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Abstract. The effects of K* depolarization and of the
muscarinic agonist carbachol on [Ca®*]; and force were
investigated in smooth muscle sheets of the longitudinal
layer of the ileum loaded with Fura-2. K *-rich solutions
increased [Ca?*]; and force to an initial peak value, which
was determined by the concentration of [K*],. There-
after, [Ca2"]; and force declined to a lower maintained
level. The Ca®* /force relationship observed during this
contraction-relaxation cycle is represented by a clockwise
hysteresis loop. At 140 mM [K *],, this loop consisted of
three components while at lower [K "], a two-component
loop was observed. The stimulation with 0.1 mM
carbachol resulted in a transient increase of [Ca%*]; and
force followed by a continuous decline of these param-
eters despite the presence of the drug. Its ECs of relax-
ation was around 270 nM [Ca?*],. The Ca?*/force re-
lationship proceeded along a counterclockwise hysteresis
loop during the contraction-relaxation cycle. The extent
of this loop decreased but remained unaltered in its direc-
tion during repeated stimulation with carbachol. These
results suggest that (a) both agonists increase force and
[Ca2™*]; during stimulation; (b) during depolarization
with K*, desensitization to Ca*?* occurs resulting in a
clockwise hysteresis loop; (¢) during carbachol stimu-
lation, a counterclockwise hysteresis is observed. This
could be due to an increased sensitivity to Ca%* mainly
in tonic smooth muscle. These observations might be
explained by a modulation of the Ca?* sensitivity by
sensitizing and desensitizing mechanisms. These modu-
lations during different stimuli could be due to different
myosin light-chain kinase / myosin light-chain phospha-
tase ratios.
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Introduction

[Ca%*];is a key regulator of smooth muscle contraction.
The activation of smooth muscle requires an increase of
[Ca?*];, which then induces a phosphorylation of the
myosin light chain by the complex of Ca?*-calmodulin
and myosin light-chain kinase (Hartshorne 1987). This
allows an activation of the myosin ATPase by actin and
the contractile activity. Many aspects of the exact re-
lationship between Ca®* and tension still remain unclear.
The knowledge of the type of the relationship between
[Ca®*]; and force is, however, central in the interpretation
of contraction and relaxation. It has up till now been
tacitly assumed that this relationship was unique for any
given set of experimental conditions. During the last years
it has, however, been suggested that counterclockwise
hysteresis existed in barnacle (Ridgway et al. 1983) and
cardiac (Hibberd and Jewell 1982; Harrison et al. 1988)
muscle and in skinned smooth muscle of the hog carotid
arteries (Chatterjee and Murphy 1983). This counterclock-
wise hysteresis could be due to a higher sensitivity of the
regulatory/contractile proteins during a period of decrea-
sing [Ca?*]; than during a phase of increasing [Ca®"],.
Studies with Ca®* indicators have shown that the
relation between Ca®™ and force (Morgan and Morgan
1984; Bradley and Morgan 1987; Himpens and Casteels
1987; Rembold and Murphy 1988) differs between phasic
and tonic smooth muscle cells (Himpens et al. 1988, 1989).
Himpens et al. (1988) observed a very low level of phos-
phorylation in the longitudinal layer of the guinea-pig
ileum and Somlyo et al. (1989) proposed an important
role for the phosphatases in the regulation of the level of
the phosphorylation of phasic smooth muscle. In this
study the Ca?* /force relationship will be investigated in
the ileum by simultaneously measuring [Ca® *}; and force
(Himpens and Somlyo 1988). The effect of agonist stimu-
lation will be compared to the stimulation induced by
K *-rich solutions and their influence on the Ca** /force
relationship during contraction and relaxation will be



investigated. It will be demonstrated that besides a
counterclockwise hysteresis, a clockwise hysteresis also
appears indicating that under certain conditions, at later
stages of the contraction, submaximal [Ca?*); elicits a
lower tension than during the initial stages.

Itis proposed that the Ca?” /force relationship during
the different stimuli can be modulated by the interference
of sensitizing and desensitizing mechanismus resulting in
different myosin light-chain kinase / myosin light-chain
phosphatase ratios.

Material and methods

Isolated longitudinal muscle strip from the terminal portion of the
guinea-pig ileum were dissected and loaded with 2 uM Fura-2AM
at room temperature as described by Himpens and Somlyo (1988).
The description of the apparatus used for the simultaneous measure-
ments of fluorescence and force and the method of mounting the
strip in the apparatus, have been published (Himpens and Somlyo
1988). The alternating excitation light of 340 nm and 380 nm was
obtained by passing the light from a 100 W mercury arc lamp
through interference filters mounted in an air-driven wheel. The UV
light of the two wavelengths was passed through one end of a
bifurcated light pipe to the muscle sheet, which was mounted in the
tissue chamber and attached by one end to a force transducer. The
fluorescence emitted by the specimen was guided to the
photomultiplier through the other end of the light pipe and an
interference filter of 510 nm. The signals due to excitation at 340 nm
and 380 nm were separated, digitized and stored in a computer for
further data analysis.

Cytosolic Ca®* concentrations were calculated as described by
Himpens et al. (1988, 1989). The maximum (R,.,) and minimum
(Rumin) ratios were determined using an internal calibration pro-
cedure performed at the end of the experiment. The minimum fluo-
rescence was obtained by superfusing the muscle with a 140 mM
K*, Ca*?*-free solution containing 2 mM EGTA at pH 8.6 to
optimize the ionomycin effect. Five minutes after superfusion with
this solution, 50 pM ionomycin was added. After determining the
Roin, the tissue was superfused with an excess of calcium (10 mM
Ca?” solution at pH 8.6), which gave the maximal signal ratio, Ry,,,.
The autofluorescence was determined after each experiment at the
two excitation wavelengths, in order to subtracts the values from
the total fluorescence and obtain the net Ca?*-sensitive Fura-2
fluorescence. This was done by superfusing the strip with a 20 mM
Mn?* Krebs solution after the Ry, and R, values had been
determined. Owing to some uncertainties about the value of the K,
(Somlyo and Himpens 1989) the absolute ratio is also shown in
the original recordings in addition to the computed [Ca?*],. The
calculated figures were obtained by averaging the records for 2.5 s
every 20 s unless otherwise stated.

[Ca%*); values are routinely expressed in nM, while force is
expressed in mN on the original traces and as a percentage in the
text and figures. In each experiment 0% force was arbitrarily defined
as the force of the resting muscle in normal Krebs solution. The
initial peak of the force response occurring on exposure to 140 mM
K* solution was used as a reference (100%) for the contractile
response of a specific muscle throughout each individual exper-
iment. All values are means + SEM, and » is the number of obser-
vations. Comparisons were made using Student’s #-test. The stan-
dard physiological solution (‘normal Krebs”) was a HEPES-buffered
modified Krebs solution at pH 7.3 containing (mM): Na* 135.5,
K* 5.9, Ca®* 1.2, Mg?" 1.2, CI~ 143.8, HEPES 11.6 and glucose
11.6. Solutions with increased K™ (‘depolarizing or high K™* solu-
tions’) were obtained by replacing Na™ by an equivalent amount of
K ™. In ‘Ca’*-free solutions’, Ca2* was omitted and 2 mM EGTA
was added. The experiments were performed at 25°C. Fura-2 AM
was obtained from Molecular Probes (Junction City, Ore),
ionomycin from Calbiochem (La Jolla, Calif.) and Pluronic F127
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Fig.1A, B. Effect of K™ and carbachol on [Ca* *], and force develop-
ment in the same ileal smooth muscle strip. A The changes in the
same tissue of [Ca®*); (upper part) and of force (lower part) during
a stimulation for 15 min with 140 mM K™ (/eft) and 0.1 mM
carbachol. B The mean 4+ SEM of 11 measurements of the change
of [Ca®*}; (upper part) and of the force (lower part) as a function of
time during stimulation with a depolarizing solution containing
140 mM K™ and 1.5 mM Ca?* (O) or with 0.1 mM carbachol (@)
(n = 11). The force is normalized to the peak tension obtained during
stimulation with 140 mM K *

from BASF Wyandotte (Parsippany, NJ). Carbachol and atropine
were from Sigma (St. Louis, Mo.).

Results

The effect of a stimulation of the longitudinal layer of
the guinea-pig ileum for 15 min with a K*-rich solution
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Fig. 2A, B. The relationship of Ca** versus force of the ileum during
the contraction-relaxation cycle induced by 140 mM K * (A, O) and
by 0.1 mM carbachol (B, @). The arrows in A and B indicate the
sequence of the contraction and the relaxation during these stimuli.
During the initial rise in A and B the points represent the average
of the values obtained in the individual experiments and sampled
every 5 s. Later on the interval between the sampling was 20 s. The
numbers in A indicate the three components of the contraction-
relaxation cycle (/) initial fast rise; 2) decline to steady-state level
during maintained stimulation; 3) relaxation). The asterisk in A (¥)
indicates the value of Ca?”/force during maintained stimulation
with the K *-rich solution

containing 1.5mM Ca®’" and 140 mM K™* or with a
solution containing 0.1 mM carbachol on [Ca?*]; and on
the force development is represented in Fig.1 (n = 11).
As already pointed out by Himpens and Somlyo (1988),
[Ca?*]; and force increased within 30 s to an initial peak.
The maximum [Ca®*]; and force values obtained at this
stage were 583 + 37 nM and 97 + 3% for the K *-induced
stimulation and 523 4+ 51 nM and 109 +7% for the
carbachol-induced stimulation. Thereupon [Ca®*]; and
force declined during exposure to the depolarizing solu-
tion to a lower but steady level and amounted, after
15 min stimulation, to 330 nM [Ca?*]; and to 60% of the
peak tension respectively. In contrast the [Ca®*]; and the
force declined steadily after the initial peak during the
continuous superfusion of the muscle with Krebs solution
containing carbachol. The maximum force/[Ca®*]; ratios
(% force / nM Ca?™*) obtained by a K " -rich solution and
by carbachol amount to 0.16 and 0.21 respectively.
Figure 2 represents the Ca® ™ /force relationship that
has been determined during these two conditions of pro-
longed stimulation, and the individual points represent
the average values of 11 experiments sampled every Ss
during the upstroke and every 20 s during the ensuing

contraction and the relaxation. Figure 2 A indicates the
pattern followed during stimulation with the depolarizing
solution. In all experiments performed (n=11) this
Ca’™ /force relationship follows a loop composed of three
components. The initial component (1) represents the
fast rise of [Ca®*]; and force observed immediately upon
stimulation with the K *-rich solution, as shown in Fig. 1.
Thereupon the Ca®* /force relationship declines clock-
wise (2) until a stable steady-state value is reached corre-
sponding to the plateau level represented in Fig. 1, which
1s maintained as long as the stimulus is applied. A return
to the normal Krebs solution containing 5.9 mM [K *],
results in a new clockwise decline of the Ca?™* /force re-
lationship (3) towards the resting values.

The Ca?*/force relationship during stimulation with
carbachol (Fig. 2 B) follows a counterclockwise hysteresis
loop consisting of a rising and a declining component.
No left shift in the initial increase can be observed, as has
been described for the pulmonary artery (Himpens et al.
unpublished results). The initial increase of the Ca?*/
force relationship representing the rise in [Ca?*]; and
force, as shown in Fig. 1, proceeds similarly to the initial
changes in Ca®* and force induced by the K *-rich solu-
tion. Thereupon the force and [Ca®*]; decline as a func-
tion of time and the Ca?*/force relationship proceeds
in a counterclockwise direction. During this decline the
Ca?* /force relationship decreases rather linearly. After
4 min stimulation with carbachol, the force reached a
value of approximately 50% of the peak tension and
[Ca®*); of 275 nm [Ca?*],.

Figure 3 represents the pattern of the [Ca and of
the force development in smooth muscle sheets of the
ileum during a stimulation for 15 min with different
depolarizing solutions added with 0.01 mM atropine and
1.5 mM Ca?* and containing 140, 60, 40 or 20 mM [K *],
respectively (n=9). The different stimuli with these
depolarizing solutions were applied to the smooth muscle
strips in a random way (Fig. 3A). All identical stimu-
lations of the different strips were then averaged for each
specific K* concentration and represented as such in
Fig. 3B.

The amplitude of [Ca®*]; during the initial phasic
force peak was a function of the applied concentration
of [K*],. Higher K* concentrations elicited a higher
value of both the initial [Ca®*]; transient and of the force
peak. [Ca?*]; and force were, for example, 537 + 47 nM
and 94 4+ 4% for 140 mM K™ and only 238 + 30 nM
and 37 + 2% for 20 mM K ™* respectively. After 15 min
superfusion with the different [K*], a maintained level
of [Ca%?*]; and force was reached. The [Ca?*]; at this
stage was not significantly different for 140, 60 and
40 mM [K™*], but it was significantly lower at 20 mM
(K™ To-

The Ca?"/force relationship, measured under the
same conditions as in the protocol used for Fig. 2, is
represented in Fig. 4. The individual points (average of

9 experiments) on this figure represent again the Ca®*/
force relationship sampled initially every 5s and there-
after every 20 s during the contraction and relaxation. At
all K* concentrations a clockwise hysteresis loop was
observed, in which the relaxation was shifted to the right
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Fig. 3A, B. Effect of solutions with different [K *], on the ileum. A
The change of [Ca?*]; in nM and of force (in mN) of the ileum
during a stimulation for 15 min with the solutions containing differ-
ent [K *], as indicated. B The effect of the solutions with different

*1o (140; 60; 40 and 20 mM K *) containing 1.5 mM Ca?* on the
mean value of [Ca®*]; and of force is represented for the nine smooth
muscle strips. The upper trace represents the [Ca®™];, the lower trace
the force. The force is normalized to the peak tension obtained
during stimulation with 140 nM K*

as compared to the initial transient increase to maximum
[Ca?*]; and force values. The pattern during exposure to
the K. * -rich solution containing 140 mM K * and 1.5 mM
Ca®* is shown in Fig.4A. Three components can be
distinguished in this loop. Stimulation at the lower [K *],
[60 mM (Fig. 4B), 40 mM (Fig. 4C), 20 mM (Fig. 4D)]
results in a two-component clockwise loop, which be-
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Fig. 4A~D. Ca?* versus force relationship is ileal smooth muscle
during stimulation with solutions containing different [K *],. A The
stimulation with 140 mM [K*], (O); B 60 mM (<); C 40 mM
(A) and D 20 mM (). The arrows indicate the contraction and
relaxation cycle during the stimulation with the different K* concen-
trations. During the initial rise, samples were taken every 5 s while
thereafter the interval between the sampling was 20 s. The numbers
(I, 2, 3) in A indicate the three components of the contraction-
relaxation cycle (onset, decline to steady-state level and relaxation)
during stimulation with 140 mM [K *],. The asterisk in A (*) indi-
cates the Ca®*/force value obtained during maintained stimulation
with the K *-rich solution

comes smaller for lower K™ concentrations. The initial
part of the hysteresis loop also presents a small shift to
the left as compared to that obtained during the 140 mM
[K*], stimulation. During washout the Ca?™" /force re-
lationship at different K* solutions overlapped almost
perfectly, indicating that during relaxation at all [K*],
tested the force decreased more rapidly.

Figure 5 demonstrates the effect of repeated stimu-
lations of the ileum with a normal Krebs solution contain-
ing 0.1 mM carbachol (n =9). The procedure consisted
of a stimulation of the muscle for 15 min followed by a
washout for the same period of time before starting a
renewed superfusion with the carbachol-containing solu-
tion (Fig. 5A). This procedure induced a time-dependent
decline of the initial maximal [Ca? *); transient and force
peaks from an initial level of 567 + 60 nM and 90 + 4%
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Fig. 5A, B. Effect of repeated stimulation of ileal smooth muscle
with 0.1 mM carbachol for 15 min. A The change of [Ca?*]; in nM
and of force (in mN) of the ileum during repeated stimulations for
15 min with 0.1 mM carbachol. B The effect of repeated stimulations
for 15 min with 0.1 mM carbachol on the mean value of [Ca® "}, and
of the force is represented for the nine smooth muscle strips. The
upper trace represents the [Ca®*];, the lower trace the force; 0%
force was arbitrarily defined as the force of the resting muscle during
superfusion with normal Krebs solution while 100% was the peak
force reached during the first stimulation with 0.1 mM carbachol.
After each stimulus the tissue was superfused for 15 min with normal
Krebs solution

to 268 4 26 nM and 23 + 3% during the fourth stimu-
lation (Fig. 5B).

The Ca?™* /force relationship determined in these aver-
aged experiments is represented in Fig. 6. The highest
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Fig. 6A —~D. Averaged Ca2* versus force relationship in the ileum
during repeated stimulation with 0.1 mM carbachol for 15 min (n =
9). The first stimulation cycle is represented in A by O, the second
one in B by <, the third one in C by A and the fourth stimulation
in D by [J. The arrows indicate the direction of the contraction-
relaxation cycle

value for this relationship is observed for the initial
0.1 mM carbachol stimulation (Fig. 6A). Although the
maximum amplitude of the Ca?*/force relationship de-
clined as a function of the number of stimulations, all
loops followed the same, albeit smaller, counterclockwise
hysteresis loop (Fig. 6B—D).

If a similar sequence of stimuli was applied with a
depolarizing solution containing 140 mM K™* and
1.5mM Ca?* instead of with an agonist such as
carbachol, there was no significant decline of the peak
Ca?* or force nor of the tonic part of the contraction
(Fig. 7). Successive stimuli with K* depolarizing solu-
tions did not, therefore, elicit a shift of the clockwise
hysteresis.

Discussion

This study describes the Ca?*/force relationship in the
longitudinal layer of the guineca-pig ileum by simul-
taneous measurements of [Ca®*];, as determined by Fura-
2, and of the tension. Two different types of stimuli were
used: K*-rich solutions and the muscarinic agonist
carbachol, and these stimuli resulted in a different type
of Ca?*/force relationship during contraction-relax-
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ation, indicating that this relationship can vary according
to the experimental conditions.

The effect of K™ depolarization on ileal smooth
muscle has previously been investigated by Himpens et
al. (1988). In that study, the peak and steady-state [Ca®™*];
and force values were determined and correlated to the
short-lasting increase of the phosphorylation in that
muscle. This investigation has now been extended by
measuring dynamically the Ca®* /force relationship not
only during contraction but also during relaxation, and
using different stimuli. Stimulation with a solution con-
taining 140 mM K™ and 1.5 mM Ca?* elicited an initial
peak of increased Ca®* and force, which was followed
by a smaller, but maintained level. Both signals returned
to the control value on reexposure of the tissue to the
control solution. The Ca®* /force relationship determined
during this procedure performed a loop consisting of
three components. Initially there was a rise of the curve,
expressing the relationship, which was followed by a
clockwise decline to a more steady-state level lasting as
long as the stimulus was applied. On washing out the
K *-rich solution a second clockwise decline of the loop
ocurred. The [Ca?*]; and force responses of a specific
tissue were reproducible if the preparation was reexposed
to normal Krebs solution between the different stimuli
with high K™ solutions. We did not observe a disappear-
ance of the clockwise hysteresis loop, as has been reported
for isolated cells of the Bufo marinus stomach upon re-
peated electrical stimulation (Yagi et al. 1988). We cannot
explain this discrepancy. It may be related to tissue differ-

33

ence, to the use of isolated smooth muscle cells instead
of intact smooth muscle, to the difference of stimulation
etc. The slope of this Ca?* /force relationship during the
ascending phase is similar to the data obtained with
aequorin in the ferret portal vein (De Feo and Morgan
1985) and with Fura-2 in isolated smooth muscle cells of
the stomach (Yagi et al. 1988). All these studies on intact
smooth muscle give a much steeper Ca2 ™ /force relation-
ship than that observed previously in chemically skinned
smooth muscle (Endo et al. 1977; Chatterjee and Murphy
1983). The maximal [Ca? *]; values obtained in this study
furthermore agree with the [Ca®*]; values observed in
the same smooth muscle cells of the ileum, which were
permeabilized with Staphylococcus o toxin during maxi-
mal force development (Somlyo and Himpens 1989). The
linear relationship between [Ca?*}; and force observed
during the inital steep phase of the force development
indicates that under the given experimental conditions the
force/[Ca*™]; ratios during the onset of the contraction
proceed linearly.

De Feo and Morgan (1985) could not observe hyster-
esis in the ferret portal vein during K* depolarization. It
was suggested that this was due to the phasic properties
of this vein. However, the present study demonstrates
that hysteresis can also occur in a phasic muscle such as
the ileum. This clockwise hysteresis occurring in ileum
became more obvious if the Ca?*/force relationship at
different K¥ concentrations (140, 60, 40, 20 mM) was
compared in the same muscle. Especially at the lower
[K "], the clockwise hysteresis loop became pronounced.
The loss of sensitivity to Ca®?* during K™ contractions,
as indicated by this hysteresis, could be related to the
desensitization to Ca?* observed in the ileum (Himpens
et al. 1989) and might finally be due to the high phospha-
tase activity of these cells because it can be reversed by
using the phosphatase inhibitor, okadaic acid (Somlyo et
al. 1989). The difference between the observations with
aequorin and those with Fura-2 could be related to the
difference between the muscle type and the procedure
used in determining the Ca?®™/force relationship. The
data obtained with aequorin were collected during steady-
state conditions while the Fura-2 data have been obtained
over the whole contraction-relaxation cycle at different
K™* concentrations. An additional factor leading to this
difference might be the non-linear relation between
aequorin luminescence and the [Ca®*];. Finally this
counterclockwise hysteresis loop contrasts with the clock-
wise observed with the same method and K " -rich solu-
tion in the rabbit pulmonary artery (Himpens et al. un-
published results).

The direction and the shape of the hysteresis loop
during muscarinic stimulation is different from the pat-
tern obtained during K* stimulation. The Ca?™/force
relationship during the contraction-relaxation follows a
counterclockwise hysteresis loop. The initial peak values
coincide rather with the data obtained during K*
depolarization. The maximum [Ca®*];/force ratio was
0.16 for K *-depolarization and 0.21 for carbachol stimu-
lation. After reaching its peak contraction, the ileal
muscle relaxes in spite of the presence of carbachol. The
counterclockwise hysteresis loop indicates that a high
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tension can be maintained at a submaximal [Ca®*]; level.
The increase of the sensitivity is, however, not as dramatic
as that observed in the tonic pulmonary artery. In the
latter tissue, the Ca?* /force relationship was shifted to
the left during stimulation with an agonist if compared
to the Ca?*/force relationship during K stimulation.
This contrasts with the force/Ca?* ratio in the pulmonary
artery, for which the value increased from 0.27 during
K* stimulation to 0.48 during superfusion with the
thromboxane analog U 46619 (Himpens et al. unpub-
lished results). It has been suggested that the contractile/
regulatory apparatus of the ileum is more sensitive to
Ca** during agonist stimulation than during K™ stimu-
lation (Himpens and Casteels 1987). This could be due to
G-protein-mediated modulation (Kitazawa et al. (1989)
leading to an altered ratio of myosin light-chain kinase
over myosin light-chain phosphatase during agonist
stimulation. A possible role of protein kinase C (Somlyo
et al. 1989; Itoh et al. 1988) has also been proposed in
this process. The less potentiating effect of the stimulation
of the ileum with an agonist on the Ca®* /force relation-
ship as compared to the pulmonary artery could be due
to desensitization to Ca?* by the concomitant high phos-
phatase activity (Somlyo et al. 1989).

Desensitization to an agonist is generally referred to
as a reduced responsiveness to agonist stimulation after
a preceding exposure to that agonist. It has been
suggested that this process might be due to alterations of
the muscarinic receptors at the plasma membrane by
phosphorylation (Harden et al. 1985; Kwatra and Hosey
1986) as has been described for the § adrenergic receptor
(Stiels et al. 1984). The desensitization could also be par-
tially due to the appearance of protein kinase C because
phorbol esters can inhibit the activity of the muscarinic
receptors (Orellana et al. 1985; Liels et al. 1986; Vicentini
et al. 1985). A repeated stimulation of the longitudinal
layer of the ileum with carbachol results in a decline of
the maximum [Ca’?*]; and force as a function of the
number of stimulations. Such a phenomenon could be
caused by a down-regulation of the muscarinic receptors.
However, the Ca** /force relationship under these con-
ditions still presents the counterclockwise hysteresis,
suggesting that in spite of the presumed diminished recep-
tor activation and of the decline of [Ca2*]; the increased
sensitivity of the regulatory/contractile mechanism dur-
ing agonist stimulation can persist. It is therefore likely
that, despite desensitization, a similar myosin light-chain
kinase/myosin light-chain phosphatase ratio is preserved.

Rembold and Murphy (1988) demonstrated in the
hog carotid artery that similar force during different
stimulations (e.g. K* depolarization, histamine or phen-
ylephrine) was accompanied by similar degrees of phos-
phorylation and concluded that the force development in
this muscle was more closely related to myosin light-chain
phosphorylation than to changes of [Ca?*];. This is in
agreement with our results indicating that the relation
between [Ca?*]; and force is not only tissue-dependent
but also can be modulated by the type of agonist. This is
most likely due to their different effect on the activity
of the myosin light-chain kinase and myosin light-chain
phosphatase (Somlyo et al. 1989). Other studies (Hai and

Murphy 1988; Somlyo et al. 1988; Himpens et al. 1988;
Hai and Murphy 1989; Somlyo and Somlyo 1990) ad-
dress various possible mechanisms for the ‘latch’ state.
In our opinion the regulation of the contractile activity
based on myosin light-chain phosphorylation/dephos-
phorylation is sufficient to account for force maintenance
in the presence of changing [Ca®*]; if one accepts a vari-
able rate of the myosin light-chain phosphatase activity.

Acknowledgements. This work has been supported by FGWO no
3.0064.88. B. Himpens is a senior research assistant of the Belgian
National Found for Scientific Research (N.F.W.0.). The various
technical contributions of I. Willems, R. Verbist and M. Coenen are
gratefully acknowledged.

References

Bradley AB, Morgan K G (1987) Alterations in cytoplasmic calcium
sensitivity during porcine coronary contractions as detected by
aequorin. J Physiol (Lond) 385:437 —448

Chatterjee M, Murphy RA (1983) Calcium-dependent stress main-
tenance without myosin phosphorylation in skinned smooth
muscle. Science 221:464 —466

De Feo TT, Morgan KG (1985) Calcium-force relationships as
detected with aequorin in two different vascular smooth muscles
of the ferret, J Physiol (Lond) 396:269—282

Endo M, Kitazawa T, Yagi S, lino M, Kakuta Y (1977) Some
properties of chemically skinned smooth muscle fibers. In:
Casteels R, Godfraind T, Ruegg JC (eds) Excitation contraction
coupling in smooth muscle. Elsevier/North Holland Biomedical
Press, Amsterdam, pp 199 —209

Hai CC, Murphy RA (1988) Cross bridge phosphorylation and
regulation of the latch state in smooth muscle. Am J Physiol
254:C99—C106

Hai CC, Murphy RA (1989) Ca®", crossbridge phosphorylation
and contraction. Annu Rev Physiol 51:285—298

Harden TK, Petch LA, Traynelis SF, Waldo GL (1985) Agonist-
induced alteration in the membrane form of muscarinic cholin-
ergic receptors. J Biol Chem 260: 13060 — 13066

Harrison SM, Lamont C, Miller DJ (1988) Hysteresis and the length
dependence of calcium sensitivity in chemically skinned rat car-
diac muscle. J Physiol (Lond) 401:115—143

Hartshorne DJ (1987) Biochemistry of the contractile process in
smooth muscle. In: Johnson LR (ed) Physiology of the gastroin-
testinal tract. Raven Press, New York, pp 423 —482

Hibberd MG, Jewell BR (1982) Calcium and length dependent force
production in rat ventricular muscle. J Physiol (Lond) 329:
527540

Himpens B, Casteels R (1987) Measurement by Quin2 of changes
of the intracellular calcium concentration in strips of the rabbit
ear artery and of the guinea-pig ileum. Pfliigers Arch 408:32—
37

Himpens B, Somlyo AP (1988) Free-calcium and force transients
during depolarization and pharmacomechanical coupling in
guinea-pig smooth muscle. J Physiol (Lond) 395: 507 — 530

Himpens B, Matthijs G, Somlyo AV, Butler TM, Somlyo AP (198%)
Cytoplasmic free calcium, myosin light chain phosphorylation
and force in phasic and tonic smooth muscle. J Gen Physiol
92:713—-729

Himpens B, Matthijs G, Somlyo AP (1989) Desensitization to cyto-
plasmic Ca’* and Ca?* sensitivities of guinea-pig ileum and
rabbit pulmonary artery smooth muscle. J Physiol (Lond)
413:489 503

Itoh T, Kubota Y, Kuriyama H (1988) Effects of a phorbol ester
on acetylcholine-induced Ca?* mobilization and contraction in
the porcine coronary artery. J Physiol (Lond) 397:401 —419



Kitazawa T, Kobayashi S, Horiuti K, Somlyo AV, Somlyo AP
(1989) Receptor coupled, permeabilized smooth muscle: role of
the phosphatidylinositol cascade, G-proteins and modulation
of the contractile response to Ca®*. J Biol Chem 264:5339—
5342

Kwatra MM, Hosey MM (1986) Phosphorylation of the cardiac
muscarinic receptor in intact chick heart and its regulation by
a muscarinic agonist. J Biol Chem 261:14429 — 12432

Liels WC, Hunter DD, Meier KE, Nathanson NM (1986) Activation
of protein kinase induces rapid internalization and subsequent
degradation of muscarinic acetylcholine receptors in neuroblas-
toma cells. J Biol Chem 261:5307—5313

Morgan JP, Morgan KG (1984) Stimulus-specific patterns of intra-
cellular calcium levels in smooth muscle of ferret portal vein. J
Physiol (Lond) 351:155—167

Orellana SA, Solski PA, Brown JH (1985) Phorbol ester inhibits
phosphoinositide hydrolysis and calciummobilization in cul-
tured astrocytoma cells. J Biol Chem 260: 5236 — 5239

Rembold CM, Murphy RA (1988) Myoplasmic [Ca* '] determines
myosin phosphorylation in agonist-stimulated swine arterial
smooth muscle. Circ Res 63:593 —603

Ridgway EB, Gordon AM, Martyn DA (1983) Hysteresis in the
force-calcium relation in muscle. Science 219:1075—1077

Somlyo AP, Himpens B (1989) Cell calcium and its regulation in
smooth muscle. FASEB J 3:2266—2276

35

Somiyo AP, Kitazawa T, Himpens B, Matthijs G, Horiuti K,
Kobayashi S, Goldman YE, Somlyo AV (1989) Modulation of
Ca’” -sensitivity and of the time course of contraction in smooth
muscle: a major role of protein phosphatases? Adv Protein
Phosphatases 5:181 —195

Somlyo AP, Somlyo AV (1990) Flash photolysis studies of exci-
tation-contraction coupling, regulation and contraction in
smooth muscle. Annu Rev Physiol (in press)

Somlyo AV, Goldman YE, Fujimori T, Bond M, Trentham DR,
Somlyo AP (1988) Cross-bridge kinetics, cooperativity and
negatively strained cross-bridges in vertebrate smooth muscle:
a laser flash photolysis study. Gen Physiol 91:165—192

Stiels GL, Caron MG, Lefkowitz J (1984) Beta-adrenergic receptors:
biochemical mechanisms of physiological regulation. Physiol
Rev 64:661—743

Vicentini LM, Di Virgilio F, Ambrosini T, Pozzan T, Meldolesi
J (1985) Tumor promotor phorbol 12-myristate, 13-acetate
inhibits phosphoinositide hydrolysis and cytosolic Ca®* rise
induced by the activation of muscarinic receptors in PC12 cells.
Biochem Biophys Res Commun 127:310—317

Yagi S, Becker PL, Fay FS (1988) Relationship between force and
Ca’* concentration in smooth muscle as revealed by measure-
ments on single cells. Proc Natl Acad Sci USA 85:4109—-4113



