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Calcium compartments in vascular smooth muscle cells as
detected by aequorin signal
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1 To examine whether cytosolic Ca2+ in smooth muscle cells distributes evenly, cytosolic Ca2+ levels
were measured with two different Ca21 indicators in the ferret isolated portal vein; a fluorescent
indicator, fura-PE3, that shows the average Ca2+ level, and a photoprotein, aequorin, that preferentially
shows a high Ca21 compartment.
2 A noradrenaline (10 pM)-induced sustained contraction was associated with a sustained increase in
the fura-PE3 signal, or a transient increase followed by small sustained increase in the aequorin signal. A
high K+-induced contraction was associated with a sustained increase in both the fura-PE3 and aequorin
signals.
3 A second application of noradrenaline or high K+ induced reproducible contractions and fura-PE3
signals. In contrast, the aequorin signal resulting from a second application of noradrenaline or high K+
was much smaller than the first signal.
4 Following a 13 h but not a 3 h resting period, the aequorin signal stimulated by noradrenaline or
high K+ recovered, without any change in the contractile response.

5 In Ca2"-free solution, high K+ was ineffective, whereas noradrenaline induced only a small aequorin
signal and contraction compared to those obtained in the presence of external Ca2". After the addition
of Ca2", the first application of noradrenaline induced a large aequorin signal and a large contraction,
although a second application induced a much smaller aequorin signal accompanied by a large
contraction.
6 These results suggest that high K+ and noradrenaline increase Ca2" in at least two cytosolic
compartments; a compartment that is coupled to the contractile mechanism ('contractile' Ca2+
compartment; major portion of cytoplasm containing contractile elements) and a compartment that is
not coupled to contractile mechanisms ('non-contractile' Ca2+ compartment; small sub-membrane area
that does not contain contractile elements). On stimulation, the Ca2+ level in the 'contractile'
compartment may increase to a level high enough to stimulate myosin light chain kinase but not so high
as to consume aequorin rapidly. In contrast, the Ca2+ level in the 'non-contractile' compartment may
increase so greatly that aequorin in this compartment is rapidly consumed. These two compartments
may be separated by a diffusion barrier and, during a resting period, aequorin may slowly diffuse from
the 'contractile' compartment to the 'non-contractile' compartment and thus restore the full aequorin
signal. An increase in Ca2+ in the 'non-contractile' compartment seems to be dependent mainly on Ca2+
influx and partly on Ca2+ release.
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Introduction

Ca2" is the primary regulator of smooth muscle contraction.
Contractile stimuli increase the cytosolic Ca2" level ([Ca2+]i)
by releasing stored Ca2" and/or by opening Ca2" channels
(Karaki & Weiss, 1988). Measurements of [Ca2+]i simulta-
neously with contraction is a useful method to elucidate the
mechanism of regulation of smooth muscle contraction by
Ca2". For this purpose, a photoprotein, aequorin (Blinks et
al., 1978), and the fluorescent Ca2" indicators such as fura-2
and indo-1 (Grynkiewicz et al., 1985) are widely used. How-
ever, the results obtained with these two types of Ca2" in-
dicators are not always consistent. It has been shown that the
intensity of aequorin luminescence correlates with the 2.5
power of Ca2" concentration (Blinks et al., 1978) whereas the
fluorescence of fura-2 analogues changes as a linear function of
Ca2" concentration (Grynkiewicz et al., 1985). Therefore, if
the Ca2" level in a small compartment of the cell becomes
higher than the rest of the cell, the aequorin signal becomes
higher than the fura-2 signal obtained from the same cell, and
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this may be at least partly responsible for the difference in
Ca2" signals obtained with these two types of Ca2" indicators
(Karaki, 1989). This unique property of aequorin makes it
suitable for detecting the existence of a high Ca2+ compart-
ment in a cell.

Recently, it has been suggested that in smooth muscle cells
there is a high Ca2+ compartment in restricted diffusion spaces
between the plasma membrane and intracellular organelles
(Chen & van Breemen, 1993; Kargacin, 1994; Etter et al.,
1994). Compartmentalized high Ca21 may locally activate
membrane ion channels, ion pumps, exchange carriers and
enzymes without activating the contractile elements located in
the central cytoplasm of the cell. It has also been suggested in
cardiac cells that there is a Ca2+ compartment localized to the
inner sarcolemmal leaflet anionic phospholipid that maintains
a high concentration of Ca2+ for a short period of time
(Langer, 1994).

To examine further the possibility of Ca2+ compartmenta-
lization in smooth muscle cells, we compared the Ca21 signals
measured with aequorin and a fura-2 analogue, fura-PE3
(Takayama et al., 1994), in the ferret isolated portal vein.

Some of these results has been briefly reported (Karaki et
al., 1994).
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Methods

Ferrets of either sex, weighing 700-1,200 g, were killed by
exsanguination under ether anaesthesia and the portal vein was
isolated. To exclude the effects of endogenous adrenergic
nerves, the adventitia was removed (Abe & Endoh, 1990). The
vein was cut into a helical strip, 2-3 mm in width and the
endothelium was removed by gently rubbing the intimal sur-
face with a cotton swab moistened with physiological salt so-
lution that contained (in mM): NaCl 116.4, KCI 5.4, CaCl2 1.8,
MgSO4 1.0, NaHCO3 23.8, NaH2PO4 0.9 and glucose 5.5. High
K+ solution was made by substituting NaCl with equimolar
KCl. These solutions were saturated with 95% 02 and 5% CO2
mixture at 220C to maintain the pH at 7.4.

Aequorin was loaded as reported previously (Morgan &
Morgan, 1982; Takuwa & Rasmussen, 1987; Rembold &
Murphy, 1988; Gerthoffer et al., 1989) with slight modifica-
tions. In brief, muscle strips were treated with Ca2"-free phy-
siological salt solution with 10 mM EGTA at 20C for 15 min
followed by an incubation medium containing 1 mM EGTA at
20C for 20 min. The latter solution was similar to that devel-
oped for organ transplantation (Beltzer & Southard, 1988;
Maurer et al., 1990) with the following composition (in mM):
K+ lactobionate 100.0, MgSO4 5.0, K2HPO4 25.0, raffinose
30.0, adenosine 5.0, glutathione 3.0, alloprinol 1.0, EGTA 1.0
and insulin 100 ul-1. Strips were then treated with a similar
solution containing 0.1 mM EGTA and 0.4 mg ml-' aequorin
(obtained from Dr J.R. Blinks, Washington University, Seat-
tle, U.S.A.) for 18 to 20 h. Strips loaded with aequorin were
treated with Ca2+-free Eagle MEM medium (Nissui Pharma-
ceutical, Tokyo) at 20C for 30 min followed by a gradual in-
crease in Ca2+ concentration to 0.5 mM and the temperature to
220C. Strips were then treated with Trowell T-8 medium
(Dainippon Pharmaceutical, Osaka) for 15 to 19 h at 220C
before starting the experiments. Aequorin signals were mea-
sured with a photomultipler (R-268, Hamamatsu Photonics,
Hamamatsu, Japan) at 220C. Force of contraction was re-
corded isometrically under a resting force of 10 mN.

The fura-PE3 signal was measured as described previously
(Ozaki et al., 1987; Sato et al., 1988). Muscle strips were
treated with 5 IM acetoxymethyl ester of fura-PE3 (Texas
Fluorescence Lab., Austin, TX, U.S.A.) for 3-5 h at 220C.
Strips loaded with fura-PE3 were illuminated alternately
(48 Hz) with 340 and 380 nm light. The light emitted from the
muscle strips was collected into a photomultiplier through a
500 nm filter using a fluorimeter (CAF-100, Japan Spectro-
scopic, Tokyo, Japan). The ratio of fluorescence due to 340 nm
stimulation and 380 nm stimulation was used as an indicator
of [Ca2I],.

In the fura-PE3 and aequorin experiments, 10 iM nora-
drenaline or 70 mM KCl was added repeatedly. In the aequorin
experiments, 10 Mm noradrenaline and 70 mM KC1 were added
alternately. Since the first stimulation induced a larger ae-
quorin signal than the second stimulation (see Results), nora-
drenaline was added first in some experiments and KC1 was
added first in others.

Results are expressed as mean+s.e.mean. Student's t test
was used for the statistical analysis of the results. P< 0.05 was
considered to be significant.

Results

Figure 1 shows the effects of repeated applications of 10 YM
noradrenaline on contraction and the fura-PE3 signal. Nora-
drenaline induced a sustained increase in the fura-PE3 signal
and a sustained contraction. Repeated applications of nora-
drenaline induced similar contractions and similar fura-PE3
signals. Figure 1 also shows that 70 mM KCl induced a sus-
tained increase in the fura-PE3 signal associated with con-
traction. Repeated applications of KCl induced similar
changes in the fura-PE3 signal and similar contractions (data

not shown). It was also evident that the contractile response to
high K+ was smaller and more phasic than that to nora-
drenaline, although the magnitude of the fura-PE3 signals in
response to noradrenaline and high K+ were almost identical.

Figure 2 shows the effects of 10 JtM noradrenaline and
70 mM KC1 on contraction and the aequorin signal. The ae-
quorin signal in response to noradrenaline was composed of an
initial large, transient increase followed by a small sustained
increase. In contrast, KC1 induced a relatively sustained in-
crease in the aequorin signal that was smaller than the tran-
sient signal but greater than the sustained signal induced by
noradrenaline.

Figure 3 summarizes the effect of repeated applications of
noradrenaline on contraction and the aequorin signal. Figure
3a indicates that the transient increase in the aequorin signal in
response to a second application of noradrenaline was only
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Figure 1 Effects of repeated applications of 10pM noradrenaline
(NA) on the fura-PE3 signal (as indicated by R340/380) and
contractile force in the ferret portal vein. K: 70mm KC1.
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Figue 2 Effects of repeated applications of 1OpM noradrenaline
(NA) and 70mM KCI on the aequorin signal (as indicated by current)
and contractile force in the ferret portal vein. Noradrenaline and KC1
were added alternately. The number indicates the sequence of
stimulation. After the tenth stimulation, the muscle was left
unstimulated for 13 h (rest) and then stimuli were applied again.
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Figure 3 Effects of repeated applications of (a) 1OpM noradrenaline
(NA) or (b) 70mm KCl on the peak aequorin signal (columns, left
ordinate scale) and contractile force (0; right ordinate scale). Rest:
rest for 13 h. Mean± s.e. mean of 4 experiments are shown.
Significantly different from the response to the first addition of
stimulus: *P<0.05 and **P<0.01.
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26%, and the third aequorin signal was 20% of the first signal.
In contrast, a second application of noradrenaline induced a
contraction that was slightly greater than that induced by the
first application. The small sustained increase in the aequorin
signal also did not change with repeated applications of nor-
adrenaline (Figure 2). After a rest period of 13 h, the transient
aequorin signal in response to noradrenaline recovered almost
completely. However, the transient aequorin signal did not
recover after a resting period of only 3 h (data not shown).

Figure 3b shows the effects of repeated applications of the
high K+ on contraction and the aequorin signal. The aequorin
signal in response to a second application of high K+ was 56%
of the first signal and repeated stimulation did not induce a
further decrease. Again, the contraction induced by the second
application of high K+ was greater than that induced by the
first. After a resting period of 13 h, the aequorin signal in
response to high K+ recovered almost completely.

Alternate applications of noradrenaline and high K+ in-
dicated that the first aequorin signal was always greater than
the second irrespective of the first stimulant (the second signal
induced by high K+ was 50% of the first signal induced by
noradrenaline, as shown in Figure 2, and the second aequorin
signal induced by noradrenaline was 64% of the first signal
induced by high K+; data not shown).

Figure 4 shows the effects of repeated application of nora-
drenaline in the absence and presence of external Ca2+ and
Figure 5 summarizes the results. In a Ca2"-free solution con-
taining 0.5 mM EGTA, the first application of noradrenaline
induced only a small aequorin signal in association with a
small contraction. After repriming by incubation with a solu-
tion containing Ca2l, the muscle strip was incubated in Ca2 -
free solution and noradrenaline was applied again. The second
application of noradrenaline induced an aequorin signal that
was slightly smaller (but not statistically different) than the first
signal, although the contractions induced by the first and
second applications of noradrenaline were almost identical.
After repriming, the third and the fourth applications of nor-
adrenaline induced smaller aequorin signals although con-
tractions did not change. The muscle was then incubated in a
solution containing Ca2" and noradrenaline was applied
again. The first aequorin signal in the presence of Ca2" (the
fifth stimulation from the beginning) was much greater than
that obtained in Ca2"-free solution. However, the second (the
sixth from the beginning) aequorin signal was only 24% of the
previous signal. In contrast, contractions induced by repeated
applications of noradrenaline in the presence of external Ca2l
were almost identical. We also confirmed that high K+ was
ineffective in Ca2"-free solution.
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Figure 4 Effects of external Ca2+ on the aequorin signal and
contractile force induced by 1014M noradrenaline (NA). The first
response was obtained after a 10min-incubation in Ca2+-free
solution. The muscle was then washed with Ca2+-free solution
followed by an incubation in normal solution for 40min for
repriming. The muscle was washed with Ca2+-free solution for
10min and noradrenaline was applied again (Karaki et al., 1979).
This sequence was repeated four times (1 to 4). The muscle was then
incubated in normal solution and noradrenaline was repeatedly
applied (5 to 8). Note that scales for upper (Ca2'-free solution) and
lower figures (in the presence of Ca2+) are different.
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Figure 5 Effects of external Ca2+ on the peak aequorin signal
(columns, left ordinate scale) and contractile force (0; right ordinate
scale) induced by 10M noradrenaline (NA). The experiment was
performed as shown in Figure 4. The mean and s.e. mean of 6
experiments are shown. Significantly different from the response to
the first addition of stimulus: *P<0.05. Significantly different from
the response to the fifth addition of stimulus: ##P<0.01.

Discussion

In the present experiments, it was found that stimulation with
noradrenaline or high K+ increased Ca2+ signals measured
with fura-PE3 or aequorin. However, there were differences
between the fura-PE3 and aequorin signals. Although nora-
drenaline induced a sustained increase in the fura-PE-3 signals,
it induced a transient increase followed by small sustained
increase in the aequorin signal. In addition, the first and the
second applications of noradrenaline induced almost similar
increases in the fura-PE3 signal whereas a second application
of noradrenaline induced a much smaller aequorin signal than
that induced by the first. The decrease in the aequorin signal
was due to a decrease in the transient phase but not the sus-
tained phase.

The contraction, fura-PE3 signal and sustained phase of the
aequorin signal did not decline with repeated stimulation.
Thus, the decrease in the transient phase of the aequorin signal
does not reflect reduced activation. One possible explanation is
that the signal declines because the active aequorin declines.
Aequorin is consumed by binding to Ca2+ (Blinks et al., 1978).
Thus, it is suggested that noradrenaline induced a large in-
crease in Ca2+ in a small cytosolic compartment; aequorin in
this compartment was probably rapidly consumed during the
first application of noradrenaline, and an increase in Ca2" in
this compartment induced by a second application of nora-
drenaline would not be detectable by aequorin. Because con-
sumed aequorin cannot be regenerated in the cell in our in vitro
system (Shimomura & Johnson, 1975), recovery of the ae-
quorin signal may have resulted from diffusion of aequorin
from the surrounding area to this compartment. It took much
longer than 3 h for complete recovery of the aequorin signal,
suggesting that this compartment is isolated from the sur-
rounding area by a diffusion barrier. Such a diffusion barrier
may also help to keep a high Ca2+ concentration in this
compartment. In swine carotid artery, Rembold & Murphy
(1988) reported that histamine induced an initial large increase
in the aequorin signal that was not observed when it was added
again after a 15 min resting period, suggesting that focal ae-
quorin consumption had occurred. In their experiments, the
aequorin signal recovered fully after a 2.5 h rest period and
thus is much shorter than that required in our experiments.
This difference may be due to the difference in the experimental
temperature used by them (370C) and us (220C) or to tissue
differences.

The present results also suggested that the noradrenaline-
induced transient increase in the aequorin signal represents a
Ca2" compartment that is not directly coupled to smooth
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muscle contraction ('non-contractile' Ca2" compartment). The
'non-contractile' Ca2" compartment may be identical to the
sub-membrane restricted Ca2" compartment (see Introduc-
tion). The transient aequorin signal may be due to a large
increase in Ca2" in a small 'non-contractile' compartment. In
contrast, the sustained increase in the aequorin signal and a
large proportion of fura-PE3 signal may represent the 'con-
tractile' Ca2" compartment, as suggested previously (Karaki,
1989). Using a membrane-associated Ca2+ indicator, Etter et
al. (1994) showed that repeated stimulation of smooth muscle
cells induced consistent increases in Ca2+ in the near-mem-
brane area, suggesting that the 'non-contractile' Ca2+ doestnot'
decline on repeated stimulation.

Although high K+ induced a relatively sustained increase in
aequorin signal, the signal in response to the''second applica-
tion of high K+ was smaller than that induced by the first
application. It was also observed that the aequorin signal re
covered after a long resting period. These results suggest that
high K+ also increases Ca2+ in both the 'contractile' and 'non-
contractile' compartments. Since noradrenaline and high K+
showed a cross-tachyphylactic effect on the aequorin signal,
these two stimulants may share the ability to increase Ca2" in
the same 'non-contractile' compartment.

Since noradrenaline has been shown to release Ca2+ from
the sarcoplasmic reticulum (Karaki & Weiss, 1988), we ex-
amined whether the transient aequorin signal (representing an
increase in 'non-contractile' Ca2+) is due to Ca2'release. For
this purpose, we examined the effect of noradrenaline in Ca2+-
free solution. The results indicated that noradrenaline induced
a transient increase in the aequorin signal that was much
smaller than that obtained in the presence of external Ca2'.
This change was followed by a small transient contraction. A
second application of noradenaline induced a slightly (but not
statistically significant) smaller aequorin signal, although a
third application induced a smaller transient signal than the
first. In contrast, second and third applications of nora-
drenaline induced almost similar contractions to those induced
by a first stimulation. These results suggest that noradrenaline
releases Ca2` from storage sites and supplies Ca2" to the
'contractile' compartment. Ca2+ may also be supplied to the
'non-contractile' compartment although its concentration may
not be high enough to consume aequorin rapidly.

After the addition of Ca2+ to the medium, application of
noradrenaline induced a large transient increase in the ae-
quorin signal although a second application induced only a
small increase. These results suggest that the noradrenaline-
induced transient increase in the aequorin signal is mainly due
to Ca2+ influx and only partly due to Ca2+ release. In contrast,
the response to high K+ was abolished in the absence of ex-
ternal Ca2+. Since not only high K+ but also noradrenaline
open the voltage-dependent Ca2" channel in vascular smooth

muscle cells (Sato et al., 1988; Karaki et al., 1991), an increase
in Ca2l in the 'non-contractile' compartment may be due to
Ca2" influx through voltage-dependent Ca2" channels. Nora-
drenaline-induced Ca2" release and activation of verapamil-
insensitive Ca2" entry (Karaki et al., 1991) may also supply
Ca2l not only to the 'contractile' compartment but also to the
'non-contractile' compartment.

In the present experiments, the fura-PE3 signal seemed to be
a better'reporter of 'contractile' Ca2" than the aequorin signal.
However, noradrenaline induced a greater contraction than
high K+ although the magnitude of their respective fura-PE3
signals were almost identical. It has also'been shown that ileal
cotrcton mediated by nerve stimulation is greater than that
induced'bydirect stimulation at a given fura-2 signal (Ito et al.,
1988). Ths type of dissociation may be due to the Ca2" sen-
sitzing effect of neurotransmitters (Karaki, 1989). Further-
more, it has been shown that the initial transient increase in the
fura-2 signal is not always coupled to contraction (Sakata et
al., 1989; Kitajima et al., 1993). This type of dissociation may
be due to the 'non-contractile' Ca2+ compartment.

From these results, it is concluded that a high Ca2l 'non-
contractile' compartment is detected by aequorin during sti-
mulation with noradrenaline and high K+ in the smooth
msucle cells of the ferret portal vein. This compartment may be
located near the plasma membrane (see Introduction), sepa-
rated from other cytoplasmic regions by a diffusion barrier,
and Ca2+ ini this compartment may not be able to activate
contracti elements. Noradrenaline may increase the Ca2+
level in this restricted compartment mainly by Ca2+ influx and
partly by Cat release, whereas high K+ increases Ca2+ by
increasing Ca2+ influx. The Ca2+ level in this compartment
becomes so high that a large proportion of aequorin in this
compartment is rapidly consumed during stimulation, leading
to an attenuated aequorin signal in response to successive sti-
mulations. Since the diffusion barrier is tight, it takes a long
period of time for the 21-kDa protein, aequorin, to diffuse into
this compartment from the adjacent 'contractile' Ca2+ com-
partment. Both noradrenaline and high K+ induce a sustained
increase in Ca2+ in the cytoplasmic 'contractile' Ca2+ com-
partment that is directly coupled to contraction. Because the
Ca2l level in this compartment is much lower than that in the
restricted high Ca2+ 'non-contractile' compartment, con-
sumption of aequorin in the 'contractile' compartment is low.
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