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Regulation of basal intracellular calcium concentration
by the sarcoplasmic reticulum in myocytes
from the rat gastric antrum
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1. The intracellular calcium concentration ([Ca’];) was monitored in fura-2-loaded myocytes
isolated from the rat gastric antrum and voltage clamped at —60 mV using the perforated
patch clamp technique. The rate of quench of fura-2 fluorescence by Mn*" was used as a
measure of capacitative Ca’" entry.

2. Cyclopiazonic acid (5 gm) did not affect the holding current but produced a sustained
elevation in steady-state [Ca’"], that was dependent on the presence of external calcium.
Cyclopiazonic acid increased Mn®* influx with physiological external [Ca’*], but not in Ca®*-
free conditions. Cyclopiazonic acid increased the rate of [Ca’*]; rise following a rapid switch
from Ca’*-free to physiological [Ca**] solution.

3. Sustained application of carbachol (10 um) produced an elevation in steady-state [Ca’"]; that
was associated with an increased rate of Mn®" influx. Application of cyclopiazonic acid in
the presence of carbachol further elevated steady-state [Ca®* ], without changing Mn** influx.

4. Ryanodine (10 um) elevated steady-state [Ca’*]; either on its own or following a brief
application of caffeine (10 mm). Cyclopiazonic acid had no further effect when added to cells
pre-treated with ryanodine. Neither caffeine nor ryanodine increased the rate of Mn**
influx. When brief applications of ionomycin (25 um) in Ca’*-free solution were used to
release stored Ca’*, ryanodine reduced the amplitude of the resulting [Ca’"], transients by
approximately 30 %, indicating that intracellular stores were partially depleted.

5. These findings suggest that continual uptake of Ca’* by the sarcoplasmic reticulum Ca**-
ATPase into a ryanodine-sensitive store limits the bulk cytoplasmic [Ca®"]; under resting
conditions. This pathway can be short circuited by 10 gM ryanodine, presumably by opening
Ca’* channels in the sarcoplasmic reticulum. Depletion of stores with cyclopiazonic acid or
carbachol also activates capacitative Ca’* entry.

Inhibition of the uptake of Ca’ by the sarcoplasmic
reticulum produces an elevation of tension and intracellular
Ca®* concentration ([Ca®"],) in a number of smooth muscle
preparations (Khalil & Van Breemen, 1990; Shima &
Blaustein, 1992; de la Fuente et al. 1995; Petkov & Boev,
1996; Abe et al. 1996). At least four different mechanisms
have been invoked to explain this. Some regard it as a Ca™"
release phenomenon, with blockade of the sarcoplasmic
reticulum Ca®"-ATPase allowing Ca®" to escape from the
intracellular stores and accumulate within the cytoplasm
(Zhu et al. 1994). Inhibition of refilling might also lead to
spontaneous depletion of the Ca’* store, thus activating a
capacitative or store-operated Ca’" influx pathway (Missiaen
el al. 1990; Munro & Wendt, 1994; de la Fuente et al. 1995;
Wayman et al. 1996). Thirdly, it may be that a superficial
buffer barrier mechanism normally limits basal [Ca®*]; by
sequestering a fraction of the resting Ca®* influx across the

cell membrane (Chen & Van Breemen, 1993; reviewed in
Van Breemen et al. 1995). Under these circumstances,
blockade of uptake into the sarcoplasmic reticulum would
allow more of the Ca’* influx to enter the main cytoplasmic
compartment of the cell. Finally, inhibition of Ca®" uptake
may prevent subsequent release from the sarcoplasmic
reticulum into the sub-sarcolemmal space, and thus may
inhibit membrane currents such as the Ca’*-sensitive K*
current (I, (Suzuki et al. 1992; Imaizumi et al. 1998).
Decreased —activation of [, would lead to cell
depolarization and the resultant opening of voltage-operated
(2’ channels could explain an increased [Ca’*], and tissue
contraction. Such a mechanism has been described in
vascular smooth muscle (Nelson et al. 1995) but can be
disregarded as an explanation of the effects presented in
this paper, all of which were observed under voltage clamp
conditions. This technique was used to assess the remaining
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possibilities in rat gastric smooth muscle, focusing
particularly on the relative importance of capacitative Ca®"
entry and the Ca®" buffering function of the sarcoplasmic
reticulum.

We have already demonstrated that blocking either Ca™*
uptake by the sarcoplasmic reticulum Ca’"-ATPase, or Ca®*
release via ryanodine-sensitive channels increases the
baseline [Ca”" ], in gastric myocytes, as well as increasing the
rise in bulk [Ca®], produced by a given size of voltage-
activated Ca®" current (White & McGeown, 19985). This
second observation can be explained most easily on the basis
of decreased Ca’* buffering by the sarcoplasmic reticulum,
and it seems reasonable to suggest that a similar mechanism
might account for the increase in basal [Ca>*]; produced by
cyclopiazonic acid under resting conditions. This hypothesis
requires further investigation, however, since depletion of
the Ca®" store with Ca®*-ATPase inhibitors has also been
shown to activate additional Ca® influx in many tissues,
including some types of smooth muscle (Missiaen et al. 1990;
Wayman et al. 1996, 1998). To test between these options
Mn** influx was used as a measure of capacitative Ca’"
entry (Hallam, 1988), and the effects of cyclopiazonic acid
were studied using various protocols designed to alter the
Ca®" content of the intracellular store prior to inhibition of
the sarcoplasmic reticulum Ca®* pump. This allowed the
effects of blockade of the pump under conditions which
caused an increase in sarcolemmal Ca®* influx to be
compared with those in which it did not. These comparisons
suggest that influx is increased following inhibition of
sarcoplasmic reticulum Ca® uptake, but that this is not a
prerequisite for the maintained rise in [Ca®"]; seen.

Preliminary reports of this work have been presented to
The Physiological Society (White & McGeown, 1998a).

METHODS

Cell isolation, voltage clamp and [Ca?**]; recordings

Adult male Sprague-Dawley rats 400-500 g in weight were killed
by cervical dislocation, after being rendered unconcious through
inhalation of a narcotic dose of CO, in an induction chamber, as
approved under Home Office regulations. The antral region of the
stomach was then dissected out. Gastric myocytes were isolated
enzymatically using collagenase (Sigma Type 1A, 13 mg (5 ml)™),
protease (Sigma Type XXIV, 1 mg (5 ml)™), bovine serum albumin
(10 mg (5 ml)™) and trypsin inhibitor (9 mg (5 ml)™). The perforated
patch technique was applied, with amphotericin B (600 ug m1™) in
the pipette solution, and cells were voltage clamped at —60 mV
(Axopatch 200A amplifier; Axon Instruments, Foster City, CA,
USA). Membrane currents were filtered at 1 kHz, digitized, recorded
and analysed using pCLAMP 5.0 software (Axon Instruments). All
experiments were carried out at 35 °C.

Measurements of intracellular [Ca®*] were made using fura-2 by
first incubating the cells with fura-2 AM (5 um). They were then
excited alternately at 340 and 380 nm at a rate of 20 countss ™.
Fluorescence output at 510 nm was recorded for each excitation
wavelength (Fy,, and Fiq) using a Ratiomaster RF-F3011 (Photon

Technology International, South Brunswick, N.J, USA) configured
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for microfluorimetry and mounted on a fluorescence inverted
microscope (Diaphot 200, Nikon Instruments, Japan). A separate
input channel on the computer interface of the microfluorimeter
was used to record the output from the Axopatch amplifier so that
simultaneously recorded current and fluorescence records could be
synchronized.

At the end of each experiment cells were permeabilized with
ionomycin (50 gm) and superfused with two EGTA (10 mm)
buffered solutions, one containing no added Ca®* and the other with
a calculated free [Ca®*] of 1 mm (Maxchelator software 6.63, Chris
Patton, Hopkins Marine Station, CA, USA, with constants from
Brooks & Storey, 1992). The permeabilized cells were then exposed
to Mn®* (1 mm), which completely quenched the Ca**-sensitive fura-2
signal and allowed the background fluorescence to be measured. The
background corrected fluorescence ratio (R= F,,/Fy,) was
converted to [Ca®*]; using the equation of Grynkiewicz et al. (1985),
ie. [Ca®") = K B(R — Ryp)/(Rpax — R). The procedure described
above provided background corrected values for R, (R with
nominally zero [Ca®]), Ry, (R at saturating [Ca®]) and B (Fyg, in
zero [Ca®"]/ Fyg, at saturating [Ca®"]) in each cell. A K, of 287 nm
was used, as determined by exposing ionomycin (50 um)-treated
cells to zero and 1 mm [Ca® ], plus eight EGTA-buffered solutions of
known [Ca®*]in the range 107" to 107® m. Calibration attempts using
saponin or alphatoxin to promote entry of EGTA failed due to rapid
fura loss from the cytoplasm.

Mn?* influx measurements

The rate of fura-2 quenching in the presence of extracellular Mn**
was used as a measure of Mn®* influx into the bulk cytoplasm in
intact cells. The background corrected Fy,, and Fyq, outputs during
a rapid change in [Ca’*]; were used to calculate a fluorescence value
(F) which was unaffected by [Ca®*];, using the method of Zhou &
Neher (1993). F| is defined by the equation:

F= Fy + aly, (1

where a is the isocoeflicient (Zhou & Neher, 1993), which equals the
slope of the Fj,, vs. Fyq, relationship during a rapid change in
[Ca®*],. The application of this is demonstrated for a cell which was
depolarized from —60 to 0 mV for s, inducing an inward Ca®*
current and a rapid rise in [Ca®"],. This caused Fy,, to rise and Fyg,
to fall as expected (Fig. 1 4). The relationship between Fj,, and Fyg,
was plotted for the 10 s following repolarization and the gradient of
the best linear fit (&) was determined (Fig.1B). Equation (1) was
then applied to the corrected fluorescence data set to determine F}
at each time point. It can be seen that this value is independent of

[Ca2*], (Fig. 14).

Over longer periods of time # fell off linearly even in the absence of
external Mn®* (Fig. 1), presumably due to dye loss and photo-
bleaching (Becker & Fay, 1987). Correcting for this background
decay gave a constant baseline prior to Mn®* addition (Fig.1D).
Linear fits were applied to corrected data (Microsoft Excel) to
determine the rate of F, decay during superfusion with Mn** (1 mw).
For summary purposes, the Mn®*-dependent fluorescence decay
rate in the presence of a drug was always expressed as a percentage
of the control rate in the same cell prior to drug addition.

Tension and [Ca?*]; measurements in tissue strips

Some experiments were carried out in which tension alone was
measured from strips of rat stomach muscle superfused with
solutions containing the Ca’* ionophore A23187 (107" M, 0-001 %
DMSO). The temperature was held at 25 °C to reduce spontaneous
phasic activity and the external solution was switched between a
modified Hanks’ solution (see below) containing 2 mm EGTA with
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no added CaCl, and one in which the free [Ca®*] was calculated to
be 70 nm (Maxchelator). Isometric tension changes were recorded
using a force transducer (Pioden Controls Ltd, UK) whose output
was amplified and digitized with a Maclab interface (Analog Digital
Instruments Pty Ltd, Hastings, East Sussex, UK) and data stored
and analysed on a Macintosh personal computer.

Solutions and drugs
The following solutions were used.

Pipette solution (mm): CsCl, 133; MgCl,, 1:0; EGTA, 0-5; Hepes,
10; amphotericin B (300 ug ml™).

Bath solutions (mm).

Physiologically modified Hanks’ solution: NaCl, 125; KCl, 5-36;
glucose, 10; sucrose, 2:9; NaHCO,, 4:17; KH,PO,, 0-44; Na,HPO,,
0-33; MgCl,, 0-5; CaCl,, 1-8; MgSO,, 0-4; Hepes, 10; pH adjusted
to 74 with NaOH. In nominally Ca®-free Hanks’ solution this
recipe was adjusted by substituting MgCl, for CaCl, and including
EGTA (2 mm).

Manganese solution containing Ca®*: NaCl, 131-5; KCl, 59;
glucose, 11:5; CaCl,, 1:8; MnCl,, 1-0; Hepes, 11-6; pH adjusted to
74 with NaOH. MnCl, was omitted from the relevant control
solution. In Ca’*-free Mn®* solution MgCl, was substituted for CaCl,
and EGTA (5 mm) was added, while the total MnCl, was increased
to 3-0 mm. This was calculated to provide 1 mu free [Mn**] under
these conditions (Maxchelator software). MnCl, was omitted from
the relevant control solution.
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Cyclopiazonic acid, ionomycin and A23187 were dissolved in
dimethylsulfoxide (DMSO), and ryanodine in 50 % ethanol, to give
107 M stock solutions in each case. These were further diluted in
extracellular perfusate to achieve the final concentration. DMSO
and ethanol alone had no effects at concentrations well above those
used (0:001—-0:05% v/v). Caffeine was dissolved directly in extra-
cellular solution to give the final concentration required. All solutions
were delivered through a custom-built multi-channel perfusion
system which allowed complete exchange of the solution in the
cell/tissue chamber in less than 10 s. Chemicals were obtained from
Sigma-Aldrich (Dorset, UK) with the exception of fura-2 AM,
which came from Molecular Probes, Eugene, OR, USA.

Analysis and statistics

Data have been summarized as the mean + standard error of the
mean (s.E.M.). Slopes were determined using a linear fit to minimize
the sum of the squared differences between the data and the fitted
line (Microsoft Excel). Differences between means for paired data
sets were accepted as statistically significant at the 95 % significance
level, as assessed using Student’s paired or unpaired ¢ test (for
normally distributed data) or the Wilcoxon signed rank test (for
paired data sets normalized to give percentage changes). Multiple
comparisons within a data set were carried out using repeated
measures analysis of variance (ANOVA) and differences were again
accepted as significant at the 95% level, as assessed using Fisher’s
protected least significant difference test.
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Figure 1. Calculation of [Ca®*]-insensitive fluorescence (¥}) from fluorescence signals

A, recorded fluorescence output at 340 nm (F,,,) and 380 nm (Fyg,) for a single cell which was depolarized
from —60 to 0 mV for 1 s. The resulting inward Ca’* current (not shown) raised [Ca’*];, producing divergent
changes in fluorescence output. F, was calculated from the recorded fluorescence using eqn (1) (see text).
B, F,,, plotted against Fyg, for each data point over the 10 s period immediately following repolarization.
The gradient of the linear fit gives the value for e in eqn (1). C, changes in F] for a single cell voltage
clamped at —60 mV. In the absence of external Mn®** there was a slow, linear decline. The rate of decay in
F, increased when external Mn®" was added due to quenching of intracellular fura-2. D, the effects of Mn**
influx can be isolated by correcting #; to eliminate the Mn®" independent, baseline decay.
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RESULTS

Effects of cyclopiazonic acid in the presence of
physiological [Ca?*]

In single gastric myocytes voltage clamped at —60 mV and
superfused with modified Hanks’ solution containing
physiological [Ca’"], blockade of the Ca®"-ATPase in the
sarcoplasmic reticulum using cyclopiazonic acid (5 um)

produced a persistent but reversible elevation of [Ca’];
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Figure 2. Effect of cyclopiazonic acid on basal [Ca®*];
and Mn** influx

All records were made from gastric myocytes clamped at
—60 mV. A, current (upper trace) and [Ca®*]; (lower trace)
records under control conditions. Addition of cyclopiazonic
acid (CPA) to the superfusate produced a sustained elevation
in [Ca®*]; without any obvious change in holding current.

B, cyclopiazonic acid did not affect [Ca’* ], when applied after
approximately 100 s exposure to zero external Ca’*,

C, changes in the calculated [Ca®* ]-independent fluorescence
(F}) in the presence of normal external Ca**. Externally
applied Mn**caused a linear decline in fluorescence (the
dashed line shows an extrapolated linear fit to these data).
Addition of cyclopiazonic acid further increased the rate of
decay.
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(Fig. 24). In nine such experiments [Ca®" ], rose from 65 + 8
to 129 +£10nm (P <0-01; Student’s paired ¢ test) and
showed no sign of decaying back towards control levels over
a period of 200s. This rise was not associated with any
measurable change in holding current (Fig. 24) but the effect
did appear to require Ca®" influx across the sarcolemma,
since cyclopiazonic acid either had no effect (Fig.2B5;
n=10) or produced a small and transient rise in [Ca®*],
(n=2) in cells which were perfused with Ca’*-free solution
for 100 s prior to drug application. [Ca®*]; fell during washout
of cyclopiazonic acid but seldom reached the original resting
levels (data not shown).

Elevation of steady-state [Ca”"]; may be explained either by
an increase in Ca’" entry to the cell or a decrease in Ca’*
removal. Possible changes in the rate of Ca®* entry were
inferred from changes in Mn®* influx, as estimated using
quenching of fura-2 fluorescence (Hallam et al. 1988). In
voltage clamped cells exposed to solutions containing
physiological [Ca®"], the [Ca’]-independent fluorescence
(F) declined linearly following addition of Mn** to the bath
perfusate (Fig. 1.D). When cyclopiazonic acid was added, the
rate of quench was increased by a mean of 32+ 10%
(Fig. 20; P<0:05; Wilcoxon signed rank test, n=6),
presumably due to activation of a capacitative Ca>* entry
pathway permeable to Mn®** (Fasolato et al. 1993).

Cyclopiazonic acid modulates the effects of step
changes in external [Ca®*]

From the results described above, it seemed likely that
cyclopiazonic acid increased Ca”" influx when applied in the
presence of physiological external [Ca®"]. Tt was still
possible, however, that some or all of the elevation in [Ca®"],
seen was due to decreased Ca”" sequestration when uptake
into the sarcoplasmic reticulum was blocked. That this
might have been the case was suggested by experiments in
which increases in tension were recorded from strips of
gastric muscle permeabilized with the Ca®* ionophore
A23187 and exposed to a step in external [Ca>*] from zero
to 70 nm (Fig. 34). Cyclopiazonic acid (1 gm) increased both
the maximum rate of tension rise and the peak increase in
tension achieved, which was, on average, 0:67 + 0:14 mN
under control conditions and 1:27 +0:22 mN in the
presence of the drug (P <0-01; Student’s paired ¢ test,
n=10). Similarly, when external [Ca’*] was stepped from 0
to 1'8 mm in experiments using voltage clamped, non-
permeabilized cells, both the rate of [Ca®],
steady-state [Ca® ], reached were increased by cyclopiazonic
acid (5 um; Fig. 3B). The rate of [Ca®*]; rise was estimated
from a linear data fit over the first 5 s after the increase in
external [Ca®"]. In a series of seven experiments, this
increased from 1+3 + 05 nm s under control conditions to
2:34+0:7nms™" in the presence of the cyclopiazonic acid
(P < 0:05; Student’s paired ¢ test). The peak, steady-state
[Ca®"]; achieved in the presence of external Ca®* was
91 4+ 12 nMm in cyclopiazonic acid-treated cells, as compared
with 62+ 11 nm wunder control conditions (P <0:01;
Student’s paired ¢ test, n = 8).

rise and the
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Although it seemed unlikely that cyclopiazonic acid could
have affected the rate of Ca®" influx in permeabilized muscle
strips, it was still possible that some such mechanism could
account for the increased global [Ca” ], seen in intact cells on
stepping from zero Ca®" to physiological solution. This was
tested using Mn®" influx measurements in a Ca**-free
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Figure 3. Effects of cyclopiazonic acid on responses to
step changes in external [Ca**)

A, tension records from a strip of stomach muscle
permeabilized to Ca®" using the ionophore A23187 (present
in all solutions at 0-1 gm with 0:001 % DMSO vehicle).
External [Ca’*] was stepped from 0 to 70 nm, and the
resulting increase in tension was measured before (left trace)
and during (right trace) perfusion of the organ bath with
cyclopiazonic acid (1 um). B, [Ca®*]; record from an intact,
single gastric myocyte voltage clamped at —60 mV. The
external [Ca” ] was stepped from zero to 1:8 mm (top line).
This was repeated in the presence of cyclopiazonic acid. C, F;
plotted for a cell voltage clamped at —60 mV and superfused
with a series of Ca®*-free solutions. External Mn** produced
a linear decay in fluorescence which was extrapolated using a
linear fit (dashed line). Addition of cyclopiazonic acid slightly
reduced the decay rate in the absence of external Ca*",

Sarcoplasmic reticulum limits basal [Ca®"]; 399

external solution. In contrast to the results reported with
physiological [Ca®*] outside the cell (Fig. 2C), cyclopiazonic
acid actually produced a small but statistically significant
decrease in the rate of Mn®" influx under Ca**-free conditions
(Fig. 30), with a mean rate of quench after drug treatment
equal to 88 + 4% of the control rate (P < 0:05; Wilcoxon
signed rank test). This suggests that the increase in the rate
of [Ca®*]; rise caused by cyclopiazonic acid when external
[Ca®"] was stepped from zero did not result from an increase
in Ca®* influx. These results are consistent, therefore, with
the idea that a fraction of the Ca’* entering the cell can be
diverted away from the bulk cytoplasm (and the contractile
proteins) by uptake into the sarcoplasmic reticulum.

The fact that cyclopiazonic acid produced different effects
on Mn®*" influx depending on whether Ca>* was included in
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Figure 4. Effects of cyclopiazonic acid on cells
pretreated with carbachol

A, current (upper record) and [Ca®*]; (lower record) for a
voltage clamped cell exposed first to carbachol (10 um) and
then to cyclopiazonic acid (5 #M) in the maintained presence
of carbachol. B, F} plotted for another cell clamped at

—60 mV and superfused with a series of solutions containing
physiological [Ca®*]. External Mn** produced a linear decay
in fluorescence which was extrapolated using a linear data fit
(dashed line). Carbachol increased the rate of this decay but
addition of cyclopiazonic acid in the presence of carbachol
had no further effect.
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Figure 5. Effects of cyclopiazonic acid on cells

pretreated with ryanodine

A, current (upper record) and [Ca®*]; (lower record) for a

voltage clamped cell (—60 mV) exposed to ryanodine. Brief
(< 10 s) applications of caffeine (10 mm) were used to confirm
successful blockade of the ryanodine-sensitive channels.
Ryanodine alone raised [Ca”*]; but subsequent application of
cyclopiazonic acid produced no additional effect. B, records
for a second cell exposed to ryanodine and caffeine in which
ryanodine produced a sustained rise in [Ca®"];, but only after
a brief application of caffeine. Once again, cyclopiazonic acid
produced no further effect. C, F, plotted for a cell voltage
clamped at —60 mV in normal [Ca**] solutions. External
Mn** produced a linear decay in fluorescence (dashed line),
but this was unaffected by addition of ryanodine alone or in
combination with cyclopiazonic acid.
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the external solution or not was an interesting observation
in its own right and has technical importance for the
interpretation of similar measurements in other tissues. One
possible explanation could be that Ca’* stores empty
spontaneously in Ca**-free solution, fully activating any
capacitative entry mechanism so that addition of cyclo-
piazonic acid has no further effect. The effect of Ca**-free
solution on store content was tested with caffeine (10 mm)
and carbachol (10 gm). These produced repeatable increases
in [Ca’"]; in the presence of external Ca’", but the responses
were almost completely abolished after 100 s superfusion
with Ca**-free solution (data not shown). Thus, when there
is no external Ca®* to allow refilling, the agonist-releasable
stores deplete spontaneously in these cells.

Interaction of cyclopiazonic acid and carbachol-
sensitive stores

The results presented so far indicate that cyclopiazonic acid
can both increase Ca®* influx across the sarcolemma and
decrease uptake into the sarcoplasmic reticulum in gastric
myocytes. Attempts were made to separate these two effects
using pharmacological manipulation of intracellular Ca®"
stores. Application of carbachol (10 um) produced an initial,
transient peak followed by a sustained elevation of basal
[Ca®"], during the period of application of the drug (Fig. 4 4),
with a mean baseline rise of 34 + 3 nm (P < 0:01; ANOVA,
n=106). When cyclopiazonic acid was added to these
carbachol-treated cells [Ca®], increased, on average, by a
further 59 + 10 nm (P <0:01; ANOVA, n=26). The fact
that these drugs had additive effects suggests that they act
through at least partially independent mechanisms. No
consistent changes in membrane current were observed in
these experiments (Fig. 4 4).

Carbachol increased the rate of Mn®" influx in Ca**-
containing solutions (Fig. 4 B), accelerating fluorescence decay
on average by 28 +8% (P < 0:05; Wilcoxon signed rank
test, n = 6). Cyclopiazonic acid had no additional effect on
influx when applied in the presence of carbachol. Thus,
cyclopiazonic acid can increase [Ca’*], without increasing

Ca®" influx (at least as measured using Mn** quenching of
fura) in cells exposed to physiological [Ca®"].

Interaction of cyclopiazonic acid and ryanodine-
sensitive stores

Further experiments were carried out to investigate the
possible role of ryanodine-sensitive stores in the response to
cyclopiazonic acid. When 10 pm ryanodine was continuously
applied and caffeine (10 mm) then briefly superfused, two
patterns of response were observed. In six out of ten cells
studied, ryanodine alone caused a spontaneous increase in
[Ca® ], to a new steady state some 46 + 3 nm above the
original baseline (Fig.54; P<<0-001; Student’s paired t¢
test, n = 6). In the remaining 4 cells there was evidence of
use dependence, since ryanodine alone caused little or no
change in basal [Ca”];, but [Ca®*]; did not return to baseline
after a brief addition of caffeine, remaining on average
53+ 5nm above control (Fig.5B; P<0:005; Student’s
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paired ¢ test, n=4). Addition of cyclopiazonic acid (5 um)
in the presence of ryanodine had little further effect on
[Ca®™], in either group of cells (Fig. 5), with mean values of
152 + 27 nM in ryanodine alone and 159 4+ 21 nm after a
further 100 s superfusion with ryanodine plus cyclopiazonic
acid (n.s.; Student’s paired ¢ test, n =15). Ryanodine itself
had no effect on Mn®" influx as estimated in the presence of
physiological external [Ca®"] (Fig.50), with fluorescence
decay rates in the presence of ryanodine (10 um) averaging
95 + 5% of control (n.s.; Wilcoxon signed rank test, n="7).

Effect of ryanodine on Ca?* store content

These results are consistent with the existence of a Ca®*
removal pathway involving uptake by the sarcoplasmic
reticulum Ca’*-ATPase into a ryanodine-sensitive store.
They do not tell us, however, whether ryanodine is acting to
inhibit or promote store emptying. To test between these
possibilities, ionomycin was used to dump the intracellular
Ca®* stores. Cells were not voltage clamped since the
addition of ionophore produced dramatic changes in
membrane conductance. Experiments were first carried out
to demonstrate that ionomycin was indeed releasing stored
Ca’" (Fig.64). Caffeine (10 mm) was briefly applied under
control conditions, and approximately 100s later the
superfusate was switched to a zero-Ca®* solution containing

Figure 6. Effect of ryanodine on ionomycin
releasable Ca?* stores

A, [Ca®*], record from a control experiment. A test
response to caffeine (10 mm) was followed by a recovery
period in normal solution. This was followed by a rapid
switch to Ca®*-free superfusate containing 25 pm
ionomyecin (iono; application time < 10 s) which was
also washed out in Ca”*-free conditions. About 100 s
after returning to normal Ca** solution, a second
application of caffeine was followed by another switch
to ionomyecin in zero Ca’*. This produced no measurable
rise in [Ca®*], suggesting that ionomycin and caffeine
were acting on the same intracellular Ca®* stores.
B,[Ca®"]; transients evoked by ionomycin in zero-Ca**
solution before and during superfusion with ryanodine.
Brief application of caffeine in the presence of
ryanodine evoked a transient followed by sustained rise
in [Ca""],.
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25 pum ionomyein. The resulting transient peaked in about
55 and ionomycin was then washed out, allowing [Ca**]; to
decay to low levels (Fig. 64). When returned to physiological
[Ca” ] the stores were able to reload, as demonstrated by the
response to a further application of caffeine. The mean
amplitudes of caffeine transients evoked before and after
ionomycin were 144 + 28 and 127 + 21 nm, respectively
(n.s.; Student’s paired ¢ test, n=6). lonomycin was then
re-applied in zero Ca’, shortly after the second caffeine
administration, at a time when [Ca**], was close to baseline.
This did not produce any measurable rise in [Ca**]; (Fig. 6 4).

Thus, in the absence of extracellular Ca®”, ionomycin
elevates [Ca”" ], by emptying intracellular stores. Following
washout of ionomyecin, store refilling and release mechanisms
appear to be intact. Ionomycin was used, therefore, to
assess Ca’* store content before and after treatment with
10 um ryanodine (Fig. 6 B). As before, caffeine (10 mm) was
applied briefly during the ryanodine superfusion because of
the use dependence of the ryanodine effect (Fig.5B). The
ryanodine-dependent rise in steady-state [Ca’"], was
confirmed, with a mean increase of 48 + 8 nm (P < 0:0005;
Student’s paired ¢ test, n=9). The average amplitude of the
ionomycin-dependent transient was 193 +32nm before
exposure to ryanodine and 124 + 21 nM in the presence of
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the drug (P < 0-05; Student’s paired ¢ test, n =9). Thus,
ryanodine produced a partial reduction in loading of the
(a2’ store under these experimental conditions.

DISCUSSION

Cyclopiazonic acid promotes Ca®* influx and reduces
Ca?* buffering

The increase in basal [Ca’"]; can best be explained by
postulating that cyclopiazonic acid has two effects on rat
gastric muscle. The increase in Mn**-dependent quenching
of fura-2 fluorescence seen with physiological levels of
external [Ca’"] (Fig.2C) suggests that cyclopiazonic acid
promoted store-operated Ca’* entry, presumably as a
response to spontaneous store depletion when reuptake was
inhibited. This was not the sole mechanism involved,
however, since cyclopiazonic acid still promoted a rise in
[Ca®"], under conditions in which it did not affect Mn**
influx. For example, when added in the presence of
carbachol, cyclopiazonic acid produced a mean rise in [Ca”*];
(59 +£ 10 nm, n=06; Fig.4A4), which was very similar to
that seen following blockade of Ca®* uptake by the
sarcoplasmic reticulum under control conditions (64 + 7 nm,
n=19, Fig.24; n.s., Student’s unpaired ¢ test). It also
increased the rate of rise of both tension and [Ca’*], on
stepping from a low external [Ca®*] to a more physiological
solution (Fig.34 and B), even though it did not increase
Mn** influx in the absence of external Ca®* (Fig.3C). We
believe that this is explained by the spontaneous depletion
of releasable stores seen after 100 s in zero external [Ca®*],
since this would make it unlikely that cyclopiazonic acid
could have any further effect on store content or related
store-operated influx pathways. Appreciable releasable stores
have been reported to persist in Ca**-free conditions for
much longer than this in other smooth muscles, ranging
from 5—6 min in rabbit intestinal cells (Komori & Bolton,
1991) and rat myometrial tissue (Taggart & Wray, 1998), up
to an hour or more in strips of rabbit aorta (Leijten & van
Breemen, 1984). These tissue differences suggest that the
rate of spontaneous store unloading is relatively fast in rat
gastric myocytes, while the rate of reuptake of released Ca’",
in Ca®*-free conditions at least, is slow.

Since cyclopiazonic acid can increase [Ca’"], without
increasing influx, we propose that the sarcoplasmic reticulum
normally buffers basal Ca’* entry (van Breemen et al. 1995)
and that blocking this leads to a rise in [Ca®],. This is
consistent with the observation that cyclopiazonic acid
increases the rise in bulk [Ca®*]; produced by a given Ca®*
influx during a step depolarization in this cell type (White &
McGeown, 19985). Such a mechanism requires that Ca>* be
continually released from the sarcoplasmic reticulum and
transported across the cell membrane without contributing
to the bulk [Ca®"],. There is no direct evidence for such a
pathway in the present study but the additional elevation in
[Ca®]; produced by cyclopiazonic acid in the presence of
carbachol (Fig. 4 4) suggests that the sarcoplasmic reticulum’s
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buffering role is maintained even under conditions in which
(2" release is maximally stimulated. Such a buffering
mechanism can only have effect during Ca®* entry across the
sarcolemma, and so it is not surprising that cyclopiazonic acid
did not change [Ca®*]; in the absence of extracellular Ca™*
(Fig. 2B). Ryanodine completely abolished any additional
effect of cyclopiazonic acid (Fig. 5), so uptake into a
ryanodine-sensitive store appears to be important, but this
does not exclude the possibility that inositol 1,4,5-tris-
phosphate channels play a parallel role in the buffering
pathway. Ryanodine can lock Ca®" release channels open or
shut in a concentration-dependent manner (Rousseau et al.
1987) and either action might explain a rise in basal [Ca®*],.
Tonomycin was used to test between these possible actions,
and the resulting transient was reduced, on average, to
71 £10% of control amplitude in the presence of 10 g
ryanodine. Caffeine completely abolished ionomycin-
dependent release (Fig.64), suggesting that ryanodine
depleted the releasable store, although only partially,
presumably by increasing the mean number of open channels
(Fig. 6 B). This might be expected to cause leakage of stored
Ca" into the cytoplasm and short circuit the cyclopiazonic
acid-sensitive uptake mechanism, raising [Ca™" ;.

Activation of store-operated influx

Some of the fluorescence quench results reported here differ
from those in earlier studies on vascular smooth muscle. For
example, blockade of the Ca®"-ATPase with thapsigargin
increased basal [Ca®], without increasing Mn®* influx in
rabbit vena cava (Chen & van Breemen, 1993), whereas we
found influx to be increased when cyclopiazonic acid was
applied to gastric myocytes under control conditions
(Fig.20). This effect disappeared in Ca’*-free conditions
(Fig. 30), however, and these were the conditions used for
all the Mn** influx measurements in the earlier thapsigargin
study. Microfluorimetric estimates of Mn®** entry are
unlikely to detect influx into cell compartments other than
the bulk cytoplasm, which accounts for most of the spatially
averaged fura-2 signal (Etter et al. 1996). Thus, failure to
detect a change in the rate of quenching cannot rule out the
possibility of any increase in influx into some other cell
compartment, e.g. the subsarcolemmal space. This does not
invalidate our data, however, providing it is understood
that they can only be safely interpreted in terms of the
direct contribution of changes in influx to any measured
change in bulk [Ca®"],, since both [Ca’*], and quench
measurements are derived from the same fura-2 signal.
Carbachol increased Mn®** entry to the bulk cytoplasm,
producing a sustained rise in [Ca®*]; (Fig. 4), but ryanodine
had no effect on Mn®" influx. It is not safe to conclude,
however, that this reflects a specific link between inositol
1,4,5-trisphosphate-sensitive stores and store-operated
channels, since the apparently modest depletion of Ca’*
stores in the presence of 10 ym ryanodine (Fig.65) may
have been inadequate to activate significant capacitative
entry. One might have expected that addition of cyclopiazonic
acid to ryanodine-treated cells would have completely
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depleted the stores, leading to store-operated influx, and
yet there was no increase in [Ca’*], or Mn®* influx (Fig. 6).
This observation remains to be investigated further but it
does not undermine the main conclusion of the study, i.e. that
resting cell [Ca®"]; is limited by uptake into a cyclopiazonic
acid- and ryanodine-sensitive Ca’* store.

We were unable to resolve any current due to a change in
Ca®* influx following store depletion with cyclopiazonic acid,
carbachol or ryanodine (Figs 2, 4 and 5, respectively), even
though the first two interventions increased Mn*' influx.
These results contrast with findings in many non-excitable
tissue types in which blockade of Ca® uptake into the
endoplasmic reticulum has a dramatic effect on Ca®* entry,
producing relatively large Ca’* currents and a dramatic
elevation of [Ca®™], (reviewed in Parekh & Penner, 1997).
There is also evidence that depletion of intracellular stores
can activate a non-selective cation current in the smooth
muscle of annococcygeus (Wayman et al. 1996, 1998).
Presumably, any equivalent current in the rat gastric
myocytes was either obscured by other currents or was too
small to be reliably detected above background noise, which
averaged about 2—3 pA. This seems likely, given that the
depletion-operated currents in annococcygeus average 3:5 pA
at —40 mV, even in the presence of 10 mm external [Ca**

(Wayman et al. 1996). This current was activated both by
carbachol and 3 gm ryanodine in mouse annococcygeus, but
not by 30 um ryanodine (Wayman et al. 1998), which
suggests that the failure of ryanodine to increase Mn** influx
in rat gastric myocytes may also be concentration dependent.

Conclusions

Our experiments suggest that the sarcoplasmic reticulum
regulates basal global [Ca>*]; in rat gastric myocytes by two
independent mechanisms. Uptake by the sarcoplasmic
reticulum Ca®"-ATPase pump continuously diverts a
significant fraction of the Ca®* entering across the
sarcolemma away from the bulk cytoplasm into a ryanodine-
sensitive store. Depletion of the carbachol-sensitive store
activated a capacitative Ca®* entry pathway. It is difficult to
assess the relative contributions of these two mechanisms to
the rise in basal [Ca®*]; following treatment with cyclo-
piazonic acid, although the fact that pretreatment with
carbachol failed to reduce the subsequent effect of cyclo-
piazonic acid suggests that inhibition of Ca®* removal may
be dominant.
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