rat aorta. A pCa/tension
curves. Ca2+ was gradually
added to aortic rings bathed in
either Ca0K130 ISS containing
0.1 mM EGTA (right graph) or
Ca0Mg0K130 ISS containing
0.1 mM EGTA (left graph).
Both solutions were maintained
at 22�C and pH 7.42. The
contraction of aortic rings in
K130 ISS was defined as 100%.
The inserts show the positive
correlation between Ca2+/Mg2+

ratio and tension, derived from
the above curves. Data are
mean€SEM of 12 independent
experiments. B Effect of
Ca0K130 ISS containing EGTA
on a K+-pre-contracted aortic
ring. Numbers under the trace
identify the solutions used: 1
ISS; 2 K130 ISS; 3 Ca0K130
ISS containing 0.02 mM EGTA.
All solutions were maintained
at 22�C and pH 7.42. This
tracing is typical of 8 indepen-
dent experiments. C Simulta-
neous measurements of force
(upper trace) and R340/380 (low-
er trace) in a rat aortic ring
bathed in solutions with differ-
ent Ca2+/Mg2+ ratios. Solutions
are identified by numbers under
the bottom trace: 1 ISS; 2 K130
ISS; 4 Ca0Mg0K130 ISS con-
taining 0.02 mM EGTA. 3 mM
Mg2+ was added at the arrow.
All solutions were maintained
at 22�C and pH 7.42. The
tracing is typical of 6 indepen-
dent experiments
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rings completely inhibited the Ca2+ uptake stimulated by
K+ (Fig. 6B). The maximal K+-induced 45Ca2+ uptake in
saponin-treated cells was a little less than that in controls
(the maximal Ca2+ uptake was 0.31€0.015 nmol/105 cells
and 0.25€0.008 nmol/105 cells, n=8, respectively)
(Fig. 6B). The values of the nifedipine-sensitive augmen-
tation of 45Ca2+ influx in saponin-treated and intact cells
differed by <15% (Fig. 6C). Treatment of cells with 5 mM
ryanodine and 10�6 g/ml oligomycin slightly modified the
time-course of K+-induced Ca2+ uptake in permeabilized
cells (data not shown). As a result, the difference in the
nifedipine-sensitive increment of 45Ca2+ uptake between
intact and saponin-treated cells vanished (Fig. 6D). These
results imply that the inhibition of K+-initiated 45Ca2+

transport in aortic cells by nifedipine is not entirely due to
the blockade of 45Ca2+ influx through channels. Hence,
the inhibition of K+-activated contractions in smooth
muscle by Ca2+ antagonists is probably not solely a result
of the prevention of Ca2+ influx via channels or/and effect
on intracellular compartments of Ca2+.

Influence of ions and drugs on 45Ca2+ efflux
from rat aorta: relationship between K+-induced
contraction in Ca-free, Mg-free medium and 45Ca2+ efflux

Since EDTA [10] and K+ [43] can evoke Ca2+ efflux, we
correlated the Ca2+ efflux with K+-induced contraction in
aortic rings in Ca-free, Mg-free solution. Fig. 7A illus-
trates that a prominent K+-induced contraction of aortic
rings obtained after substituting Ca0 ISS containing
0.1 mM EGTA with Ca0Mg0K130 ISS containing
0.1 mM EGTA (pMg=5.47, pCa=8.15), and its potenti-
ation by Ca0Mg0K130 ISS containing 0.3 mM EDTA,
were both accompanied by accelerated 45Ca2+ efflux from
aortic strips (the increments of the rate of Ca2+ efflux
were 2.31€0.08 nmol g�1 min�1, n=6, and
7.77€0.41 nmol g�1 min�1, n=6, for K+ and EDTA,
respectively) (Fig. 7B). The inhibitor of Ca2+-ATPase,
calmidazolium (5 mM), failed to modify the Ca2+ efflux.
This fact indicates that Ca2+-ATPase is unlikely to be
involved in the mechanism of Ca2+ efflux in rat aorta. In
contrast, the inhibitor of T- and L-type Ca2+ channels,
Ni2+ (2 mM) [40], almost completely suppressed both the
K+-induced contractile response and its potentiation by
EDTA, associated with Ni2+-evoked reduction in K+ and
EDTA effluxes by 70% and 82%, respectively (Fig. 7).
This finding suggests that the K+-induced response of rat
aorta in Ca-free, Mg-free medium is triggered by a Ca2+

efflux that probably takes place through Ca2+ channels.

Discussion

It is generally accepted that the plasma membrane of the
myocyte behaves like a K+-electrode, so its potential can
be calculated from the Nernst equation. Elimination of the
K+ diffusion potential (depolarization) across the plasma
membrane by placing smooth muscle cells in high K
medium leads to activation of Ca2+ channels. As a result,
an increase in [Ca2+]i occurs, primarily via Ca2+-influx,
which triggers contraction. However, in this study and
previously [23], it has been demonstrated that K+ induces
a prominent contraction of aorta not only in high-K
isotonic salt solutions (K80 ISS and K130 ISS) (pCa=2.6),
but also in high-K solutions deficient in Ca and Mg
(Ca0Mg0K80 ISS and Ca0Mg0K130 ISS) and containing
chelators of divalent ions (pCa>9). In the former case, the
contraction was accompanied by a rise in [Ca2+]i (Figs. 1,
3) that is consistent with a number of other observations
on this tissue [4, 7, 13, 18, 37]; whereas in the latter case
there was no rise in [Ca2+]i (Fig. 1). In fact, we observed a
drop in R340/380 below the basal level (Fig. 1). This is in
agreement with the previous observation that there is a
gradual decrease of the basal [Ca2+]i in rat aorta bathed in
solutions where external Ca2+ ([Ca2+]ex) is diminished by
Ca2+ chelators [4, 37]. In addition, the development of
considerable contractions in isotonic salt solution nomi-
nally free of divalent cations (Ca0Mg0K80 ISS, pCa=5.2)
was also not accompanied by a rise of [Ca2+]i (Fig. 3).
These data indicate that a rise in [Ca2+]i is not an

Fig. 5A, B Effects of the inhibitors of myosin light-chain kinase
(MLCK) on K+-induced contractions in EDTA-containing solution.
A Experimental protocol. Numbers under traces identify the
solutions used. Aortic rings bathed in 1 ISS (pH 7.42, 37�C) were
then contracted by substitution of (1) ISS by (2) K130 ISS. After
relaxation of the rings in (1) ISS. they were washed in (3) Ca0 ISS
containing 25 mM EGTA to decrease external pCa and remove
absorbed Ca2+ from the tissue surface. Further aortic rings were
washed in (4) Ca0Mg0K130 ISS containing 30 mM EDTA. The
same protocol was used to explore the effects of MLCK inhibitors,
W-7 (30 mM) and ML-9 (10 mM), and the Rho-associated kinase
antagonist, HA 1077 (10 mM) which were added (separately) to
solutions 1 and 3. This tracing is typical of 6 independent
experiments. B Summary of data on the action of W-7, ML-9 and
HA 1077 obtained in experiments according to the protocol.
Contraction of aortic rings in K130 ISS was defined as 100%.
Contraction of aortic rings in Ca0Mg0K130 containing 30 mM
EDTA was taken as control. Data are mean€SEM of 6 independent
experiments. *P<0.05 versus solution 2; **P>0.05 versus control
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obligatory factor to trigger K+ contractions in solutions
lacking Ca2+.

So, we needed to reinvestigate whether Ca2+ is
essential for the K+-induced contraction. In the present
study, the effects of different concentrations of external
Ca2+, Ca2+ channel antagonists and the Ca2+ chelator
EGTA on K+-induced contraction and relaxation were
determined. This revealed that contraction is directly
correlated to the concentration of external Ca2+ ([Ca2+]ex)
(Fig. 4A). Inhibitors of the Ca2+ channel antagonized,
while EGTA, which removes all external Ca2+, abolished
all the effects in both Ca-rich and Ca- free solutions
(Figs. 2,3). These observations suggest that Ca2+ is
essential for the K+-induced contraction. However, since
contraction still took place when [Ca2+]ex was absent
(Fig. 1), influx of Ca2+ via the Ca2+ channel is not
required.

In support of an important role for Ca2+, we also found
that Mg2+, a competitor of Ca2+ for binding sites in Ca2+

channels [25] and other organic molecules [1, 26, 27]
exerted effects on K+-induced contraction that antago-

nized the action of Ca2+. Firstly, the development of K+-
induced contraction in Ca-free solution was obvious only
after removing Mg2+ from this medium. Further applica-
tion of a Mg2+ chelator, EDTA [26, 27], potentiated the
K+-induced contractile responses (Figs. 1, 7). Secondly,
the K+-induced contraction was greater in Ca0Mg0K80
ISS containing 0.1 mM EDTA than in Ca0Mg0K80 ISS
containing 0.04 mM EDTA (Fig. 2). The greater
contractile response in the former case is most likely
due to less Mg2+ remaining. Thirdly, the magnitude of K+-
induced smooth muscle contractions in both Mg-low and
Mg-normal solutions was correlated with the Ca2+/Mg2+

ratio (Fig. 4A). Fourthly, relaxation following the K+-
induced contraction in K130 ISS was complete in
Ca0Mg0K130 ISS containing EGTA (pCa=7.7) only after
3 mM Mg2+ was added (Fig. 4C). Note that the inhibitory
action of Mg2+ in these experiments was dissociated from
the drop in [Ca2+]i, as Ca0Mg0K130 ISS containing
EGTA already diminished [Ca2+]i below basal levels
(Fig. 4C). Thus, these results imply that the K+-induced

Fig. 6 Effects on K+ on A
length and B–D 45Ca2+ uptake
by freshly isolated aortic cells.
A Cell length histograms.
Changes in length (thick line)
were evaluated after application
of 20 mM KCl to cells bathed in
ISS1. B 45Ca2+ uptake by intact
(left graph) and saponin-treated
(right graph) aortic muscle cells
in different solutions. 1 K20
ISS1; 2 ISS1; 3 K20Mg5 ISS1; 4
K20 ISS1 containing 0.1 mM
nifedipine. Data are mean€SEM
of 8 independent experiments.
C K+-induced nifedipine-sensi-
tive increment of 45Ca2+ uptake
in intact (left) and saponin-
treated (right) cells was calcu-
lated from results represented in
B. 45Ca2+ uptake by freshly
isolated cells bathed in K20
ISS1 with and without 0.1 mM
nifedipine for 5 min was mea-
sured. Data are mean€SEM of 8
independent experiments.
*P>0.05 versus intact cells. D
The same as C, but nifedipine-
sensitive increment of 45Ca2+

uptake was obtained in the
presence of 5 mM ryanodine and
2�10�6 g/ml oligomycin (time-
course of 45Ca2+ uptake for this
graph not shown). Data are
mean€SEM of 6 independent
experiments. *P>0.05 versus
intact cells
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contraction is not only Ca2+ dependent, but also Mg2+

sensitive.
To further determine the mechanism by which Ca2+

affects the K+-induced contraction in rat aorta, we
measured the uptake of 45Ca2+ into the smooth muscle
cells of rat aorta (Fig. 6). It has been established that
uptake increases in response to high K+. The effect was
attenuated by blockade of the L-type Ca2+ channel with
nifedipine and Mg2+. Interestingly and more importantly,
K+ ions exerted a similar effect on nifedipine-sensitive
Ca2+ uptake in intact cells and in cells treated with
saponin, when the influx and efflux are the same (Fig. 6C,
D), as the plasmalemma is freely permeable to Ca2+ [19].
It may be suspected that the inhibitory action of
nifedipine, at least in permeabilized cells, was mediated
by its interaction with calmodulin. However, it has been
noted that, in contrast to some other 1,4-dihydropyridines
[3, 30], nifedipine neither binds to calmodulin nor alters
phosphodiesterase activity in the presence or absence of
calmodulin at any of the Ca2+ concentrations employed

[5]. These observations suggest that K+ may increase
binding of Ca2+ in the sarcolemma and that the binding
site is most likely located in the L-type Ca2+ channel.

To investigate the source of Ca2+ that contributes to
contraction induced by K+ ions in Ca-free, Mg-free ISS
containing EDTA, we determined the efflux of 45Ca2+.
Interestingly, the efflux of Ca2+ produced by high K+ and
EDTA was directly correlated to force development in
both Ca0Mg0K130 containing EGTA and Ca0Mg0K130
containing EDTA (Fig. 7). Therefore, with a Ca-free
external medium the only source of Ca2+ is from inside
the cell. These data taken together with the inhibition of
Ca2+ efflux and both contractile responses by Ni2+ (Fig. 7)
suggest that K+, a natural antagonist of Mg2+ [26, 27],
may replace the Mg2+ bound to the external face of ion
channels in smooth muscle cells. The collapse of the
external Mg2+ electrostatic barrier blocking L-type Ca2+

channels [25] by K+ entails Ca2+ efflux, which can take
place through the open Ca2+ channels [21] (Fig. 7B). This
efflux provides a highly localized and elevated concen-
tration of Ca2+ near the external binding sites of the Ca2+

channel. A result of the Ca2+ efflux may be a rise in Ca2+

binding to the external mouth of the L-type Ca2+ channel,
and this binding appears to be a target for calcium channel
blockers.

In the present study, we also found that modification of
actin polymerization by dihydrocytochalasin B resulted in
suppression of K+-induced contractile responses in vas-
cular muscle in both Ca-containing and Ca-free solutions
(Figs. 2, 3), suggesting that polymerization of myofila-
ments contributes, at least in part, to K+-induced
responses of rat aorta. Results from the present study do
not provide evidence that Ca2+ binding to the channel
affects the conformation of thin filaments. A recent study
showed direct regulation of Ca2+ channels by polymer-
ization of actin filaments [32]. Further study is needed to
determine whether changes in conformation of the pore-
forming a1 subunit by Ca2+ binding shifts the conforma-
tion of thin filaments associated with these Ca2+ channels
which, in turn, might initiate the formation of actin-
myosin clusters resulting in the development of aortic
contractions.

It is widely accepted that agonist-induced smooth
muscle contraction in Ca-free medium is a result of Ca2+

sensitization of myofilaments by receptors of different
agonists through mobilization of a G protein-dependent
pathway and subsequent activation of various kinases
(protein kinase C, tyrosine kinase, Map kinase and
integrin-linked kinase) [6, 18, 39]. K+-induced contraction
in Ca-free, Mg-free medium may also be due to
sensitization of the contractile elements. It has been
proposed that the change of membrane potential by K+ is
a transducer mechanism for the alteration of myofilament
Ca2+ sensitivity in smooth muscle cells [33]. However,
this seems unlikely, since it was also noted that high K+

itself is unable to change the force of canine coronary
artery in Ca-free, normal-Mg medium containing EGTA
[33]. Possibly, sensitization of the contractile elements
due to an enhancement of myosin light chain (MLC)

Fig. 7 Effects of K+ and EDTA on A contractility and B 45Ca2+

efflux from aortic rings. A Numbers under traces identify the
solutions used. Aortic rings bathed in (1) ISS (pH 7.4, 22�C) were
contracted in (2) K130 ISS (at the same pH and temperature). After
relaxation in (1) ISS, rings were washed in (3) Ca0 ISS containing
0.1 mM EGTA to remove residual Ca2+ from solution and then
were placed in (4) Ca0Mg0K130 ISS containing 0.1 mM EGTA. A
final response was studied in (5) Ca0Mg0K130 ISS containing
0.3 mM EDTA. To examine the effect of Ni2+, we used the same
protocol; however, solutions 4 and 5 contained 2 mM NiCl2. The
tracing is typical of 15 independent experiments. B Numbers above
the graph identify the solutions used. Aortic rings loaded with
45Ca2+ were bathed in the following solutions: (3) Ca0 ISS
containing 0.1 mM EGTA; (4) Ca0Mg0K130 ISS containing
0.1 mM EGTA; (5) Ca0Mg0K130 ISS containing 0.3 mM EDTA.
To explore the effects of blocking Ca2+ channels (Ni2+) and
inhibiting Ca2+-ATPase (calmidazolium), we used the same proto-
col; however, solutions 4 and 5 contained either 2 mM NiCl2 or
5 mM calmidazolium. Data are mean€SEM of 6 independent
experiments
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phosphorylation at low [Ca2+]i is a more likely mecha-
nism. We tested this hypothesis. MLC phosphorylation is
determined by the balance between MLC kinase (MLCK)
and MLC phosphatase (MLCP) activities [18, 39]. If
[Ca2+]i remains constant in K-rich, Ca-free solution
(release of Ca2+ from intracellular stores has been shown
not to contribute to the K+-induced contraction; see
Introduction), MLCK could only be sensitized by other
kinases. However, the latter is rather unlikely because
blockade of a key kinase, protein kinase C, which uses
both MLC and MLCK as substrates [16, 18], did not
modify the response to high K+ in rat aorta [23, 24]. In
support of this, the present study has demonstrated that
the response to high K+ was not altered by the inhibitors
of MLCK, W-7 and ML-9 (Fig. 5). Furthermore, a lack of
effect of HA 1077, an inhibitor of Rho-associated protein
kinases, which inhibits MLCP activity [31], on the K+-
induced contraction in Ca-free medium (Fig. 5) implies
that MLCP is probably not involved in the phosphoryla-
tion of MLC upon K+ stimulation. By comparing the
mechanisms of contraction in Ca-free and Ca-normal
solutions, we should note that the aforementioned finding
is consistent with data on ileac smooth muscle, where
contraction induced by high K+ in Ca-containing medium
was unaffected by the other inhibitor of Rho-associated
kinase, Y-27632 [29]. However, this contradicts the data
obtained very recently [28], where the inhibitory action of
ML-9, Y-27632 and HA 1077 on K+-induced contraction
of caudal artery in normal Ca medium was revealed. This
discrepancy can be explained by the nonspecific action of
these compounds. It is known that the naphthalenesul-
fonamide derivatives W-7 and ML-9 can interact directly
with L-type Ca2+ channels [36] and inhibitors of Rho-
associated protein kinases can modify the Ca2+ influx
through Ca2+ channels in smooth muscles cells [14].

Thus, our experimental findings, taken together with
data that K+ depolarization of smooth muscle in Ca-free
medium does not induce phosphorylation significantly
different from basal levels [8], indicate that the K+-
induced contraction in rat aorta in Ca-free, Mg-free ISS
and its potentiation by EDTA is unlikely to result from a
change in the Ca2+ sensitivity of myofilaments by means
of MLC phosphorylation.

In conclusion, we have provided evidence that high K+

increases the binding of Ca2+ to the external surface of the
Ca2+ channel. The Ca2+ may come from both outside and
inside the cell. We hypothesize that the binding of Ca2+ to
the L-type Ca2+ channel may in turn trigger K+-induced
contraction. Further study is, however, needed to test the
hypothesis.
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