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Summary

Many cellular functions are regulated by agonist-induced
InsPs-evoked C&* release from the internal store. In non-
excitable cells, predominantly, the initial C&* release from
the store by IndP3 is followed by a more sustained elevation
in [Ca2*]i via store-operated C&*" channels as a
consequence of depletion of the store. Here, in smooth
muscle, we report that the initial transient increase in C&,
from the internal store, is followed by a sustained response
also as a consequence of depletion of the store (by Pgk
but, influx occurs via voltage-dependent C# channels.
Contractions were measured in pieces of whole distal colon
and membrane currents and [C&'i in single colonic
myocytes. Carbachol evoked phasic and tonic contractions;
only the latter were abolished in C&*-free solution. The
tonic component was blocked by the voltage-dependent
Ca?* channel blocker nimodipine but not by the store-

transient outward currents (STOCs). CCh suppressed
STOCs, as did caffeine and InBz. InsP3 receptor blockade
by 2-APB or heparin prevented CCh suppression of
STOCs; protein kinase inhibition by H-7 or PKC9.36 did
not. InsP3 suppressed STOCs by depleting a Ga store
accessed separately by the ryanodine receptor (RyR). Thus
depletion of the store by RyR activators abolished the
InsPs-evoked C&*transient. RyR inhibition (by tetracaine)
reduced only STOCs but not the InB3 transient. InsP3
contributes to both phasic and tonic contractions. In the
former, muscarinic receptor-evoked In$s releases Ca&"
from an internal store accessed by both 1&g and RyR.
Depletion of this store by In$3 alone suppresses STOCs,
depolarises the sarcolemma and permits entry of Gato
generate the tonic component. Therefore, by lowering the
internal store Ca2* content, InsP3 may generate a sustained

operated channel blocker SKF 96365. & receptor

inhibition, with 2-APB, attenuated both the phasic and
tonic components. In®3 may regulate tonic contractions
via sarcolemma C&* entry. In single cells, depolarisation
(to ~—20 mV) elevated [C&T; and activated spontaneous

smooth muscle contraction. These results provide a
mechanism to account for phasic and tonic smooth muscle
contraction following receptor activation.
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Introduction sarcolemma. Stores are classified, on the basis of the receptors
Agonist-induced increases in the cytosoliCeoncentration they express, into ryanodine-sensitive andPgrsensitive
(ICa2*i) produce smooth muscle contraction characterised bgtores. Whether or not a single store or multiple stores
a fast initial peak, the phasic component, followed by a declingontaining different arrays of receptors exist in smooth muscle
to a lower maintained tension level, the tonic componenis controversial (e.g. Bolton and Lim, 1989; Yamazawa et al.,
Hitherto, the phasic component has been attributed to Bg-Ins 1992; Golovina and Blaustein, 1997; Sims et al., 1997; Janiak
evoked release of @afrom the sarcoplasmic reticulum (SR) et al., 2001). We have recently proposed the existence of two
store; the tonic component fromT&ntry via the sarcolemma Stores in smooth muscle, one with exclusively RyR, the other
following depolarisation, independently of Rys(Baron et al.,  Wwith both RyR and Ir3; receptors (Flynn et al., 2001) (see
1984; Somlyo et al., 1985; Kobayashi et al., 1989). Thiglso Baré and Eisner, 1995).
explanation may now require review; for example, muscarinic SR store receptor activation releases**Ce generate
receptor-induced depolarisation, which underlies the toniintracellular signals, the best known of which are thé*Ca
component, is inhibited in smooth muscle cells that lacRdns ‘sparks’ — spontaneous transient releases &f ftam the RyR
receptors (Suzuki et al., 2000). If, as is implied in this result{reviewed by Bootman and Lipp 1999; Niggli, 1999; Jaggar et
InsP3 is implicated in the tonic response, the question arises as., 2000; Bootman et al., 2001; Sanders, 20013 €garks
to how it can release sufficient €gfrom SR stores of finite in turn activate a number of intracellular effectors including
capacity) to generate both the sustained changes in membrdagge conductance €aactivated K channels [Bl¢a (Nelson
potential and contraction characteristic of the tonic responsef al., 1995) (reviewed by Berridge, 1997)], which regulate
and the C#& required for the phasic component. [Ca2*]i, and a variety of smooth muscle contractile responses
C&* release from the SR store is controlled by two receptorfe.g. Nelson et al., 1995; Ganitkevich and Isenberg, 1996;
channel complexes: the ryanodine receptor (RyR), whickKume et al., 1995; Khan et al., 1998; Porter et al., 1998). The
mediates C#-induced Ca&' release (CICR); and the PR  activation of up to 100 BKs, by a C&* spark from RyR, gives
receptor, which is involved in transmitter/ligand activity at therise to spontaneous transient outward currents [STOCs
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(Benham and Bolton, 1986)] at the sarcolemma, although th&cientific Procedures) Act 1986, a segment of the intact distal colon
precise relationship between them is controversial (Perez et akp ¢cm) was removed and transferred to a Sylgard-coated (Dow
1999; ZhuGe et al., 2000; Kirber et al., 2001). STOCs ar€orning) Petri dish containing an oxygenated (95% & CQ)
sarcolemma-based hyperpolarizing currents that stabilise tfgysiological saline solution (PSS; 118.4 mM NaCl, 25 mM
membrane potential and oppose contraction. Which of the tWf2HC, 4.7 mM KCI, 1.13 mM NagPQ, 1.3 mM MgCh, 2.7 mM

SR C&"* stores is responsible for the generation of STOCs is2Ck and 11 mM glucose, pH 7.4).

| but_choli . ist hich tep Pieces of intact colon were cleaned, by perfusing with PSS, then
unclear but cholinergic agonists, which generatePdns mounted in a vertical, heated organ bath (10 ml, 37°C) filled with

suppress STOCs (Bolton and Lim, 1989; Komori and Boltongyygenated PSS (95%5% CQ). One end of each piece was fixed
1991; Kitamura et al., 1992). Thus, whereas activation of Rykp a hook on the bottom of the bath and the other attached to a force
generates STOCs, sarcolemma agonists that genefdt@hts  displacement transducer (GrassFTO3C). Contractions were recorded
so evoke InB3 receptor activity suppress them. Whether or no{Grass polygraph, Model 79E) in response to drugs added to the bath
suppression of STOCs by sarcolemma agonists is due to tke300pl). Drugs were washed out by emptying and refilling the bath.
generation of other second messengers besides, kisch as Ca*-free solutions were prepared without compensation. Signals
protein kinase C, acting on either the RyR oid3Ks uncertain ~ Were digitized (10 Hz; Data translation board 2801-A) using a

(Kitamura et al., 1992; Schubert et al., 1999; Jaggar anéj)ftware program (kindly provic_ied by F. L. Burton, L_Jniversity of
Nelson, 2000) ’ ' ’ ’ lasgow). To compare contractile responses to agonists, before and

. S after 2-APB, the phasic component was taken as the force developed
Hence modulation of SR €xrelease, as indicated by STOC at the time required to reach 80% of the initial (control) peak

activity, may be an important regulator of smooth musclggntraction minus baseline. The tonic response was measured as the
contraction and account for phasic and tonic phenomena. Thisrce developed from an average of 50 seconds of recording beginning
possibility was explored in the present study and th&.3 minutes (2000 data points) after agonist was added, minus
relationship between STOCs and muscarinic agonists thatseline.

generate I3 was examined using whole cell patch-clamp Single smooth muscle cells were enzymatically dissociated from
and fluorescence techniques in single dissociated smoo#hinea-pig colonic muscle (McCarron and Muir, 1999). Membrane
muscle cells. In particular, the relationship betweerPdns currents were measured using Conve“t'lfnla' t'glht, seal thoée'cla”
receptor activity and the ability to suppress STOCs anfecording. The composition of the extracellular solution was: 80 m
regulate contraction was examined. The results show tig Insﬁlea glutamate, 60 mM Nacl, 4.7 mM KCI, 1.1 mM MgCB mM

i tivit t for th ; f STOC CaCb, 10 mM Hepes and 10 mM glucose, pH 7.4 with 1 M NaOH.
receptor activity can account for theé suppression o S traethylammonium chloride (20 mM), where used, replaced

cholinergic agonists and raise the p_ossmlllty that generatlon uimolar amounts of NaCl. &afree solutions contained Mg(3
InsP3 accounts not only for the phasic component (by releasingivy and ethylene glycol-bigtaminoethyl ether)N,N,NN'-tetra-
Ca* from the SR C# store) but also for the tonic component acetic acid (EGTA, 1 mM). Unless otherwise stated, the pipette
of contraction since If%&, by depleting the SR store, solution contained: 105 mM KCI, 1 mM Mgg£I3 mM MgATP, 2.5
suppresses STOCs and so depolarises the sarcolemma and Pyruvic acid, 2.5 mM Malic acid, 1 mM NaRQs;, 5 mM
facilitates entry via voltage-dependent?Cahannels. creatine phosphate, 0.5 mM guanosine triphosphate, 30 mM Hepes,
0.1 mM fluo-3 penta-ammonium salt and 28 caged Ins(1,4,%%
trisodium salt, pH 7.2 with 1 M KOH. Whole-cell currents were
Materials and Methods amplified by an Axopatch 1D (Axon Instruments, Union City, CA),
Materials low-pass filtered at 500 Hz (8-pole bessel filter, Frequency Devices,

Fluo-3 penta-ammonium salt was purchased from Molecular |:,I,Obégaverhill, MA), digitally sampled at 1.5 kHz using adigid.atainterface
(Cambridge Bioscience, Cambridge, UK), caged-Ins(P48jsodium ~ and Axotape (Axon Instruments) and stored for analysis.

salt, ryanodine and SKF-96365 were from Calbiochem-Novabioche [Ca*]i was measured. using the membrane-lmpermeable dye_ fluo-3
(Nottingham, UK), and nimodipine was from Research Biochemica{penta—ammon|um salt) introduced into the cell from the patch pipette.
(RBI Sigma, Poo]e UK). The protein kinase C inhibitory peptide luorescence was measured using a microfluorimeter that comprised
PKC19.35[PKC |c506.15p|v| (House and Kemp, 1987; Malinow et al., ‘an inverted fluorescence microscope (Nikon diaphot) and a

hotomultiplier tube with a bi-alkali photocathode. Fluo-3 was excited
1989)], had the sequence RFARKGALRQKNVHEVKN and was P

: : N at 488 nm (bandpass 9 nm) from a PTI Delta Scan (Photon Technology
synthesized by Alexis (Nottingham, UK). All other reagents Werepternational, East Sheen, London, UK) through the epi-illumination

purchased from Sigma (Poole, UK). Caffeine (10 mM) and carbachd ' ! ; h h
chloride (CCh; 5QuM or 100 uM) were each applied by hydrostatic port of the microscope (using one arm ofablfur(;ated quartz fiber optic
pressure ejection (PicoPump PV 820, WPI, Aston, UK) an@sins bundle). Excitation light was passed through a field stop diaphragm to

liberated by flash photolysis of the caged compound (see belowjgPKC rgdﬁce bac_:kgrgund_ flugrlt_asr(ience and_dre(fjlechted Orf]f a 55%‘2 nm Ick))ng-_pass
asand heparin were each dissolved in the pipette solution and introduc@f""0Ic mirror; emitted light was guided through a nm barrier
er (bandpass 35 nm) to a photomultiplier in photon counting mode.

into the cells via the patch pipette. Other drugs [atropine sulphat ) . . L .
tetracaine HCI, tetraethylammonium chloride (TEA)] dissolved in water, onger Wava_alengths, from bright field illumination with a 610 nm
ott glass filter, were reflected onto a CCD camera (Sony model XC-

unless otherwise stated, were each perfused into the solution bathing ?% d he view f the Delta S lowi h I
cells (=5 ml per minute). Nimodipine was dissolved in 95% ethanol; fina{ >) Mounted on to the viewing port of the Delta Scan allowing the ce
be monitored during experiments. Interference filters and dichroic

bath concentration of the solvent was 0.05%. 2-APB was dissolved énirrors were obtained from Glen Spectra (London, UK). To photolyse
di-methyl sulphoxide (final bath concentration of the solvent wa - ' :
! yl sulphoide (fi I SOV V! caged-Ins(1,4,%% (referred to in the text as IRg the output of a

0.005%) as were 1-(5-isoquinolinysulfonyl)-2-methylpiperazine (H-7),

indolactam, 2-aminoethoxydiphenyl borate (2-APB), SKF 96365 and€non flashlamp (Rapp_ Optoelecktronic, I_-lamburg, Germany) was
ryanodine (bath concentration of solvent <0.1%). passed though a UG-5 filter to select ultraviolet light and merged into

the excitation light path of the microfluorimeter using the second arm
of the quartz bifurcated fiber optic bundle. The nominal flash lamp
Methods energy was 57 mJ, measured at the output of the fiber optic bundle and
From male guinea-pigs (500-7@), killed by cervical dislocation the flash duration was about 1 millisecond. Single cell experiments
then immediately bled following the guidelines of the Animal were conducted at room temperature (18-22°C).
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STOCs were activated by slowly depolarising the membraneffects on contraction, single smooth muscle cells were isolated
potential from ~—70 mV to avoid activation of a largeCeurrent.  and the effects of Ig-inducing agonists on STOCs examined
STOCs varied widely in amplitude, duration and frequency; thereforqysing patch clamp techniques. Depolarisation to between —20
to summarize STOC activity, they were integrated for 5 or 20 seconghy and 0 mV, from a holding potential of =70 mV, increased
perloctjjs as deS(l:rlbed in the textdA Studemntést was agiph(zd to the [Ca*]i and activated periodic outward currents (Fig. 2Aiii)
raw data; results are expressed as meansts.e.mcelfs (except e . . '
where otherwise stated) with a value ®£0.05 being considered which increased in frequgncy a.nd amp“tUde over ngeral

seconds even as [€& declined (Fig. 2Aiv). Currents varied

significant widely in amplitude, frequency and duration (expanded time
base Fig. 2Ai, and Fig. 2Aiii, which is an ‘all-points histogram’

Results of the membrane current recording at —20 mV). The mean

The response of intact strips of distal colon to carbachol outward current amplitude (£s.e.m.) was 116+30 pA, the rise

Carbachol (CCh, 0.6M) produced an initial large increase in fime 19+13 milliseconds, the 3 of decay 26+7 milliseconds
force (phasic component) followed by a decline to a mor&nd thed.oof decay 36+1 milliseconds{758 from three cells).
sustained level (tonic component, Fig. 1A). To examine its rold he periodic outward currents were indeed STOCs (Benham
in these components, external2Cavas removed from the and Bolton, 1986);'§hey were inhibited, in separate expe_rlmen'gs,
bathing solution. Under these circumstances, the phasfach by the potassium channel blocker TEA (20 mM, Fig. 2Bi)
component to CCh remained, although reduced (10.9¢0s6  and by ryanodine (5aM, Fig. 2Ci). Thus, before TEA, STOCs
7.540.7g in Ca2*-free external solutiom=17 tissues), while Produced a charge entry of 123+32 pC whereas, after TEA, this
the tonic component was almost abolished (6.3#.4s had declined to —1+5 p(n%3, P<0.05, 5 second integral).
1.5+0.8 g, n=17 tissues; Fig. 1A). To determine the Before ryanodlne_ (5QM), the 5 second integral was 47+8 pC;
contribution of In®s, to the phasic and tonic components, theafter the drug, this was 3+5 p@=g, P<0.05).

InsP3 receptor blocker 2-APB (10QM) was used (Ascher-

Landsberg et al., 1999). Unexpectedly, 2-APB reduced both )

phasic (7.6+0.9 vs 2.4+0.8y) and tonic components (4.3+0.7 Effects of InsPs, caffeine and CCh on STOCs

g vs 2.5+0.7g, n=8 tissues; Fig. 1B) significantlyP€0.05).  Depolarisation from —70 mV to —10 mV elevated {gaand
Both components recovered on washout of 2-APB (phasic tactivated STOCs (Fig. 3i-iv). IRs, caffeine (10 mM) and CCh
7.4£1.0g, tonic to 5.9+1.@, n=8 tissues; Fig. 1B).

2-APB, in addition to blocking 1% receptors

may also inhibit C& entry via store-operati A Ca*'-free bathing solution
channels. This might have accounted for '

reduction in the tonic component (Gregory et 60 s

2001). However, the store-operated cha

blocker SKF 96365 (1@uM) did not reduce tk _|Sg

tonic component (control tonic, 7.3+0d} after
SKF 96365, 7.2+0.9, P>0.05,n=6 tissues, da
not shown) suggesting that the reduction of
tonic component by 2-APB may be depender

InsP3 receptor blockade rather than on blockac NN AT
store-operated @& entry. Indeed, the ton cch cCh

contractile component required €aentry vie

voltage-dependent €achannels rather than \ B Control > APB Wash

store-operated channels, since the tonic comp

was blocked by nimodipine (50 nM),

dihydropyridine inhibitor of voltage-depend:

C&* channels (control tonic, 5.4+0.6; after

nimodipine, 1.4+0.4, n=13 tissuesP<0.05, dat 60 s

not shown). In contrast, nimodipine had a less

significant) effect on the phasic compor _| 2g

[control 9.4+1.2g and 4.0+0.6y after nimodipint

(50 nM), n=13 tissuesP<0.05, data not shown] M

\VAVAVAVAVAVAVAVAVAVAVAVAS]

The nature of the periodic outward currents
The results suggested thatPgseceptors could & ) -
involved in both phasic and tonic components Fig. 1. The effects of removmg_external Car addltlon_ of the_ INB3 receptor
prompted an investigation of the basis of blocker 2-APB on the cqntractlle response of the guinea-pig coI_on to ca_rt_)a_lchol
involvement. C&" release from stores reporte (CCh). (A_) The contraction produ_ced by CCh (QNg) glon_e comprised an initial

) ; fast phasic component then declined to a lower maintained level (tonic component).
regulates contraction via spontaneous fran Ce* withdrawal for 3 minutes significantly reduce®k(.05,n=17) the amplitude
outward currents [STOCs (Nelson et al., 19¢ ot the tonic component. (B) In the presence of 2-APB (1015 minutes) both
Accordingly, to explore the possibility tt phasic and tonic components of the CCh response were reduced significantly. The
modulation of STOCs may form the basis offs  contractions were largely restored on washout of 2-APB.

CCh CCh CCh
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Fig. 2. The effects of TEA and ryanodine on periodic outward
currents. (A) Depolarisation to —20 mV (v) from a membrane
potential (M1) of —69 mV activated periodic outward currents

C Ryanodine (i) that increased in frequency and amplitude (mean amplitude
11630 pA) even as [GH; (iv) declined. The current amplitude
varied widely (i,ii). (B) TEA (20 mM, which blocks Kchannels)

60 s inhibited periodic outward currents (i) evoked by depolarisation to
- —30 mV (iii). (C) Ryanodine (5QM), which places RyR in a
subconductance state, inhibited periodic currents (i) evoked by
depolarisation to 0 mV (iii) but failed to increase {@a

significantly. The small increases in fCh (ii) represent a partial
inhibition of conductance at the RyR. Together A, B and C indicate
that the periodic outward currents are indeed STOCs.

S AF/Fy, n=3, P<0.05) and CCh suppression of STOCs was
i reduced. In controls, STOCs were reduced to 12+12% of their
w2 L value by CCh (99£35 pC vs 15+14 pr53, P<0.05). After
o i a VLN Y ST e atropine, in these same cells, the extent of the suppression of

T

STOCs hy CCh had been reduced and they remained at
i 77+17% of their control value (85+21 pC vs 73+28 pE3,

0= P>0.05
(iii) © -05). ivati
= I_ Caffeine suppressed STOCs presumably by activating RyR,
> E70 thus depleting the RyR-sensitive store ofQa.g. Bolton and

Lim, 1989; Ganitkevich and Isenberg, 1995);Ansnay also
(50 uM) each transiently increased [€h, and reversibly deplete the RyR-sensitive store of2Gabut via a different
inhibited STOCs. In six identical experiments, a 5 secondoute. To explore this possibility, the effects of ryanodine on
integral of the membrane current decreased from 143+33 pl@sPz-evoked C&" release were examined. Ryanodine,
to 9+14 pC P<0.05) after InB3, from 105+24 pC to —20+15 significantly reduced the IRs-evoked C&" transient to
pC (P<0.01) after caffeine, and from 86+15 pC to —33+17 p(68+15% of control valuesP&0.05, n=8; Fig. 4). In®3
(P<0.05) after CCh. CCh suppression of STOCs wasncreased [C&]i by 1.9+0.3AF/F units above baseline under
reproducible, being seen in each of 42 cells examined and wpntrol conditions (the sixth control IRs release;n=8); the
to five times in the same cell. The first CCh applicatiorsixth Inds-mediated C#' release in the presence of ryanodine
increased [C#];i (by 1.0+0.2AF/Fo units above baselinez5) (50 uM; 1.3+0.4AF/Fo units above baseline=8, P<0.05) was
and suppressed STOCs to 4+2% of their pre CCh value (89+2lgnificantly less than in the absence of the drug. In the same
pC vs 3+2 pCn=>5, P<0.05). The second application of CCh experiment, activation of RyR by caffeine both increased
also increased [G4];i (by 0.9+0.2AF/Fo, n=5) and suppressed [Ca?*]i and apparently depleted the store ofCso that a
STOCs to —2+3% of their pre CCh value (56+7 pC to —1+%econd caffeine application failed to increase 2{a(by
pC,n=5,P<0.05). Both the CCh-evoked increase in{Qiaand  0.07+0.02AF/Fp units above baselin@=8, P>0.05; Fig. 4).
the suppression of STOCs were blocked by atropingif))  Significantly, after the second caffeine applicationP#so
the [C&*]; increase evoked by CCh was reduced by 97% ttonger evoked Cd release. This latter finding suggests that the
3+3% of controls in the same cells (1.4+0B/F vs 0.1+0.1  InsP3 receptor and RyR have access to a commari €are
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(Flynn et al., 2001), thus IRs receptor activity could inhibit an inhibitory action of tetracaine on the 2Gactivated K

STOCs by reducing the €aavailable for release via the RyR. channel itself since the peak Tactivated K current
The extent to which the store’s €acontent had to be activated by InBs-evoked C&' release was unaltered by the

reduced to inhibit STOCs was next examined. The storé@s Cadrug (740+91 pA vs 679+91 pA in the presence of tetracaine,

content was assessed from the amplitude oPstesoked n=6, P>0.05, data not shown). The reduction in thePs

transients and compared with the probability of STOCevoked C&" transient by ryanodine alone (Fig. 4), probably

occurrence (Prod as the store’s content decreased. The storeccurred as a result of the drug’s rendering the SR leaky to

was depleted of Caby incubating cells in a C&free solution Ca&* so reducing its Cd content. Collectively, these

[containing 3 mM MgCi and 1 mM EGTA (McCarron et al., experiments (Fig. 6A,B) suggest that: (1)Rasdid not activate

2000)]. Ca*-entry induced C# release, from the RyR, plays CICR at the RyR (had it done so, the amplitude of thEsins

a minor role in the generation of STOCs since the currentsvoked C&" transient would have been decreased by

persist for some time in the presence of'@hannel blockers tetracaine); and (2) STOCs arise from the RyR and not the

such as cadmium (Benham and Bolton, 1986; Nelson et alnsPz receptor (since tetracaine blocked STOCs while leaving

1995). The time course of disappearance of STOCs (at —1Be In®3-evoked C&' transient unaffected).

mV) in the C&*-free solution was first examined, then the time

course of reduction of Ii#3 store content (as indicated by the o o

amplitude of C& transients) at various times (30 seconds tol he contribution of InsP3 and protein kinase C to CCh-

8 minutes) was investigated. Both STOCs andPdresoked  €voked suppression of STOCs

C&* transients were abolished in the2C&ee solution (Fig. CCh suppression of STOCs could have arisen from its ability

5). STOCs were the more sensitive. The probability of STO® produce InBz and so deplete the SR Eastore. If so,

occurrence was reduced by 70% from

0.3+0.05 to 0.09+0.025 after 30 second

Ca*-free solution. At the same time (

seconds), the li%s-sensitive C&" store (i) 5s :
content was reduced by only 16+7% _| 20 pA“ | |
control values as assessed by ;

magnitude of the I-evoked CA&*

transient (Fig. 5iv). The store therefi ;) 800 ~
seems to require a substantiafClaad tc i
generate STOCs. Together (Figs 4, 200 [ 30s
these results suggest that a relati 490 |-
modest reduction in SR &acontent is < i
required to inhibit STOCs. = 00 -

E 200 |
The contribution of CICR, atthe RyR, @ .o [
to InsP3-evoked increases in [Ca2*]; g

The finding that ryanodine, by itse 0
decreased the IRs-evoked C&' transien =
(Fig. 4) may be explained in two wa (i) 5
First, In®3z-evoked C&' release coul

have triggered CICR at the RyR; in 4
presence of ryanodine this would 3
prevented so that the &dransient evoke

by Ind3 would appear reduced. Secon 2
by locking the RyR into a subconducta 1
level (Smith et al., 1988; Anderson et -
1989; Xu et al., 1994), ryanodine may h ~ (V).1g9 ~
rendered the store leaky, reducing botk _=> _/
total SR C&* content and that available

InsP3. To distinguish between the (¥) on
possibilities, tetracaine (100M), a local g
anaesthetic with RyR blocking activi ©
was used to inhibit RyR (Pizarro et

1992; Gyorke et al., 1997). Tetracaine T —_—
not reduce the Ii&-evoked C&* transien cCh
(n=8) but inhibited STOCs (300+61 pC InsP;

72+23 pC, 20 . second _|ntegrals)—5, Fig. 3. The effects of InBs, caffeine and carbachol (CCh) on STOCs. Depolarisation from
P<0.05), a finding consistent with  _gg my to—10 mV (iv) elevated [€4; (iii) and activated STOCs (ii). IR (1), caffeine
inhibitory action on the RyR (Fig. 6A,E  (caff, 10 mM, v) and CCh (5aM) each increased [€4; (iii) and reversibly inhibited

The latter result could not be explainec  STOCs (ii and expanded time scale i).
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Ryanodine Fig. 4. The effects of ryanodine on IRsevoked [C&"; transients

f and STOCs.%}At a holding potential of —20 mV (iv)Pagt)

S - S S : increased [C4]; (ii); ryanodine (5QuM) significantly reduced the
T ETe §§ = §_:“§‘_§/§;\§ InsPs-evoked Ca&' transients (i,ii). Activation of RyR by caffeine
oL § S (Caff, 10 mM, iii) increased [C4]; (ii). A second application of Caff

? P some 60 seconds later almost abolished both th&]j@ansient,
5 P presumably by depleting the SR store and thB3dnssponse1()
60 s P leaving only the artefact (ii). Because theAgevoked C&*
— : P transient was blocked after caffeine in the presence of ryanodine,
InsP3 receptors and RyR may share a commoft Gre. i is a
summary of eight experiments.
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blocking the InB3 receptor with, for example, 2-APB, should
prevent the suppression. This proved to be the case. The
[ increase in [C&]i evoked by CCh was significantl<0.05)

O N reduced by 2-APB to 23+14% of control values (by 0.9+0.14

P AF/Fyvs 0.2+0.14AF/F, n=6; Fig. 7). CCh by itself reduced

| | STOCs to 9+14% of their pre-CCh value (14531 pC vs 13£12
pC, n=6, P<0.05). After 2-APB (5QuM), in these same cells,
CCh-suppression of STOCs was reduced and the currents
remained at 85+19% of their pre-CCh value (110+29 pC vs
94+33 pC,n=6, P<0.05; Fig. 7). Similar results were obtained
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Fig. 5. Effects of withdrawal of extracellular €aon the rate of decline of STOCs and on the responseRe. IDspolarisation to —10 mV

from a holding potential of =70 mV (iii) induced STOCs (i) and raised*|C@i). Removal of extracellular Gafor the duration indicated by
the bar abolished STOCs and lowered§do pre-depolarisation levels. The times on the bars indicate the perio&tifr&@d1mM EGTA
solution prior to the release of Ps(ii). A 4 minute period separated the traces as indicated by the gap. At —10 mV the responBe$1tp Ins
i) were elicited 0.5, 1, 2, 4 and 8 minutes aftefGaithdrawal and compared with control responses tB3obtained before removal of
extracellular C&. C&* withdrawal reduced the amplitude of both STOCs and tHesliesponses, the rate of decline of the former exceeded
that of the latter (iv). These results suggest that t& €are content required to support STOCs is greater that that to maingin Ins
responses.



with the impermeable I#3 receptor inhibitor heparin. After
heparin (2.5 mg/ml, ~15 minutes), the f@a increase in
response to i was insignificant: 0.03+0.02AF/Fo units
above baseline (resting 1.3+0.1 &&= 1.4+0.1 F/b after
InsP3, n=5, P>0.05); nor were STOCSs significantly different in

either frequency or amplitude (126+£53 pC vs 126+48 pC after )

InsP3, n=5, P>0.05) from controls. In these same cells, the CCHPiscussion

(50 uM)-evoked [C&*]i increase in the presence of heparinThe present study has shown thaPysontributes to both the
was, like the InB3 response, attenuated to 0.2+0XHFo units
above baseline so that the rise in{Qiawas insignificant (from  muscle contraction. Each component was inhibited bsins

a resting value of 1.3+0.1 F/Rn the absence of CCh to receptor blockade. Since the tonic contractile component is
1.6+0.2 F/lp after CCh,n=5, P>0.05) as was the suppression dependent on entry via voltage-dependent Caannels, InB3

of STOCs (106+40 pC before and 88+35 pC after GEbH,
P>0.05). Together these results indicate that thslreceptor
is essential for the CCh-evoked suppression of STOCs and thettokes a transient &arelease from the Gastore that then
this mechanism underlies the depletion of the SR* Gtre

by the agonist.
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integrals). Together, these results indicate that while protein

kinase C activation can suppress STOCs, muscarinic receptor
activation with CCh does not suppress STOCs by activating the
kinase.

phasic and tonic components of muscarinic-induced smooth

is modulating C#& entry via these channels. One explanation
for these findings is that muscarinic receptor-generatdeg Ins

evokes the phasic component. Depletion of this store
suppresses STOCs since the store responsible for them is

Other second messengers, such as protein kinase C (PK&Xcessed by both RyR andPaseceptors. STOC suppression

may also have contributed to the inhibition
STOCs by mechanisms other than by chang
either In®3 or the SR C# store content. T
examine this possibility, the effect of the br
spectrum protein kinase inhibitor H-7 (IM) was
examined. H-7 did not reduce the ability of CC
inhibit STOCs (Fig. 8A). Under control conditio
at depolarised membrane potentials (~-20 1
STOCs produced an integrated current of 10:
pC, which was reduced to —3+2 pC after C@H,
P<0.05). In the presence of H-7, perfused som
minutes beforehand, STOCs produced

integrated current of 98+30 pC whereas, after (
the charge entry was reduced to 2+3 piS7(
P<0.05; Fig. 8A). Other protein kinase C inhibit
were no more effective. After the protein kinas
inhibitory peptide (PK@g-36 3 mM, ~10 minute:
Fig. 8B), In¥3 and CCh each inhibited STO(
Before In$3, STOCs evoked a 5 second integr:
current of 107+27 pC whereas, after Rgsthe
charge entry was reduced to —6+1.2 p6G3
P<0.05; Fig. 8B). Charge entry before CCh
64+14 pC and, after CCh, was —32+18 pE3|
P<0.05). These results indicate that (
suppression of STOCs is independent of pre
kinase C.

The latter finding may occur because prc
kinase C cannot suppress STOCs or, alternat
because the effect of CCh on STOCs is
mediated via the kinase. To distinguish betw
these possibilities the protein kinase C activ
indolactam was used. Indolactam (10M)
significantly inhibited STOCs (Fig. 8C). Beft
indolactam, [C&']i was 1.6+0.2AF/Fy units anc
STOCs was 386+62 pC (20 second integr
current) whereas, after indolactam, f@a was
1.4+0.1 AF/Fy units P>0.05) and STOCs w.
161+51 pC (20 second integr&:0.05,n=9 in all
cases). The inhibitory action of indolactam
pHM) on STOCs was fully blocked by the inhibitc
peptide PK@o-36 (3 mM) introduced into the ce
via the patch pipette (304+85 pC before
395+152 pC after indolactarm=6, 20 secon
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Fig. 6. The effects of tetracaine on Pwsevoked [C8*]; transients and STOCs.
(A) At a holding potential of —10 mV (iii) I (1) increased [C&];; tetracaine,
an inhibitor of RyR did not reduce the Rwsevoked C&" transient (Ai,ii), although
it inhibited STOCs (B).
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receptor inhibitor, introduced by perfusion, inhibited the ability of
InsP3 and CCh to affect STOCs (ii and i expanded time base).

(i) represents some 30 second excerpts from ii as indicated by the
dotted lines. The increased perfusion per se temporarily increased
STOC amplitude and was unrelated to the presence of a particular
drug. (B) Heparin (2.5 mg/ml), a membrane-impermeablBalns
receptor inhibitor, introduced via the patch pipette, was present
throughout the entire experiment. Other experiments (not shown)
under identical conditions with no heparin present served as controls.
- i : In the presence of heparin, neitherRaér ) nor CCh (10 mM, v)

i) ' significantly altered the amplitude or frequency (ii and expanded

: time base i) of STOCs. CCh activated a transient inward current
causing the resting level of membrane current to fall (ii).

A ZAPB Fig. 7. The effects of InBs receptor blockade on the ability of
_ : : ; ; carbachol (CCh) to suppress STOCs. Depolarisation to —20 mV from
e s : a holding potential of =70 mV (iv) induced STOCSs (ii) and increased

M ~ Jroopa NWW H Liwll [Ca1; (iii). (A) 2-APB (50 uM), a membrane-permeable Rs

400

g

Current (pA)

UELES the depolarisation accompanying agonist activation would
|:' o P reduce C#" via this route [because of a reduced driving force
v r " | on the ion (see McCarron et al., 2000)] compromising the
8 off . : sustained response. In the present proposal, the depolarisation,
T T caused by the suppression of STOCs, forms a central part of
the response and is generated by store depletion.
_ STOCs arise from the €astore, access to which is shared
B Heparin by RyR and the Iri& receptors. Suppression of STOCs is a
i 100 oA direct consequence of depletion of2Ci this store by InBs.
L InsP3 did not, for example, deplete a separate store by releasing
W 2s C&* and activating CICR at the RyR; tetracaine, which blocks
RyR, had no effect on the IRsevoked C&" transient.
Furthermore, at negative sarolemma potentials (=70 mV),
where RyR activity is reduced (Jaggar et al., 1998), ryanodine
had no effect on the IRs-evoked C&" transient (Flynn et al.,
2001). We have previously proposed the existence of two SR
Ca&* stores in these cells (Flynn et al., 2001), one containing
both Ing3 receptors and RyR, the other containing RyR alone.
: . Since block of the RyR did not affect the Pasevoked C&"
(i) P transient, only the store with both receptors was responsible
i s for the generation of STOCs (Bolton and Lim, 1989).

The finding that both 1% receptors and RyR have access
to a common C& store is based partly on the conclusion that
1t : e InsPs-evoked C&' release did not activate CICR at the RyR.
L _ Notwithstanding, ryanodine reduced the Rgpgvoked CA&"
““;-E’OL \ transient in the present study at depolarised membrane
>"E70 i — potentials (~—20 mV), appearing to indicate thaPgsvoked

) on [ [ release activated CICR at the RyR. An alternative explanation
G off T to CICR involvement is that ryanodine, by maintaining the
RyR in an open configuration could have attenuated tiiRs-Ins
evoked C&" transient by reducing the SR €acontent. In
could, in turn, lead to depolarisation and a sustain@tedry  support, tetracaine, which does not open but blocks the RyR,
via voltage-dependent €achannels in the sarcolemma giving did not reduce the Ii®s-evoked C&" transient. At membrane
rise to the tonic component. Indeed, support for theotentials of ~~20 mV (used in this study) the RyR are active,
involvement of InB3 receptors in the tonic response toas shown by their electrical manifestation at the sarcolemma
muscarinic activation is already evident from the observatiofi.e. STOCs). Ryanodine binds to the open state of the RyR
that, in certain murine smooth muscles lacking the typePsIns (Meissner and El-hashem, 1992; McPherson and Campbell,
receptor, cholinergic depolarisation is impaired (Suzuki et al1993; Ogawa, 1994) and, in the concentration range used in
2000). The proposed scheme differs from that in non-excitable present study, may prolong its open time of the receptor
cells where depletion of the store generates a sustainetbeit at a lower conductance (Xu et al., 1994). {Higher
elevation in C&* as a consequence of entry via the voltageconcentrations of ryanodine than those presently used [e.g. 300
independent store-operated channels. If such a mechanigtv (Janiak et al., 2001)] may stabilise the channel in the
were operative in excitable cells, such as smooth muscle, thetosed state.} The persistent opening of the RyR would
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Fig. 8. The effects of protein kinase C modulation o‘Qeansients
and STOCs. (A) Following depolarisation from a holding potential of
—70 mV to —20 mV (iii), H-7 (1QM), a protein kinase C inhibitor,

[ : : had no significant effect on STOC frequency or amplitude (i) or on
s i the ability of carbachol (CCh; iv) to inhibit these responses (i).
4 (B) Following depolarisation from a holding potential of =70 mV to
2L —18 mV, PKGg-36(3 mM), an impermeant PKC inhibitor added to

the patch pipette, failed to affect the ability of eithePing ) or
st - CCh (iv) to inhibit STOC frequency or amplitude (i). (C) Following
! *J : depolarisation from a holding potential of =70 mV to —20 mV (iv)
10 - indolactam (1QuM), which activates protein kinase C, slightly
70 |-_| decreased [C4]; (i), did not alter the InBs-evoked C&* transient
T T (1 i) but significantly reduced STOC frequency (i), see text.

=]
=]
|

increase C# leak from the SR, lower its €acontent and thus second messengers that sensitized the RyR t8*. Ca
reduce the Is-evoked C&" transient. Consistent with this Alternatively, since the ability of Garelease to activate CICR
scheme, at a membrane potential of =70 mV, ryanodine did nat neighbouring RyR increases with SRECeontent, release
alter the InPz-evoked C&* transient (Flynn et al., 2001). RyR, may activate further release under conditions of ‘store
in smooth muscle, is less active at negative membraneverload’ (Cheng et al., 1996; Trafford et al., 1995). Some
potentials (e.g. =70 mV) and increases with depolarisatiosmooth muscle types may maintain a higher SR €antent
presumably reflecting increasing RZR and/or voltage- facilitating CICR at the RyR.
dependent Cd channel activity (Jaggar et al., 1998). Because The mechanism by which muscarinic receptor activation
of the reduced opening of the RyR, ryanodine will be lessuppresses STOCs was deduced from studies on the effects of
effective and would not be expected to reduce thHestesoked the muscarinic agonist CCh. CCh suppressed STOCS; this
Ca* transient. Together these results provide the evidence thiahibition was prevented by each of theRaseceptor blockers
C&* release from the I receptor does not activate CICR at 2-APB and heparin but not by the protein kinase C inhibitors
the RyR but that ryanodine reduces thePsvoked C&"  H-7 or PKGo.36 Photolysed caged IRs also suppressed
transient by increasing €aleak from the store. STOCs, confirming the view that the ability of CCh to suppress
The conclusion that liis-evoked C&" release does not STOCs is solely dependent on the production d?iisee also
trigger CICR at the RyR disagrees with that of others in whictkomori and Bolton, 1990). These present results do not
the reduction of the Gatransient evoked by Ifs-generating  preclude the involvement, in other smooth muscles, of other
agents, by ryanodine, was interpreted as evidence tHg- Ins second messenger systems where other neurotransmitters may
evoked C&" activates CICR at the RyR (Boittin et al., 1999; be operative [e.g. in rabbit portal vein (Kitamura et al., 1992)
Jaggar and Nelson, 2000). The sarcolemma agonists usedaind rat cerebral artery (Jaggar and Nelson, 2000)]. In murine
these latter studies to generatePgas opposed to caged colonic myocytes, muscarinic receptor activation was reported
InsP3 used in the present study) may also have activated othtr inhibit STOCs by increasing the bulk average 2[ia
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(Bayguinov et al., 2001). However, no evidence was presentexdttivation of non-capacitative €aentry pathways (Broad et
that the store’s G4 content had not been decreased by thal., 1999) such as cationic channels (Pacaud and Bolton, 1991;
treatments used to elevate fa (e.g. ionomycin or ACh) Zholos and Bolton, 1997), alterations in the myofilamertCa
(Bayguinov et al., 2001). Such a decrease would seem the massitivity (Somlyo and Somlyo, 2000) anc?Ceelease from
likely explanation for the results obtained. By contrast, in théhe internal stores (Sims et al., 1997). The present results reveal
present study, an increase in f@ais unlikely to account for that the traditionally recognised phasic and tonic components
the suppression of STOCs; STOC inhibition by CCh oP4ns of agonist-induced smooth muscle contraction may be
persisted even when [€%; had been restored to levels existing mediated, at least in part, by R The mechanism proposed
before In®3 or CCh had been applied. The persistent inhibitiorhelps to explain why excitatory G-protein-coupled agonists,
of STOCs in the present study presumably reflected the timgich as ACh, triggered biphasic changes in bot#*Cand
course of store refilling. Indeed, theCaontent of the stores the contractile state (Himpens and Somlyo, 1985; Williams and
needs to fall by only a relatively small amount to suppresfay, 1986). The first component is transient, reflecting Ca
STOCs. Estimates from the present study suggest thatrelease from the internal store. In the second (tonic
decrease in the €acontent by ~16% resulted in a 70% component), depletion of the store leads td*Gantry via
inhibition of STOCs. Consistent with this observation, aftervoltage-dependent €achannels because of the depolarisation
depletion, the store [ must exceed 80% of normal that arises from the suppression of STOCs, which generates a
capacity before there is steep relationship betweefi” Catonic contractile phase; each component requireRsins

content and STOC occurrence (ZhuGe et al., 1999).

If both agonist-induced phasic and tonic components each The authors thank Stuart Cobbe for useful discussions. This .v.vork
depend on Irgs production, this substance must be availableVas funded by the Wellcome Trust (0554328/Z/98/Z) and British
throughout the presence of the agonist. There is evidence tH#fa't Foundation (PG/2001079). J.G.M. was a Caledonian Research
this is the case. Ifs formation, as deduced both from oundation Fellow when this work was carried out.
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