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Inhibition of capacitative calcium entry is not obligatory for
relaxation of the mouse anococcygeus by the NO/cyclic GMP
signalling pathway
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Campus, London SE1 9RT

1 The object of this study was to determine whether inhibition of capacitative calcium entry is
essential for relaxation of the mouse anococcygeus via the NO/cyclic GMP signalling pathway.

2 In intact muscles, thapsigargin (Tg; 100 nMm)-induced tone was relaxed by NO, sodium
nitroprusside (SNP), 8-Br-cyclic GMP, and nitrergic field stimulation. The relaxations were similar
in magnitude to those observed against carbachol (50 uM) tone and, with the exception of those to
8-Br-cyclic GMP, were reduced by the soluble guanylyl cyclase inhibitor 1H-[1,2,4Joxodiazolo[4,3-
alquinoxalin-1-one (ODQ, 5 uMm).

3 In single smooth muscle cells, loaded with Fura-2, both carbachol and Tg produced sustained
elevations in cytoplasmic calcium levels ([Ca®*];). SNP inhibited the rise in [Ca®>*]; produced by
carbachol, an effect attenuated by ODQ. In contrast, neither SNP nor 8-Br-cyclic GMP reduced the
elevated [Ca’"); associated with Tg.

4 In f-escin skinned preparations, NO had no effect on tone induced by calcium (1 uM in the
presence of 100 um GTP). Carbachol and Tg produced further increases in calcium/GTP-induced
tone and, in both cases, this additional tone was relaxed by NO and 8-Br-cyclic GMP.

5 The results support the hypothesis that the NO/cyclic GMP pathway inhibits capacitative
calcium entry by refilling the internal stores, since reduction in [Ca®"]; was not observed in the
presence of Tg. However, as muscle relaxation was still observed, impairment of capacitative calcium
entry cannot be considered obligatory for relaxation. Results from skinned tissues suggest that
inhibition of calcium sensitization processes, perhaps associated with store-depletion, may be an
important mechanism of NO/cyclic GMP-induced relaxation.
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Introduction

Capacitative (store-operated) calcium entry is a ubiquitous
calcium influx pathway activated following depletion of the
calcium stores within the sarcoplasmic/endoplasmic reticulum
(SR/ER; Putney, 1986, 1990; Berridge, 1995; Parekh &
Penner, 1997). Physiologically, store depletion results from
activation of G-protein-coupled receptors, with consequent
generation of inositol 1,4,5-trisphosphate (IP;) and opening
of IP; receptor ion channels on the SR/ER membrane.
Pharmacologically, the calcium stores can be depleted, and
capacitative calcium entry activated, by a number of agents,
most commonly by drugs which inhibit the SR/ER calcium
ATPase, such as thapsigargin (Tg) and cyclopiazonic acid.

*Author for correspondence; E-mail: alan.gibson@kcl.ac.uk

Capacitative calcium entry is known to contribute to a
diverse range of cellular functions including (depending on
cell type) store re-filling, cell division, secretory processes, and
contraction of smooth muscle. Despite this widespread and
important role in cell signalling, several aspects of capacita-
tive calcium entry remain unresolved (Putney & McKay,
1999), including the cellular mechanisms linking the SR/ER
with the store-operated channels (SOCs) on the plasma
membrane, and the molecular structure of the channels
themselves.

A further area of controversy concerns the interaction
between capacitative calcium entry and the NO/cyclic GMP
signalling system. Initial observations that cyclic GMP might
activate capacitative calcium entry in some cells (Bahnson et
al., 1993; Xu et al., 1994) were challenged by other studies in
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which the cyclic nucleotide was found to be ineffective
(Fasolato er al., 1993; Bian et al., 1996; Gilon et al., 1995;
Parekh & Penner, 1997). More recently, an inhibitory effect
of NO/cyclic GMP on capacitative calcium entry has been
reported in blood platelets, vascular endothelium, and
smooth muscle cells (Wayman et al., 1996b; Trepakova et
al. 1999; Cohen et al., 1999; Kwan et al., 2000). Indeed, from
the results of experiments carried out in rat aorta, Cohen et
al. (1999) have proposed that inhibition of capacitative
calcium entry may be essential for the vasorelaxant effects
of NO and that the inhibition is secondary to cyclic GMP-
induced refilling of the SR, thereby removing the primary
drive for SOC opening. Central to this proposal is the
observation that the SR calcium ATPase inhibitor Tg, which
blocks calcium re-accumulation by the SR, prevented both
NO-induced inhibition of capacitative calcium entry and
vasorelaxation.

We have reported previously that capacitative calcium
entry is important for sustained contractions of the mouse
anococcygeus in response to both receptor agonists and
inhibitors of the SR calcium ATPase (Wayman et al., 1996a;
1998; 1999) and, further, that capacitative calcium entry in
this non-vascular smooth muscle is inhibited by the NO/cyclic
GMP signalling pathway (Wayman et al., 1996b; Gibson et
al., 1998). However, the cellular mechanisms of this
inhibitory effect, and its relative contribution to NO-induced
relaxation, have not yet been investigated. Given the recent
observations of Cohen ez al. (1999) in rat aorta, the object of
the present study was to determine whether inhibition of
capacitative calcium entry is also essential for relaxation of
the mouse anococcygeus in response to activation of the NO/
cyclic GMP signalling pathway.

Methods

Tension studies with intact tissues

Male mice (LACA: Tuck, Essex, U.K.; 25-35 g) were killed
by stunning and exsanguination. The two anococcygeus
muscles were dissected out separately and set up in 1 ml
glass organ baths containing Krebs’-bicarbonate buffer
(composition, mM): NaCl 118.1, KCl 4.7, MgSO, 1.0,
KH,PO,4 1.0; CaCl, 2.5, NaHCO;5 25.0, glucose 11.1, which
was maintained at 37°C and gassed with 95% O;: 5% CO..
A resting tension of 200—400 mg was placed on the tissue
and changes in tension recorded with a Biegestab K30 force-
displacement transducer attached to a pen-recorder (Graph-
tec WR3101). Muscles were allowed to equilibrate for 30 min
before beginning experimental procedures. In order to
prevent any effects due to release of noradrenaline from the
sympathetic nerves within the tissue the Krebs’ solution
contained the o-adrenoceptor antagonist phentolamine
(1 um), and muscles were exposed to the adrenergic neurone
blocking agent guanethidine (30 uM) for 10 min during the
equilibration period. To inhibit calcium entry through
voltage-operated calcium channels, 10 uM verapamil was
included in the Krebs’ solution in all experiments. Field
stimulation of the nitrergic nerves within the tissue (Gibson et
al., 1990; 10 s trains every 100 s; 1—10 Hz; 1 ms pulse width;
70 V) was applied via two parallel platinum electrodes
running down either side of the tissue; these were attached

to Grass S48 stimulators. When relaxations to drugs were to
be investigated the Krebs’ solution also contained the nitric
oxide synthase inhibitor L-N%-nitroarginine (L-NOARG;
50 uM) in order to prevent any effects of NO released from
the nitrergic nerves; when relaxations to nitrergic nerve
stimulation were to be studied, L-NOARG was omitted.

To record relaxations to drugs or field stimulation, tone
was first raised with either 50 uM carbachol or 100 nm Tg;
due to the prolonged and persistent nature of the response to
Tg the effects of only one concentration of the drug were
observed in each muscle preparation. Relaxant drugs or field
stimulation were then applied when a stable elevation of tone
had been achieved. With the exception of NO, relaxant drugs
were added cumulatively; each concentration was left in
contact with the tissue until the response peaked, before
addition of the next dose. With NO, the relaxations to each
concentration were transient, most likely reflecting the
unstable nature of NO in the presence of O,, and so tone
was allowed to recover each time (without washout) before
the next dose of NO was added to the bath. Responses were
calculated as the per cent relaxation of tone compared with
the level immediately before addition of the first dose of
relaxant drug or before each train of field stimulation.

Tension studies with B-escin-skinned muscles

Mouse anococcygeus muscles were dissected and set up
initially in Krebs’ solution as detailed above, with the
exception that the experiments were carried out at 25°C;
experiments with skinned muscles are routinely carried out at
temperatures of 20-25°C to help prolong tissue viability
(Pfitzer et al., 1982; 1984; 1986). As before, the Krebs’
solution contained phentolamine, L-NOARG and verapamil,
and muscles were incubated with guanethidine (10 min)
during the equilibration period. Following 30 min equilibra-
tion, the muscles were exposed to 50 uM carbachol to test
their viability (a contraction of 300 mg tension or greater was
regarded as satisfactory). The Krebs’ solution was then
replaced by a relaxing solution containing (mMm): PIPES 20,
MgCl, 7.1, KCI 108, EGTA 2, Na,ATP 5.9, creatine
phosphate 2, creatine phosphokinase 4 units ml~', E-64
1 ug ml~', and FCCP 1 uM; pH 6.8, in which the muscle was
allowed to equilibrate for a further 20 min before a 10 min
exposure to 50 uM f-escin, which permeabilizes the cell
membrane to calcium whilst leaving G-protein coupled
receptors, and their effectors, intact (lizuka et al., 1994).
Changes in tension in these experiments were recorded using
a Grass FTO03 force-displacement transducer attached to a
MacLab data acquisition system. Final concentrations of
calcium in the bath, in the presence of 2 mM EGTA, were
calculated using Chelator for Windows software.

Isolation of single smooth muscle cells and measurement
of Fura-2 fluorescence

Anococcygeus muscles were dissected from male mice as
outlined above. Single smooth muscle cells were dissociated
enzymatically using a method based on that described for the
rat anococcygeus (McFadzean & England, 1992). The
muscles were incubated for 10 min at 37°C in a physiological
salt solution (PSS) containing zero added calcium plus (in
mM): NaCl 120, KCl 6, MgCl, 1.2, Na,HPO,4 1.2, glucose 11,
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HEPES 10, pH 7.2. Following this, the tissues were incubated
for 12.5 min at 37°C in PSS to which had been added (all
from Sigma) bovine serum albumin (fatty acid free,
3.05 mg ml™"), papain (0.6 mg ml™'), collagenase (Type 1A;
0.8 mg ml~") and dithioerythritol (12 mm). The tissues were
then washed three times using enzyme-free PSS, and the
single cells isolated by passing the muscle pieces through a
wide-bore Pasteur pipette several times. The resultant cell
suspension was centrifuged at approximately 180 g for
1.5 min, and the cell-free supernatant discarded. The pellet
was suspended in PSS containing 0.75 mM calcium chloride.
The cell suspension was then incubated, in the dark, with
2.5 uM Fura-2 acetoxymethylester (Fura-2/AM; Calbiochem)
for 9 min at 37°C; the cell suspension was then diluted 10
fold with PSS containing 0.75 mM calcium chloride,
centrifuged at approximately 180x g for 1 min, and the
cell-free supernatant discarded. The pellet, containing the
Fura-2 loaded cells, was resuspended in PSS containing
0.75 mM calcium chloride, and droplets of the cell-rich
suspension were placed on alcohol-washed, poly-lysine-coated
glass cover slips and stored at 4°C for at least 1.5 h. The glass
cover slips were then placed in a small chamber to form the
perfusion bath which was mounted on the stage of an
inverted microscope (Nikon Diaphot 300). The cells were
perfused with Krebs solution (see above) at 37°C using a
gravity-fed system. Fura-2 fluorescence was recorded at
510 nm while alternating between the two excitation
wavelengths (340 and 380 nm) using a Cairn Research Ltd
spectrophotometer system. Fluorescence emission was col-
lected only from the cell of interest. Because of the recognized
uncertainties inherent in the measurement of absolute
intracellular calcium concentrations, the results throughout
this study are expressed as the ratio of fluorescence at 340
and 380 nm (Rj40/380). However, in some cells, the absolute
values of cytosolic calcium concentration were obtained using
the equation of Grynkiewicz er al. (1985); cells were
permeabilized with ionomycin (50 uM) and exposed to PSS
containing 10 mM calcium followed by PSS containing zero
added  calcium  plus 1,2-bis(2-aminophenoxy)ethane-
N,N,N’,N'-tetraaecetic acid (BAPTA; 1 mwm). Using this
procedure, the resting calcium concentration was estimated
as 54+ 11 nM (n=06).

Statistics

Results are expressed as mean+s.e.mean and statistical
analysis was by Student’s z-test (paired or unpaired as
appropriate), with a P value of 0.05 or less taken to indicate
a significant difference.

Drugs used

Drugs/materials used during the study were: BAPTA
(Sigma); carbachol (BDH); 8-Bromo-cyclic guanosine mono-
phosphate (8-Br-cyclic GMP; Sigma); creatine phosphate
(Sigma); creatine phosphokinase (Sigma); E-64 (trans-epox-
ysuccinyl-L-leucylamido-(4-guanidino)butane, Sigma); ethy-
lene  glycol-bis(f-aminoethyl  ether)N,N,N’,N’,-tetraacetic
acid (EGTA; Sigma); FCCP (carbonyl cyanide p-trifluor-
omethoxyphenyl-hydrazone, Sigma); guanethidine monosul-
phate (Sigma); HEPES, N-[2-hydroxyethyl]piperazine-N'-[2-
ethanesulphonic acid] (Sigma); neomycin (Calbiochem); L-

NC-nitroarginine (Sigma); nitric oxide (BDH); PIPES,
piperazine-N,N'-bis[2-ethanesulphonic acid] (Sigma); 1H-
[1,2,4]oxodiazolo[4,3-a]quinoxalin-1-one ~ (ODQ;  Tocris);

phentolamine HCl (Sigma); SKF96365 (Affiniti Research
Products); sodium nitroprusside (Sigma); thapsigargin (Tg;
Sigma and Calbiochem); verapamil HCI (Sigma). The method
for preparing saturated (3 mMm) solutions of NO has been
reported elsewhere (Gibson & Mirzazadeh, 1989). Drugs were
dissolved in distilled water, except thapsigargin and ODQ
which were dissolved in DMSO; the final bath concentration
(less than 0.2% v v~') of this solvent showed no significant
biological effects.

Results

Tension studies with intact tissues

As reported previously (Wallace et al., 1999), both 50 um
carbachol and 100 nM Tg produced strong and sustained
contractions of the mouse anococcygeus; there was no
significant difference in the magnitude of the contractions
produced by the two drugs (404+32 mg tension with
carbachol; 332433 mg tension with Tg, n=6 in each case).
As expected from previous studies (Gibson et al., 1990), SNP
(0.01-5 um), NO (0.7-30 uMm) and nitrergic field stimulation
(1-10 Hz) produced concentration- or frequency-dependent
relaxations when tone was raised with 50 uM carbachol
(Figure 1). However, in contrast to the reported inability of
NO to relax rat aorta contracted by Tg (Cohen et al., 1999),
both SNP and NO produced potent relaxations of tone
induced by Tg in the mouse anococcygeus; indeed, the
concentrations—response curves were superimposable on
those obtained against carbachol-induced tone (Figure 1).
In the case of nitrergic field stimulation, relaxations at 1 and
2 Hz were actually greater against Tg-induced tone when
compared with carbachol, although at 5 and 10 Hz they
became similar (Figure 1).

To ensure that the relaxations of Tg-induced tone were due
to activation of the guanylyl cyclase/cyclic GMP pathway,
the effects of the soluble guanylyl cyclase inhibitor ODQ were
investigated. Relaxations to SNP and NO were greatly
reduced or abolished in the presence of 5 um ODQ (Figure
2); although not shown, 5 uM ODQ also abolished relaxa-
tions to nitrergic field stimulation at all frequencies tested
(1-10 Hz). The cell-permeable analogue of cyclic GMP, 8-
Br-cyclic GMP (10—400 uM) also produced concentration-
related relaxations of Tg-induced tone; as expected, these
relaxations were unaffected by ODQ (Figure 2b), since the
actions of the nucleotide analogue do not require increased
guanylyl cyclase activity.

The above results clearly demonstrated that, unlike the
situation in rat aorta (Cohen et al., 1999), the SR calcium
ATPase inhibitor Tg does not prevent, or reduce, the relaxant
effects of the NO/cyclic GMP signalling system in the mouse
anococcygeus.

Calcium fluorescence studies using single
smooth muscle cells

We next investigated the interaction between Tg and the NO/
cyclic GMP system on cytoplasmic calcium levels ([Ca?*];) in
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Figure 1 Concentration-response curves for relaxations of the
mouse anococcygeus muscle to (a) sodium nitroprusside (SNP) or
(b) nitric oxide (NO), and (c) frequency-response curve for
relaxations to nitrergic field stimulation, when tone was raised with
either 50 um carbachol or 100 nm thapsigargin. Each point is the
mean+s.emean from a minimum of five individual muscle
preparations. *P<0.05 compared with corresponding value with
carbachol tone.

single smooth muscle cells freshly dispersed from the
anococcygeus. 50 uM carbachol produced a biphasic increase
in [Ca?*]; (Figure 3a); as described previously (Wayman et
al., 1999), the first transient increase represents calcium
release from the SR, while the second sustained phase is due
to calcium influx through SOCs. Our belief that this sustained
phase of the carbachol response represents calcium entry
through SOCs is based on observations that its time-course
and pharmacology mirror that of the sustained responses
initiated by Ca-ATPase inhibitors (Wayman et al., 1999);
however, some caution is required since there is evidence that
certain putative SOCs may be activated not only by store
depletion per se but also by receptor—dependent, store-
independent mechanisms (Birnbaumer ez al., 1996; Putney &
McKay, 1999). Application of 10 um SNP during the
sustained phase reduced the carbachol-induced increase in
[Ca?*); (by 72+16% after 2 min; n=12; Figure 3b); the
inhibitory effect of SNP was attenuated (to 12+9%; n="7) in
the presence of 5 umM ODQ (not shown). These results
confirm that SNP, acting via guanylyl cyclase, can inhibit
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Figure 2 Concentration-response curves for relaxations of the
mouse anococcygeus muscle to (a) sodium nitroprusside (SNP) and
nitric oxide (NO) or (b) 8-Br-cyclic GMP and the effect on these of
the soluble guanylyl cyclase inhibitor 1H-[1,2,4]oxodiazolo [4,3-
a]quinoxalin-1-one (ODQ; 5 uM). Tone was raised with 100 nMm
thapsigargin (Tg). Each point is the meants.e.mean from a
minimum of five individual muscle preparations.

capacitative calcium entry in the mouse anococcygeus
(Wayman et al., 1996b; Gibson et al., 1998). Tg, on the
other hand, produced a slower increase in [Ca®"]; and a
biphasic effect was less evident (Figure 3c); this could be
related either to the rate of entry of Tg into the cell or to the
much slower rate of depletion of the SR produced by the Ca
ATPase inhibitor compared with receptor agonists such as
carbachol. Application of 10 uM SNP, at a point when the Tg
response had reached a stable plateau, produced no
significant change in [Ca®*]; n=9; P>0.05; Figure 3c).

The above experiments were carried out with cells bathed
in 2.5 mM calcium. In a second series of experiments, we used
cells which were initially bathed in calcium-free solution
before exposure to Tg and then calcium; such ‘calcium
readmission’ protocols are widely used in the study of
capacitative calcium entry (Wallace et al., 1999). Data
accumulated from a number of these experiments are shown
in Figure 4. Under calcium-free conditions, application of Tg
produced a small transient increase in [Ca’*];, reflecting
depletion of the stores (Figure 4). Subsequent addition of
2.5 mM calcium, 10 min after Tg, resulted in a larger and
sustained increase in [Ca®*]; due to capacitative calcium entry
(Wallace et al., 1999; Wayman et al., 1999). Application of
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Figure 3 Recordings of the effects of carbachol (50 um), thapsi-
gargin (Tg; 100 nM) and sodium nitroprusside (SNP; 10 um) on
cytoplasmic calcium levels (measured as the Fura-2 ratio; Rs40/380) In
single smooth muscle cells of the mouse anococcygeus. Each trace
comprises the integrated data from (a) 6 cells, (b) 12 cells, and (c) 9
cells.

either SNP (1 or 10 uMm) or 8-Br-cyclic GMP (100 um) during
the sustained phase, in concentrations which produced
powerful relaxations of the muscle, produced no reduction
in [Ca®"]; (Figure 4b,c); in contrast, the general calcium entry
blocking agent SKF96365 (20 uM) clearly reduced the [Ca**];
towards basal levels (Figure 4a).

Tension studies with [-escin-skinned muscles

The results so far indicated that the NO/cyclic GMP
signalling system can relax the mouse anococcygeus without
reducing [Ca®"];. To investigate the nature of this calcium-
independent relaxation we carried out some experiments with
p-escin-skinned preparations, in which the plasma membrane
is rendered permeable to calcium, whilst receptor-effector
coupling is preserved.

In skinned muscles bathed in calcium-free relaxing
solution, addition of calcium (0.1-50 um) produced concen-
tration-related contractions, resulting in a maximum increase
in tension of 35+6 mg (n=10); 1 uM calcium produced a

cyclic GMP (100 um) on cytoplasmic calcium levels (measured as the
Fura-2 ratio; Rs49330) in single smooth muscle cells from the mouse
anococcygeus. Cells were bathed initially in calcium-free medium,
before exposure to Tg; 2.5 mM calcium (Ca) was then added 10 min
after Tg. Each point is the mean+s.e.mean from at least five
individual cells.

submaximal contraction (ECs;) and was wused in all
subsequent experiments. Since the object of the study was
to investigate the effect of the NO/cyclic GMP system in
skinned muscles, the substrate for guanylyl cyclase, GTP
(100 um), was added at the peak of the calcium response
(Figure 5a); this resulted in a further increase in tension
(Figure 5a), but NO (96 uM) failed to cause any relaxation of
this combined calcium/GTP-induced tone. Carbachol (50 um)
produced an additional increase in tension in the presence of
calcium/GTP (Figure 5b), and in this case NO (96 um) did
produce significant relaxation of the carbachol-induced
component. The relaxation produced by NO was concentra-
tion-related, the per cent relaxations of carbachol tone in the
presence of 1.5, 6, 24 and 96 uMm NO being 40+3%,
65+12%, 86+19% and 88+ 19% respectively. Similarly, 8-
Br-cyclic GMP (20 um) produced relaxations of this
carbachol-induced tone (126+23% relaxation; n=35;
P<0.05).

Addition of 100 nm Tg, rather than carbachol, also
enhanced the calcium/GTP contraction of permeabilized
muscles (Figure 5c¢); in this case, Tg increased muscle tone

British Journal of Pharmacology vol 132 (4)
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Figure 5 Graphs showing the time-course of tension changes in
mouse anococcygeus muscles skinned with f-escin. Muscles were
bathed initially in a calcium-free relaxing solution and then exposed
sequentially to calcium ions (Ca**; 1 um), GTP (100 um) and then
(a) nitric oxide (NO, 96 um; n=6), b) carbachol (carb, 50 um)
followed by NO (n=06), and (c) thapsigargin (Tg, 100 nm) followed
by NO (n=5). Results are expressed as a percentage of the peak
contraction produced by calcium alone. Each point is the mean+
s.e.mean *significant relaxation induced by NO (P<0.05 compared
with value immediately before addition of NO).

by a maximum of 41+10% above the level induced by
calcium/GTP (n=35; P<0.05). Similar results were obtained
in experiments in which the EGTA concentration of the
bathing medium was increased from 2 mM to 10 mMm; here, in
the presence of 1 uM calcium and 100 um GTP, 100 nm Tg
increased tone by 56+18% (m=5; P<0.05). As with
carbachol, the Tg-induced component of the contraction in
skinned muscles was relaxed significantly by 96 um NO
(Figure 5c), and by 20 um 8-Br-cyclic GMP (100+18%
relaxation; n=>5; P<0.05). Although not shown, NO-induced
relaxations of both carbachol and Tg tone were abolished in
the presence of 5 um ODQ.

Discussion

The most significant finding of the present study is that
activation of the NO/cyclic GMP signalling pathway causes
relaxation of Tg-induced tone in the mouse anococcygeus
without reducing the elevated [Ca’?*];. This observation

provides important information on the cellular mechanisms
involved in the interactions between the NO/cyclic GMP
pathway and capacitative calcium entry in the anococcygeus,
and the relative contribution of these mechanisms to smooth
muscle relaxation.

There is now good evidence that capacitative calcium entry
underlies the raised [Ca’"]; associated with sustained
contractions of the mouse anococcygeus in response to both
receptor agonists and inhibitors of the SR Ca-ATPase
(Wayman et al., 1996a; 1998; 1999; Wallace et al., 1999).
We have previously proposed that the NO/cyclic GMP
signalling pathway can inhibit capacitative calcium entry in
this smooth muscle (Wayman et al., 1996b) and, consistent
with this, in the present study SNP reduced the sustained,
SOC-dependent increase in [Ca**]; observed in the presence
of carbachol. Inhibition of capacitative calcium entry by
cyclic GMP has also been found in blood platelets
(Trepakova et al., 1999), vascular endothelium (Kwan et
al., 2000) and aortic smooth muscle (Cohen et al., 1999). In
theory, such inhibition could result from a direct regulatory
action on the SOC, or indirectly to enhanced refilling of the
SR removing the primary drive for SOC opening. Some
evidence obtained in previous studies on the mouse
anococcygeus supports the latter mechanism, since SNP was
found to enhance refilling of the SR following depletion of
the calcium stores by exposure to carbachol in calcium-free
medium (Gibson et al., 1994; Wayman et al., 1997); in
contrast, the calcium channel blocking agent SKF96365
inhibited store refilling by preventing calcium moving into
the cell through SOCs. Further support for the indirect
mechanism comes from the present study, since neither SNP
nor 8-Br-cyclic GMP could reduce [Ca®*]; in the presence of
Tg, when store refilling via the SR Ca-ATPase would be
prevented. Consequently, our results support the hypothesis
(Cohen et al., 1999) that enhanced refilling of the SR, rather
than direct SOC inhibition, underlies the reduction of
capacitative calcium entry by the NO/cyclic GMP pathway.

However, while our results are consistent with the recent
findings of Cohen et al. (1999) in terms of the mechanism by
which NO/cyclic GMP inhibits capacitative calcium entry
they do not support their suggestion that such inhibition is
essential for smooth muscle relaxation. In the aorta, NO did
not relax tone produced by Tg; in the anococcygeus, Tg-
induced tone was relaxed by NO, SNP and nitrergic nerve
stimulation, and in each case relaxation was markedly
reduced by the soluble guanylyl cyclase inhibitor ODQ. The
relaxations were similar against tone produced by either Tg
or carbachol. Indeed, at the lower frequencies of field
stimulation nitrergic relaxations were actually greater in the
presence of Tg; one possible explanation for this is that
carbachol might activate presynaptic muscarinic receptors on
the nitrergic nerve terminals, which are known to inhibit
nitrergic neurotransmission in the anococcygeus (Li & Rand,
1989). Thus, while inhibition of capacitative calcium entry
may contribute to the relaxant effects of the NO/cyclic GMP
signalling pathway in the anococcygeus it is certainly not
obligatory; other cellular mechanisms must be involved, and
the experiments with skinned tissues were carried out to
provide information on what these mechanisms might be.

In addition to its effects on calcium metabolism, cyclic
GMP is known to modulate excitation—contraction coupling
in smooth muscle at several points beyond the processes

British Journal of Pharmacology vol 132 (4)



S. Ayman et al

NO/cyclic GMP and capacitative calcium entry 813

leading to elevated [Ca®*];; much of the evidence for this has
come from experiments with skinned preparations (Pfitzer et
al., 1982; 1984; 1986; Nishimura & van Breemen, 1989).
Cyclic GMP-dependent phosphorylation of myosin light
chain kinase has been reported, although this seems unlikely
to explain relaxation since there was no change in enzyme
activity associated with such phosphorylation (Nishikawa et
al., 1984; Hathaway et al., 1985). In addition, there is some
evidence of a direct action of cyclic GMP on the contractile
proteins themselves, resulting in altered cross-bridge dy-
namics (Murphy & Walker, 1998; Chuang et al., 1998).
However, the bulk of evidence favours the view that cyclic
GMP, via protein kinase G, stimulates the activity of myosin
light chain phosphatase thereby producing a form of ‘calcium
desensitization’ (Wu et al., 1996; Lee et al., 1997) by reducing
the level of phosphorylated myosin at a given [Ca®"];; as yet,
however, it is not clear whether protein kinase G acts directly
to phosphorylate myosin light chain phosphatase, or whether
the action is indirect via phosphorylation of another protein,
such as telokin, which regulates myosin light chain
phosphatase activity (Lee et al., 1997; Wu et al., 1998; Surks
et al., 1999). In the present study, NO had no effect on tone
induced by calcium itself, but it did relax the further increase
in calcium-induced tension produced by the muscarinic
receptor agonist carbachol, the relaxation being abolished
by ODQ and mimicked by 8-Br-cyclic GMP. This suggests
that in the anococcygeus the NO/cyclic GMP pathway does
not interact directly with the contractile proteins or myosin
light chain phosphatase, but that it inhibits a ‘calcium
sensitization’ mechanism activated by carbachol. Two
important questions for future study arise from our
experiments with skinned preparations. The first concerns
the nature of the calcium sensitization mechanism targetted
by NOj/cyclic GMP in the anococcygeus. Sensitization
processes known to be activated by receptor agonists in
smooth muscle include the RhoA/Rho kinase pathway and
certain isoforms of protein kinase C (Somlyo & Somlyo,
2000). In relation to our results with the anococcygeus, one
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