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Abstract. Ca 2 + transient and force development were inves- 
tigated in smooth muscle strips of the rabbit ear artery and 
the longitudinal layer of the guinea-pig ileum by using the 
fluorescent indicator Quin2. Agonists only transiently in- 
creased the fluorescence intensity despite the enhanced 
contraction while excess potassium resulted in a maintained 
light signal. In Ca 2 + free solutions the release by an agonist 
of Ca 2 + from an intracellular store can be demonstrated. 
These observations illustrate the usefullness of the Ca 2+ 
indicator Quin2 in the study of the excitation-contraction 
coupling in smooth muscle under various conditions. 
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Powell et al. 1984; Capponi et al. 1985; Reynolds and 
Dubyak 1985; Hirata et al. 1984; Kobayashi et al. 1985). 
We now wanted to find out whether Quin2 could also be used 
for investigating the relation between force development 
and changes of [Ca2+]eyt in intact smooth muscle tissues. 
Although such studies have already been performed in ferret 
portal vein using aequorin (Morgan and Morgan 1984), we 
found it essential to investigate whether also Quin2 could be 
used and whether the same results were obtained as with 
tissues in which the cells were loaded with aequorin by 
making them transiently permeable to this protein. Prelimi- 
nary results have been presented at a meeting of the Belgian 
Physiological Society (Himpens et al. 1985) and of The 
Physiological Society (Casteels and Himpens 1985). 

Introduction 

Changes of  the cytosolic Ca 2+ concentrations ([CaZ+]eyt) 
may play a predominant role in determining the force 
development of smooth muscle cells. This hypothesis is 
based on the presumed analogy between smooth muscle and 
striated muscle, on data obtained in skinned smooth muscle 
cells (Endo et al. 1982; Saida 1982) and on the analysis of 
transmembrane 45Ca fluxes in smooth muscle tissues (Deth 
and Casteels 1977; Casteels and Droogmans 1981). How- 
ever, accurate measurements of  the cytoplasmic free Ca 2 + 
concentration have been difficult to obtain due to the lack 
of a reliable intracellular Ca 2 + probe and it has therefore 
tacitly been assumed by most research workers that changes 
of  [Ca 2 +]r during stimulation could be estimated from the 
changes of the force development. 

Although the use of calcium indicators has become well 
established in skeletal and cardiac muscle (Ashley and 
Campbell 1979; Blinks 1982) the use of these substances has 
proven to be technically difficult in smooth muscle cells, 
mainly because of the high resistance of the electrodes re- 
quired for microinjection of the Ca 2 + indicators (Fay et at. 
1979; Neering and Morgan 1980). Recently, a fluorescent 
indicator (Quin2) has become available (Tsien 1981), which 
can easily penetrate as an acetoxymethyl ester (Quin2 AM) 
into small cells. By measuring the fluorescence changes at 
492nm it became possible to estimate [CaZ+]~yt under 
various conditions in isolated cells of different types such as 
lymphocytes, platelets, myocytes, cultured smooth muscle 
cells, macrophages etc. (Tsien et al. 1982; Rink et al. 1982; 
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Methods 

Guinea-pigs of  either sex weighing approximately 300 g were 
killed by a blow on the head, and 3 - 5 cm of the terminal 
ileum were quickly removed and after rinsing gently slid on 
a glass rod of 5 mm diameter. The longitudinal layer was 
dissected free from the circular muscle and thin strips of 
about 2 mm wide and 10 mm long were prepared and trans- 
ferred to an oxygenated Krebs solution. 

The ear artery of  the rabbit was obtained after stunning 
and bleeding the animals. The artery was cleaned of its 
periarterial connective tissue under a dissection microscope, 
while it was continuously superfused with oxygenated Krebs 
solution at 35~ The endothelium was removed by gentle 
rubbing the inside surface of the vessel as described by 
Furchgott and Zawadzki (1980). Helical strips 1--2 mm 
wide and 10 mm long were cut from an artery segment. 
In order to eliminate the effect of release of endogenous 
noradrenaline, the tissues were functionally denervated by 
6-hydroxydopamine as described by Aprigliano and Herms- 
meyer (1976). 

The standard physiological solution was a Hepes- 
buffered modified Krebs solution containing: 135.5 mM 
Na+; 5 .9mM K+; 0.2raM CaZ+; 1 .2mM MgZ+; 
143.8 mM CI- ; 11.6 mM Hepes and 11.6 mM glucose. The 
solution was bubbled with Oz and the pH was 7.3. Solutions 
with increased [K+]o were obtained by replacing Na + by an 
equivalent amount of K + . The Ca 2 +-free solutions always 
contained 2 mM EGTA in order to reduce the concentration 
of Ca 2+ below ca 10 .8 M. 

Tissues were loaded with Quin2 by exposing them for 
1 h to a Krebs solution containing 7.5 gM Quin2 AM with 
0.5% DMSO at 37~ The loading of the strip could be 
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followed by the increase in fluorescence at 492 nm. However, 
it is not possible to estimate by this method accurately the 
intracellular concentration of Quin2, because one would 
have to record simultaneously the Quin2 AM signal of 
460 nm, which has to be excited at 360 rim, and the Quin2 
signal at 492 nm, for which excitation light has to be of 
339 nm. In addition the Quin2 AM which remains extra- 
cellular during loading represents a high background fluo- 
rescence. Therefore the exact amount of Quin2 in the tissues 
was estimated by using 3H-labelled Quin2 AM. The strips 
loaded with Quin2 were transferred to a home-made set 
up with a tissue chamber of 1 ml which was continuously 
perfused. The tissue was mounted isometrically at a suffi- 
cient stretch to minimize movement artefacts. The force 
development and the fluorescent light could be measured 
simultaneously. The light source was an Osram Berlin 
(West), mercury arc lamp of 200 Watt. The light was passed 
through a liquid light guide (Oriel) and monochromatic light 
of 339 nm was obtained by employing an interference filter 
with a bandpass of 10 nm. A focusing cylindric lens pro- 
duced a longitudinal light beam, which could be positioned 
by a micro-manipulator. The emitted light from the tissue 
was measured with an Hamamatsu (Tokyo, Japan), R269 
photomultiplier tube mounted at 90 ~ to the tissue after 
passing through an interference filter of 492 _+ 10 nm. These 
light signals were not converted to absolute Ca 2 + concentra- 
tions, because leakage of Quin2, photobleaching and the 
possibility that the fluorescence signals were unevenly dis- 
tributed over the different cells would make such 
calculations difficult. Between the different stimulations the 
exciting beam was interrupted by a shutter to avoid 
photobleaching. The Quin2 leaking out of the tissue was 
washed away by a continuous superfusion of the tissue. 
Tissues which had not been loaded with Quin2 also pre- 
sented an autofluorescence which is approximately 15% of 
the Quin2 loaded signal but this remained constant during 
stimulation. 

The stimulant drugs did not present any additional sig- 
nificant autofluorescence at 492 nm at the concentration 
used in the experiments. 

R e s u l t s  

Uptake of Quin2 by the smooth muscle cell 

Tissues were exposed for different periods of time to a Krebs 
solution at 35~ containing 0.2 mM Ca 2+ and the various 
concentrations of ~H labelled Quin2 AM. The amount of 
Quin2 present in the tissue was estimated by determining 
the radioactivity remaining in the tissue after eliminating the 
extracellular 3H Quin2 AM by a 1-h wash at 35~ in a non- 
radioactive Krebs solution. In Fig. 1, the intracellular Quin2 
concentrations were determined in the longitudinal layer of 
the ileum after loading for 0.5, 1, 2, 3 and 4 h with 2.5, 7.5 
and 15 ~tM of 3H labelled Quin2 AM. At all concentrations 
of 3H Quin2 AM the presence of Quin2 in the cytoplasm 
due to cytoplasmic esterase activity (Tsien 1981) is-time 
dependent and reaches a plateau after 2 h. This value 
depends on the external Quin2 AM concentration. 

In the following experiments the tissue was loaded with 
7.5 ~tM Quin2 AM for 1 h. The intracellular concentrations 
of Quin2 obtained in the longitudinal layer by this procedure 
was 23.4_+ 1.95gM/kg wet weight (n= 18). A similar 
loading of the ear artery gave 33.3 _+ 5.74 gM/kg wet weight 
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Fig. 1. The intracellular Quin2 concentration (nmol/g wet weight) 
in the longitudinal layer of the guinea-pig ileum has been estimated 
by measuring the amount of 3H after loading the tissues for different 
times with 2.5 ~M, 7.5 gM and 15 pM H-Quin2 AM (3H-labelled) 
and washing out for 1 h in normal Krebs solution at 35~ 
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Fig. 2. The intracellular Quin2 concentration (nmol/g wet weight) 
in the longitudinal layer of the guinea-pig ileum was estimated from 
the amount of 3H, remaining in the tissue after loading for 1 h with 
2.5 gM 3H Quin2 AM and washing out for different times at 20~ 
and at 35~ 

(n = 9). These presumed intracellular concentrations of 
Quin2 neither affected the spontaneous force development 
of the ileal smooth muscle nor the force development elicited 
by different stimuli in the ileum and ear artery. 

However Quin2 also slowly leaks out of the tissue and 
this can be deduced from Fig. 2. The 3H radioactivity re- 
maining in the ileal strips was determined after loading with 
2.5 gM 3H Quin2 AM for 1 h and washing the tissues for 
different times at 20~ and at 35~ The radioactivity re- 
maining in the tissue after different times of exposure to 
non-active Krebs solution declines with a tl/2 of 270 rain at 
35~ and a h/2 exceeding 600 rain at 20~ indicating that 
there is a slow leakage of Quin2 out of the cells mainly at 
35 ~ C, Therefore we have performed our experiments at 20 ~ C 
and limited their duration to less than 4 h. 

Effects of a stimulation with agonists 
or K +-rich solution on the fluorescence of Quin2 
and force development in the ear artery 

A stimulation of the ear artery with 10-6 M noradrenaline 
for 5 rain in a solution containing 0.2 mM Ca 2+ causes a 
rapid increase of the fluorescence. After reaching a peak 
value it slowly declines towards its control level. The force 
development rises more slowly than the fluorescence. It 
reaches its maximum when the fluorescence is already 
declining and this tension remains enhanced as long as the 
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Fig. 3 
Typical recordings of force development 
(upper trace) and fluorescence (lower trace) 
in the same strip of the ear artery of the 
rabbit during stimulation with 10 - 6  M 
noradrenaline (left), 10 -4 M histamine 
(middle) and 140 rnM K + (right) in a solu- 
tion containing 0.2 mM Ca 2 +. Between the 
different stimuli the exciting light beam 
was interrupted by closing the shutter 
(downward deflection in the fluorescence 
trace). There is a 20 min interval between 
the different stimulations 
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Fig. 4. Simultaneous control recordings of force development (upper 
trace) and fluorescence (lower trace) in the same strip of the ear 
artery which was not loaded with Quin2 during stimulation with 
10 -4 M histamine (left) and 140 mM K + (right) in a solution con- 
taining 0.2 mM Ca 2+. There is a 20min interval between the 
stimulations 

agonist is present. On washing out the agonist, the force 
decrease but the fluorescence remains either at its control 
value or becomes slightly lower than the initial level due 
to the photobleaching of Quin2 (Fig. 3). This pattern of 
fluorescence is not changed by adding 10-5M propanolol. 
We have not applied higher concentrations of noradrenaline 
because this substance is then contributing to the fluores- 
cence. A similar configuration of fluorescence and force 
development is observed during stimulation with 1 0 - 4 M  
histamine (n = 8). 

A stimulation with a solution containing 140 mM [K+]o 
and 0.2 mM [Ca 2 +]o induces a rise of the fluorescence and 
of the force development. However in contrast with the 
fluorescence signal during agonist stimulation, the light 
signal remains enhanced as long as the increased force 
development. On washing out the K + rich medium both 
fluorescence and force return to their control values. This 
fluorescence pattern indicates that the decrease in fluores- 
cence observed during agonist stimulation cannot simply be 
the result of photobleaching. Similar experiments have been 
performed on strips of the ear artery, which had not been 
loaded with Quin2, in identical conditions as the other ex- 
periments. Upon stimulations these tissues develop tension, 
but changes of the light intensity depending on movement 
artefacts or on autofluorescence of the tissue could not be 
detected (Fig. 4). 

Effects of a stimulation with agonists 
or K+-rich solution on the Quin2 fluorescence 
and the force development in the ileal smooth muscle 

In Fig. 5 the simultaneous changes of Quin2 fluorescence 
and force development in the longitudinal layer of the 
guinea-pig ileum are represented (n = 12). Stimulation for 
6 min with a solution containing 140 mM K + and 0.2 mM 
C a  2 + increases both the fluorescence signal and the force 
development as long as the stimulus is maintained. As in the 
ear artery both measured parameters are well correlated 
during stimulation with K + rich medium. Stimulation with 
10-4 M carbachol elicits in the ileal smooth muscle an initial, 
but transient fluorescence signal. The concomitant force 
development differs from that observed in the ear artery 
during application of noradrenaline or histamine by its more 
rapid rise and by its decline while the agonist is still present. 
However, as in the ear artery the fluorescence signal does 
not correlate with the force development which still increases 
or remains at a high value, while the light signal is already 
low. Similar observations have been made for a stimulation 
of ileal smooth muscle with 10 -4 M histamine. 

Effects of agonists on the fluorescence signal 
during exposure of the tissue to a Ca z + free solution 

Earlier studies of the force development and the 45Ca-effiux 
of the ear artery during exposure to C a  2 + free solution have 
suggested that smooth muscle cells of the ear artery present 
a compartment from which Ca 2+ can be released by an 
agonist during exposure to a Ca 2 + free medium (Droogmans 
et al. 1977). It is assumed that the release of this C a  2 + results 
in an increase of the cytoplasmic [Ca 2+] which itself then 
causes a transient force development and an increased 
fractional loss of Ca z+ from the tissue. It seemed worth- 
while to study this Ca 2 + release in tissues loaded with Quin2. 
Figure 6 shows that exposure of an ear artery strip to a C a  2+ 

free solution added with 2 mM EGTA does not modify the 
basic fluorescence level. On stimulating the tissue after 5 min 
exposure to the Ca / + free medium a small transient force 
development and fluorescence increase occur (n = 4). Re- 
turning to a solution with 0.2 mM Ca 2 + after washing out 
the agonist does not elicit a change of the basal level of 
fluorescence. 

In order to investigate Ca z + release in the ileum, we have 
taken into account that the depletion of the cellular Ca 2+ 
store during exposure to Ca 2 + free medium proceeds more 
rapidly (Casteels and Raeymaekers 1979) than in the ear 
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Fig. 5 
Typical recording of force development (upper trace) and 
fluorescence (lower trace) in the same strip of the longi- 
tudinal layer of the guinea-pig ileum during stimulation 
with 10 _4 M carbachol (left), and 140 mM K + (right) in 
a solution containing 0.2 mM Ca 2+. There is a 20 min 
interval between the different stimulations 
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Fig. 6 
Simultaneous recording of force develop- 
ment (upper trace) and fluorescence (lower 
trace) in the same strip of the ear artery of 
the rabbit. The solution containing 
0.2 mM Ca 2+ is replaced by a solution 
without Ca 2 + and containing 2 mM 
EGTA. After 5 rain 10- 6 M noradrenaline 
is added for 5 rain. Readmission of 0.2 mM 
Ca 2 + does not modify the level of fluores- 
cence. Downward deflection of the fluores- 
cence trace is due to closing the shutter of 
the exciting light beam 
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Fig. 7 
Typical recordings of force development 
(upper trace) and fluorescence (lower trace) 
in the same strip of the longitudinal layer 
of the guinea-pig ileum. A l-rain exposure 
to Ca 2 +-free solution reduced the 
spontaneous force development and the 
fluorescence. Stimulation with t0 -4 M 
carbachol elicited a transient increase of 
both parameters (right recording). An ex- 
posure to 140 mM K + and 0.2 mM Ca 2+ 
preceding the 1 min wash with Ca 2 +-free 
medium resulted in a larger transient re- 
sponse of both force development and fluo- 
rescence 

artery (Droogmans  et al. 1977). A time of  exposure to Ca 2 + 
free medium of  1 min is sufficient to eliminate extracellular 
Ca 2+ (Casteels and Raeymaekers  1979; Brading and 
Sneddon 1980). This exposure to Ca 2+ free medium 
decreases the force development  and the control  level of  the 
fluorescence (Fig. 7). On s t imulat ion with 10-4 M 
Carbachol  there occurs a small transient  increase of  the 
fluorescence and o f  the force development.  I f  the tissue has 
been st imulated with a K + rich medium before it is exposed 
to Ca 2 + free solution both  the transient  fluorescence signal 
and  the force development  induced by carbachol  become 
significantly higher (n = 4). These findings substantiate  the 
hypothesis  o f  Casteels and Raeymaekers  (1979) that  a stimu- 
lat ion of  the tissues by K + depolar isa t ion results in an 
addi t ional  uptake  o f  Ca 2 + by the cellular store and a larger 
subsequent release of  Ca 2 + i f  the cells are act ivated there- 
upon  in Ca 2 + free solut ion by an agonist.  

Discussion 

The use of  Quin2 to measure changes of  [Ca;+]cyt in  
suspended isolated cells from different tissues is well 
documented (Tsien et al. 1984). However,  up till now Quin2 
has not  been used to estimate changes of  [Ca 2 +]cyt in whole 
tissues. Such measurements  have been made by Morgan  and 
Morgan  (1984) in the ferret por ta l  vein after loading the cells 
with the photopro te in  aequorin.  The purpose  of  the present 
experiments was to find out  whether also Quin2 could be 
used to determine changes of  [Ca2+]cyt in  whole smooth 
muscle tissue and whether similar results were obta ined as 
those described by Morgan  and Morgan  (1984). 

We have on purpose  used two different types o f  smooth 
muscle tissues: the quiescent ear  ar tery of  the rabbit ,  in 
which pharmaco-mechanica l  coupling can be clearly demon- 
strated, and the longi tudinal  layer o f  the guinea-pig ileum, 
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which is a visceral smooth muscle presenting spontaneous 
spike discharge and which is a good example of 
electromechanical coupling. We have first investigated 
whether the cae+-buffering by Quin2 can interfere with 
the changes [Ca 2 +]eyt induced by different stimuli. We have 
loaded the tissues at a Quin2 concentration of 7.5 gM and 
in order to limit the amount of Ca 2 + entering the cells 
during stimulation we have reduced [Ca 2+ ]o from 1.5 mM to 
0.2 raM. Under these experimental conditions the intracellu- 
lar Quin2 did not effect the force development elicited in the 
two tissues by either K+-depolarization or agonist applica- 
tion as compared to the contractions before loading. Also 
the spontaneous mechanical activity of  the ileal smooth 
muscle remained unchanged. 

An important finding was that the changes of  [Ca z +]r 
presented a quite different pattern according to the stimula- 
tion procedures. Both in the rabbit ear artery and in the ileal 
smooth muscle of the guinea-pig a stimulation of the cells 
with K +-rich solution increase both the fluorescence signal 
and the force development. For both tissues it can be 
concluded that during K+-depolarization the changes of 
[Ca z +]cyt as estimated with Quin2 fluorescence and the force 
development are well correlated supporting the hypothesis 
that during K +-depolarization [Ca 2 +]r is the main regular 
of the interaction of actin and myosin. 

In contrast the stimulation with an agonist induces a 
quite different pattern of fluorescence change indicating that 
only during the initial part of the stimulus, [Ca 2 +]cyt increase 
transiently to a high peak, before declining to the control 
value. The force development of the ear artery is maintained 
at the same level as long as the stimulus is applied, while it 
declines progressively in the ileal smooth muscle due to 
the tachyphylaxis. However, also in the latter tissue the 
fluorescence signal decreases more rapidly than the force 
development resulting in a poor correlation between 
[Ca2+]oyt and force development. These findings on the 
difference in pattern of  changes of [Ca 2 +]~yt during stimula- 
tion with K-rich medium or with agonists confirm the 
findings in the ferret portal vein of Morgan and Morgan 
(1984) using aequorin. 

We have also studied the changes of [Ca 2+ ]cyt occurring 
in smooth muscle during stimulation with agonists in Ca 2 +- 
free medium. Exposure of the ear artery of the rabbit to 
such Ca2+-free solution does not modify the control value 
of fluorescence, but in the ileal smooth muscle this control 
value of fluorescence decreases significantly. This change is 
probably related to the disappearance of the spontaneous 
activity in Ca 2 +-free medium. Stimulation both of the ear 
artery of the rabbit and of the guinea-pig ileum with an 
agonist releases calcium from an intracelhilar store resulting 
in a transient increase of  the fluorescence and in a transient 
force development. A preceding exposure to a solution con- 
taining 140 mM K + and 0.2 mM Ca 2 + results in the uptake 
of a larger amount of  Ca z + in the sarcoplasmic reticulum 
(Casteels and Raeymaekers 1979) and in a subsequent larger 
fluorescence and tension response during stimulation with 
an agonist in Ca 2 +-free medium. 

We have tried to reduce in these studies the possible 
artefacts implied in this Quin2 procedure. The intracellular 
concentrations of Quin2 used in the present experiments are 
low as compared to the concentrations used by Rink and 
Pozzan (1985). This low concentration has the advantage of 
reducing the intracellular buffering of  [Ca z +]~yt by Quin2 as 
suggested by the maintenance of some criteria for a normal 

cell function in both ileum and ear artery. We can also be 
confident that the leakage of Quin2 out of the cells is small 
at 20 ~ C. It cannot completely be excluded that Quin2 enters 
the endoplasmic reticulum during the leakage of Quin2 out 
of the cytoplasm. One could assume that the calcium signal 
could be a mixed signal caused by Ca2+-increase in the 
cytoplasm and Ca2+-depletion in the SR. However, it is 
assumed that during maximal stimulation the cytoplasmic 
[Ca z+] never exceeds 10 -SM (Filo et al. 1965; Gordon 
1978; Saida and Nonomura 1978; Bond et al. 1984). As a 
consequence, even when the sarcoplasmic reticulum would 
be totally depleted of Ca 2 +, its Ca 2 + concentration would 
still be equal to the cytoplasmic Ca 2+ concentration of 
10- 5 M. Since the dissociation constant of Quin2 is 115 nM, 
the fully saturated Quin2 signal eventually measured from 
the sarcoplasmic reticulum during resting conditions would 
hardly change during even maximum stimulation of the 
smooth muscle cells. The photobleaching was reduced by 
limiting the time of exposure to the exciting light. Because 
in our present work we have been mainly interested in 
demonstrating for the two types of stimuli differences be- 
tween fluorescence patterns, both photobleaching and the 
slow leakage of Quin2 can be considered as of minor impor- 
tance. 

Movement artefacts might be another possible source of 
error, but some indirect observations lead us to believe that 
they are of limited importance in our studies. The Quin2 
fluorescence could be increased to a maximum by inducing 
a very high Ca z + influx and this maximum was not modified 
by an additional force development, suggesting that in our 
experimental procedure the slight movements of  the tissue 
components occurring during additional force development 
did not appreciably affect the fluorescence pattern. 

The major advantage of this experimental procedure is 
that it makes possible to study in whole smooth muscle 
tissues the relation between changes of [Ca z +]r and force 
development with Quin2 and allows us to avoid the proce- 
dure of isolating single cells or to use a procedure for making 
the cell membranes transiently permeable. 
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