34

Muscarinic activation of transient inward current
and contraction in canine colon circular smooth
muscle cells

A. Molleman, L.W.C. Liu, and J.D. Huizinga

Abstract: Muscarinic receptor mediated membrane currents and contractions were studied in isolated canine-colon cir
cular smooth muscle cells. Carbachol (A®) evoked a slow transient inward current that was superimposed by a
transient outward current at holding potentials greater than —50 mV. Carbachol contracted the cells by 70 + 2%. The ef
fects of carbachol were blocked by atropine €1M), tetraethyl ammonium (20 mM), and BAPTA-AM (25 mM applied

for 20 min). The inward current and contraction were not sensitive to diltiazen? K1) nitrendipine (3 x 10 M),

niflumic acid (10° M), or N-phenylanthranilic acid (1@ M), but were gradually inhibited after repetitive stimulations

in C&* free solution. N* (2 mM) inhibited the inward current by 67 + 4%. The inward current reversed at +15 mV.
The outward component could be selectively inhibited by iberiotoxin (20 nM) or by intracellufarRepeated stimu

lation in the presence of cyclopiazonic acid (CPALI) inhibited the carbachol-induced outward current and partially
inhibited contraction. CPA did not inhibit the inward current. In conclusion, muscarinic receptor stimulation evoked a
CPA-sensitive calcium release that caused contraction and a CPA-insensitive transient inward current was activated that
is primarily carried by C& ions and is sensitive to Rii.

Key words calcium, carbachol, smooth muscle, cyclopiazonic acid, sarcoplasmic reticulum.

Résumé :0On a examiné la contraction et les courants membranaires induits par les récepteurs muscariniques dans des
cellules musculaires lisses circulaires isolées de colons canins. Le carbactfoM{18 induit un courant entrant

transitoire lent auquel s’est ajouté un courant sortant transitoire aux potentiels de maintien supérieurs a -50 mV. Le
carbachol a contracté les cellules @ ¥ 2 %. Ses effets ont étdloqués par I'atropine (16 M), le tétraéthy-

lammonium (20 mM) et le BAPTA-AM (25 mM appliqué pendant 20 min). Le courant entrant et la contraction ont été
insensibles au diltiazem (I®M), a la nitrendipine (3 x 10 M), a l'acide niflumique (16> M) ou a l'acide
N-phénylanthranilique (@ M), mais ils ont été graduellement inhibés aprés des stimulations répétées dans une solu-
tion sans C#&. Le Ni#* (2 mM) a inhibé le courant entrant dé & 4 %. Celui-ci a été inversé a +15 mV. Le courant
sortant a pu étre sélectivement inhibé par I'ibériotoxine (20 nM) ou par feir@sacellulaire. Une stimulation répétée

en présence d’acide cyclopiazonique (CPA, 3 uM) a inhibé le courant sortant induit par le carbachol, et partiellement
inhibé la contraction, mais n’a pas inhibé le courant entrant. Ainsi, la stimulation des récepteurs muscariniques
provoque une libération de calcium sensible au CPA qui déclenche la contraction. De plus, un courant entrant
transitoire insensible au CPA, principalement transporté par les iofise€aensible au Ni, est activé.

Mots clés: calcium, carbachol, musculaires lisses, acide cyclopiazonique, réticulum sarcoplasmique.

[Traduit par la Rédaction]

Introduction or acetylcholine significantly increases the duration and amplitude
of these slow waves as well as the amplitude and number-of ac
The motility of most organs of the gastrointestinal tract is in tion potentials superimposed on the slow wave plateaus (Barajas-
fluenced by slow waves whose overall characteristics includédpez and Huizinga 1989; Huizinga et al. 1984). These
contributions from the interstitial cells of Cajal (ICC), smooth electrophysiological changes are all associated with an increase in
muscle cells, and nerves. In the canine colon, the slow wave athe force of phasic contractions and both are abolished by L-type
tivity originates from the submuscular plexus area of the circulaCa* channel blockers (Barajas-Lopez and Huizinga 1989;
muscle layer (Liu and Huizinga 1993; Durdle et al. 1983; SmithHuizinga et al. 1984). Carbachol also depolarizes the resting
et al. 1987). Stimulation of muscarinic receptors with carbachomembrane potential of circular muscle cells from —72 to —68 mV;
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this depolarization is not abolished by L-type 2Cahannel length under a stereo microscope and then brought into a taurine-
blockers. These data suggest that muscarinic receptor stimulatiogh (10 mM) extracellular solution (ECS; see Solutions section)
by carbachol evokes two distinct components of the inward cur¥ith 0.1 mM C&* supplemented with collagenase (0.25 mg/mL,

T _ Blend F), papain (1.25 mg/mL), bovine albumin (2 mg/mL), and
rent based on sensitivity o L-type Cechannel blockers. trypsin inhibitor, Type II-S (2 mg/mL). These chemicals were ob

th Several s.tu.dles elucidating the lon cha(tjnnt:ellenvoIved MNained from Sigma Chemical Co. (St. Louis, Mo., U.S.A.). The tis

€ MuScarinic responses were reviewe y Janssen alfle yas incubated for 30-45 min at 37°C under gentle rotation.
Sims (1997). The electrophysiological effects of muscarinicrpe tissue was then rinsed in ECS. Single cells were released by
stimulation have been ascribed to the activation of voltagegentie agitation using a small bore Pasteur pipette. The cells were
gated C&" channels (Clapp et al. 1987; Yabu et al. 1992),brought into normal ECS on 3.5 cm culturing dishes (type 3001,
nonspecific cation channels (Benham et al. 1985; Konda efalcon, Lincoln Park, N.J., U.S.A)) and kept at 4°C until use
al. 1998; Komori et al. 1998), and chloride channels. Irhibi (within 3 h). The dispersed cells were elongated, spindle shaped
tion of K* conductance can also be involved. In isolatedwith a bright, smooth appearance under phase contrast optics. Cells
cells of canine colonic circular smooth muscle, Cole et a|_sglected for experimentation were slightly attached to the culture
(1989) demonstrated that acetylcholine markedly inhibits thélish-

Ca*-activated component of the time dependent outward _

current (gke,), a response sensitive to nifedipine. This effectElectrophysiology

is important in the regulation of excitability. In guinea-pig  Patch pipettes made of 1.5 mm glass (TW150-6; WP-Instruments,
ileal smooth muscle cells, a biphasic suppression of the volfNéw Haven, Conn., U.S.A.) were pulled on a FlamingBrown puller
age-gated G4 channel current through a pertussis toxin in (Sutter P-80 PC, San Rafael, Calif.,, U.S.A.). Culturing dishes

i G tei ty d ibed (U t I(quid volume 3 cni) were placed on a microscope with phase-
sensilive protein was recently described (Unno e Alcontrast optics (Zeiss, Germany). Patch clamp measurements were

1995). With respect to nonspecific cation channels, supererformed at 30°C with electrodes (resistance: 1-3) onnected
fusion of acetylcholine to canine colonic smooth musclethrough an Ag/AgCI junction to the headstage of an Axopatch-1D
cells evoked a transient inward current of 35 pA, followedpatch clamp amplifier (Axon Instruments, Foster City, Calif.,
by a sustained phase of 9 pA (Lee et al. 1993). The sustainddl.S.A.). Voltage clamp control, data storage, and analysis were
phase was mediated by cation channels permeable‘t@Mth performed on a personal computer (Samsung S550) using a TL-1
c&* and blocked by Nit. This sustained inward current interface and the software package pClamp (version 5.5.1, Axon
showed little voltage dependence between —70 and —20 mypstruments). Signals, monitored on a digital oscilloscope
The transient component of the inward current was not charNicolet 3091, Madison, Wis., U.S.A.), were filtered through a 1st

acterized in this study. In the guinea-pig jejunal Smoothorderlow pass filter with a cutoff frequency of 200 Hz, and sam-

2 . . . .})oled at 500 Hz. The micropipettes were mounted on a hydraulic
muscle cells, nonspecific cation channels carrying primaril micromanipulator (Narashige MO-303, Japan, and Newport

Na" ions were activated as a result of the induced'Ga-  mx-530, Fountain Valley, Calif., U.S.A.) to approach the cells.

lease from intracellular stores following an increase in  carpachol was applied to a single cell by a glass pipette (tip di-
inositol 1,4,5-triphosphate (Pacaud and Bolton 1991). Simiameter of 1-21m) brought within 1 cell length. Bathing solutions

lar cation conductances have been described in other smallere perfused at 1.5 mL/min. Carbachol solution was blown
intestine preparations: in guinea-pig ileum smooth musclg“puffed”) onto the cell by pressure (2 bar) for 10 s. Constant flow
cells Konda et al. (1998) showed muscarinic receptor mediwas established within 3 video frames (~60 ms). This period is ne
ated C&" release and cation channel activation by usingglected in the discussion of response delays. Stimulation was mon

C&* fluorescence and a perforated patch clamp. There-is eviored and recorded using a CCD video camera (Hitachi VK-C360,
pan), VCR (JVC HR-DX44U, Japan), and monitor (Mitsubishi

idence that there are two receptor subtypes involved in thié)? ; ;
M 1381A, Japan). Contraction of single cells was measured off-
response (Zholos and Bolton 1997), a phenomenon also se e by loading the recorded video images onto a computer with

in guineafpig. colon (Sawyer and Ehlert 1998). image analysis software and tracing the axes of the cells.
The objective of the current study was to further charac

terise the transient component of muscarinic receptor mediP
ated' '”W"’!rd currents in th.e quonlc smooth muscle. The The tips of patch pipettes were filled with normal intracellular
relatlons_hlps betw_een transient inward and outward C_urrent§olution (ICS; see Solutions section) by suction. The rest of the pi
contraction, and intracellularly stored Tawere studied. pette was backfilled with ICS supplemented withl &mL nystatin
These experiments were performed by puffing carbachotock (5 mg/mL DMSO). Approximate liquid junction potentials
onto single cells to make the responses rapid and highly rqLJPs) were calculated using the Henderson liquid junction poten
producible. The inward currents were repeatedly evoked otial equation (Barry and Lynch 1991), in which ion activities were

the same cell, allowing for pharmacological characterizationrepresented by concentrations. LIPs did not exceed 3.9 mV (for the
Cs-ICS-ECS junction). After contact between the cell and the pi

pette, a gigaohm seal was formed by applying a gentle suction. In

erforated patch clamp

Materials and methods the perforated patch experiments (Falke et al. 1989), only cells that
showed access resistance lower than 18 Within 20 min after
Cell dispersion gigaseal formation were used for experiments. Resting current was

Mongrel dogs were killed with an iv injection of sodium setto zero at the start of each experiment. All results are presented
pentobarbital (100 mg/kg). The proximal colon was dissected, cuas mean = SEn(= number of experiments).
open, and pinned down with the mucosal side up in a dissecting Repeated stimulation (with 10 min intervals) occasionally re
dish containing aerated Krebs solution (see Solutions sectior). Afvealed a decrease of the current response (run-down). Therefore,
ter removing the mucosa and the submucosal layer, the longitudieach test-experiment was preceded and followed by a control ex
nal muscles with the myenteric plexus were removed. Strips operiment. Test experiments were compared to with the average of
circular muscle were carefully peeled off from the remaining mus preceding and recovery controls. Recoveries were never lower than
culature. The strips were cut into small fragments of 1 mm in70% of initial current values.
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Fig. 1. Carbachol-induced currents at different holding potentials.Fig. 2. Effect of iberiotoxin (IbTX) on the outward current

At a holding potential (HP) of —30 mV, the carbachol-induced  evoked by carbachol. IbTX (20 nM) abolished approximately
whole cell current was dominated by an outward current (upward80% of the outward component of the carbachol-induced current
deflection) with a small inward current (downward deflection) in at a holding potential of —40 mV. IbTX was perfused into the

the tail. The inward current became more evident at a holding tissue chamber.

potential of =70 mV when the outward current was not activated.

carbachol
carbachol _—
HP =-30 mV control
T N
HP =-70 mV
50 pA washout
WWJ 50 pA

5s
5s

Solutions and drugs )

The composition of the Krebs physiological salt solution was Carbachol-induced outward current
composed of (in mM): NaCl 120, KCI 5.9, Ca{2.5, MgCl 1.2, When holding potentials were greater than -50 mV, the
NaHCOQ, 20, NaHPO, 1.2, and glucose 11, equilibrated with carbachol-induced response was dominated by an outward

95% O~5% CQ at pH 7.3-7.35. The composition of the standard current (Fig. 1). Iberiotoxin (IbTX, 20 nM), a blocker of large

extracellular solution (ECS) (Molleman et al. 1989) was (in mM): conductance C&dependent K channels, inhibited the carbachol-

NaCl 125, KCI 6, MgC} 2.5, CaC} 1.2, NaHPO, 1.2, HEPES  induced outward current by 81 + 3% € 3, Fig. 2).When the

égitgnge_?cleuf?lcl)jg_lﬁ Prﬁr;\::zsllsleatr 2L|7-t‘,‘ox"'(tlhcg')a8"t'h:?;ﬁ2 PI-outward current was evoked by depolarisation, activation
W 1 WI | u utl W- H ihi

! e X started between —30 and —25 mV and was inhibited by IbTX

ing composition (in mM): KCI 126, NaCl'5, MgGl1.2, HEPES 54 1y “indicating that the Ga-dependent K conductance

10, andp-glucose 11; pH was set at 7.2 with NaOH. - . L . .
Salts were obtained from BDH Inc. (Toronto, Ont., Canada)COUId be activated by either muscarinic receptor stimulation

unless stated otherwise. All drugs were obtained from Sigm#! by depolarisation (Fig. 3). The effects of IbTX were com

Chemical Co. (St. Louis, Mo., U.S.A.), except BAPTA-AM,p-  Ppletely reversible upon washouts (Figs. 2 and 3).
bis@2-aminophenoxy)-ethane-N,N,N’,Ntatraacetic acid tetrakis ~ The onset of the outward current had a delay of more than

(acetoxymethyl ester); Molecular Probes Inc., Eugene, Oreg.1.8 s after carbachol reached the cells, suggesting involve
U.S.A], iberiotoxin (a gift from Dr. T. Jones, Peptide Institute, ment of a second messenger system. If‘Galeased from
Osaka, Japan), and N-phenylanthranilic acid (Aldrich Chemicainternal stores evoked the carbachol-induced outward cur

Company, Milwaukee, Wis., U.S.A.). rent, pharmacological interference with Tastores would
affect the outward current. CPA (8V), a specific blocker of

Results the sarcoplasmic reticulum (SR) €apump, inhibited the
carbachol-induced outward current and completely- pre

Carbachol-induced currents vented a response from the second stimulation with car

The dispersion process yielded fibre-shaped cells with dachol 6 = 7, Fig. 4, left-hand panels). Caffeine (up to
membrane capacitance of & 3 pF; the average cell length 1 mM) did not have any effect on carbachol-induced-cur
at the beginning of experiments was 405 £ dm (n = 29).  rents.

Puffing of ECS supplemented with OM carbachol onto Because the blockade of outward current by CPA could be
the cells for 10 s evoked an inward current at holding potendue to either reduction of the amount ofCéeing released
tials less than —50 mV (Fig. 1). Puffing of ECS without or a direct effect on CGa-dependent K conductance, the ef
carbachol did not provoke a response= 3). An outward fect of CPA on this conductance was investigated. A CPA
current superimposed on the inward current was observed & pM) did not inhibit but rather slightly enhanced theGa
holding potentials greater than -50 mV (Fig. 1). All-re dependent K current evoked by voltage activation (Fig. 5),
sponses (including contractions) were abolished by théndicating that the abolition of the current was not a result of
muscarinic antagonist atropine (faV) (n = 5). The non  a direct blockade of the Cadependent K conductance by
specific K channel blocker tetraethyl ammonium (TEA, CPA. The chelation of cytosolic €a by BAPTA/AM

20 mM) also abolished all responses (including contractionsf25 mM for 20 min) completely abolished the outward -cur
to carbachol it = 4). rent in the first carbachol challenge; this is consistent with

© 2001 NRC Canada
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Fig. 3. Effects of iberiotoxin (IbTX) on the voltage activated Fig. 4. Effects of cyclopiazonic acid (CPA) on carbachol-induced
outward current. When the outward current was evoked by mem currents and contraction. Bar indicates carbachol being puffed
brane depolarisation, IbTX (20 nM) reversibly inhibited the onto the cell. Holding potential was —40 mV. (A) Control re
whole cell outward current. The increment of voltage steps was sponse, (B) first response in CPA (M), (C) second response

5 mV starting from =50 mV; holding potential was —70 mV. in CPA, and (D) washout. Time between stimulations: 1-2,

(A) Current traces in response to depolarising voltage steps. 20 min; 2-3, 10 min; 3—4, 20 min. Left-hand panels show mem
(B) Relationship between membrane potential and peak outwardbrane current. Downward deflection denotes inward current.
current. The graph shows the average response of 4 experimentRight-hand panels show the contractile response to carbachol.
Cell length is relative to the initial length at= 0 for each stim

ulation.
control A 300
100
100 L{
+IbTx -100 40
300 —
B E 100}
< A ©
< 100 < \\/.
= S
= : e -100 € 40
C 300 S
B 34 E100f-wway
<
| (nA) 100 =
b
21 control -100 3 40
D 300 ©
+
N IbTx 100k-I
M 100 \/\
%0 O 0 50 100 40
E, (MV) O Time(s) 30 0 Time(s) 30

inward current showed a strong outward rectification at po
the idea that cytosolic Gis critical for the activation of C4-  tentials between —20 and 50 mV and reversed at 15 m¥ (
dependent K conductance. Furthermore, repetitive stimu 4, Fig. 7).
lations with carbachol after omission of extracellular?Ca Removal of extracellular Cain the presence of 0.1 mM
(replaced with 1 mM EGTA) progressively reduced the-out EGTA inhibited the inward current by29+ 4 % ( = 8,

ward current f = 8). Fig. 8A). In 5 experiments, the current was completely abol
ished. No significant reduction in amplitude of the inward
Carbachol-induced inward current current was observed in subsequent carbachol challenges if

At a holding potential of —70 mV, pufing 1@ M the inward current was not completely abolished in the first
carbachol for 10 s evoked a transient inward current of 20 fhallenge. The inward current was not significantly modified
4 pA that was 4-7 s in duratiom (= 28). The onset of the by substituting extracellular Naor glucamine i = 4).
current had a delay of 1.7 + 0.2 s from the time of stimula  The inward current was not sensitive to the L-type?Ca
tion. channel blockers diltiazem (IfOM, n = 4, Fig. 8) and

The inward current became more apparent when the ounitrendipine (3 x 10’ M, n = 3), nor to the Cl channel
ward component of the carbachol-induced responses waslockers niflumic acid (1® M, n = 3) and N-phenylanthra
abolished by Cs(Fig. 6), and could be seen from holding nilic acid (10* M, n = 3). Ni#* (2 mM), a nonspecific cation
potentials of =90 mV to 0 mV. The characteristics of the in channel blocker, reversibly inhibited the inward current by
ward current were not significantly different at holding-po 67 + 4% G = 3, Fig. 8B).
tentials of —40 or =70 mV. Because current run-down was To investigate the role of G4 released from internal
observed in some cells, ramp protocols were applied duringtores in the generation of the inward current, the effects of
carbachol stimulations to obtain the I-V relationship. VoltageCPA (3 uM), caffeine (1 mM), and BAPTA were studied. In
steps to —90 mV or +50 mV (200 ms) were followed by 6 out of 8 experiments, CPA did not affect the inward-cur
ramps to +50 or —90 mV (800 ms), respectively. Ramps rerent (Fig. 6). In the remaining 2 experiments, the inward
corded in the absence of carbachol were subtracted frorourrent was reversibly prolonged by approximately 35 % at
those recorded in the same cells at the peak of the carbachal-holding potential of =70 mV. Caffeine (1 mM) did not af
induced inward current to isolate the carbachol effect. Thdect the inward currentn(= 3), but BAPTA, a cytosolic Ca
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Fig. 5 Effect of cyclopiazonic acid (CPA) on the voltage acti
vated outward current. CPA (8M) slightly increased the out
ward current evoked by voltage-step stimulations at room

Can. J. Physiol. Pharmacol. Vol. 79, 2001

Fig. 6. Cesium specifically abolished the outward component of
the carbachol-induced current. Replacing fiér Cs" in the
patch-pipette solution completely abolished the outward cempo

temperature. The increment of voltage steps was 5 mV starting nent of the carbachol-induced current as noted at a holding po
from =50 mV; holding potential was —70 mV. (A) Current traces tential (HP) of —40 mV (compare with Fig. 1). WhenCs

in response to depolarising voltage steps. Upward deflectien de abolished the outward current, the inward current evoked by
notes outward current. (B) Relationship between membrare po carbachol was not different at a holding potential of either —70

tential and peak current drawn from graph (A). mV or —40 mV.
= carbachol
control /ZZ= —_—
HP = -40 mV
B 5]
I (nA) HP =-70 mV

50 pA

10's

Fig. 7. Voltage ramp response of the carbachol-induced inward
current. When the outward component was abolished by substi-

tuting K* in the pipette solution for Csthe I-V relationship, as

chelator, loaded as BAPTA/AM at a bathing concentration
of 25 mM for 20 min, completely abolished the inward cur-
rent in the first carbachol challenge € 2, data not shown).

Carbachol-induced contraction

Puffing carbachol onto the cells induced contractions
which shortened them to 70.4 + 2.2% £ 35) of their initial
length. Cells recovered28+ 3 % (h = 16) of their initial
length after 5 min (Figs. 9 and 10). Subsequent stimulations
evoked contractions of the same amplitude (70 + 20
16), with cells recovering 87 + 3% of their initial length.
The onset of contraction had a delay of 1.9 + 0.5:15(35)
from the time point of stimulations. Contraction occurred
over the full experimental potential range (—120 to —30 mV),
with little change in amplitude. The magnitude of the cell
shortening induced by carbachol was independent of the
holding potentials (Fig. 2), however, this was tested in only
one cell. The onset of the contraction had a delay of more
than 1.8 s after carbachol reached the cells, similar to the
carbachol-induced currents. However, unlike the currents,
contractions were not affected by CPA®) (n =7, Fig. 4,

revealed by a ramp protocol, of the inward current showed a
strong rectification at potentials positive of =20 mV. Downward
deflection denotes inward current. The carbachol-induced inward
current reversed at +15 mV.

401 }{
| (PA) &
) P
.§
00’ Iiii..°.§
40 ,
90 £ () 50

mediate abolishment of the initial part of the contraction.

right-hand panels). Caffeine (up to 1 mM) did not have anyThe delay of the onset of contraction was increased up to 7 s

effect on carbachol-induced contractions.
Substitution of extracellular Gafor EGTA only blocked
contraction after repetitive stimulations.

( 7). The carbachol-induced contractions were not
blocked by the L-type Ca channel blockers diltiazem (10
BAPTA/AM M, n = 4) and nitrendipine (3 x 1M, n = 3). Ni2* (2 mM)

(25 mM for 20 min) abolished contraction in the first did not significantly affect the carbachol-induced contrac

carbachol challenge. Addition of CPA (8/) caused an im

tion.
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Fig. 8. Effects of manipulating access of the cell to extracellular Fig. 9. Contractile response to carbachol at different holding po
C&*. Holding potential was —70 mV. (A) Effect of addition of tentials. Carbachol was puffed onto a cell for 10 ¢ at0. Cell
EGTA to the bathing solution on the carbachol-induced inward length is presented as percentage of the initial cell length.
current. ECS, without Cagland with addition of 0.1 mM e, 130 mV; A, =100 mV; +, =70 mV;J, =30 mV. (A) Linear
EGTA, was perfused to the tissue chamber for 5 min before time scale. (B) Log time scale for better visualisation of the de
carbachol stimulation. Carbachol failed to evoke an inward cur lay in onset of the contraction.

rent. This effect was reversible. (B) Carbachol-induced inward

current in the presence of diltiazem anc?NiDiltiazem 120
(10 mM) did not affect the carbachol-induced inward current. In

the same cell, perfusion of 2 mM icompletely abolished the

carbachol-induced inward current.

1 ........................................... -
carbachol 00 %
control N

&
A WWW 80 1 '.”beu 5 ° ’ .
Yy, 0

o
> +e0

=
0.1 mM EGTA, no Ca2* 87 60
WAty A ANIASA Ko
©
after wash with normal ECS = 401
g T : - -
MWWW “ 0 20 40 60
52 Time (s)
B <120
=
5 2
control Q 4o Ftt e —————
% T .E;D [n}
O ..:QQ?JDDD
diltiazem 801 -.-5-;.: 5 °
» 0D o DDD °
% ; : Q + +ﬁ
60 T
washout
401
-
P g T | 50 pp : -
NP2 T Jso 0.5 1 10 60
5s Time (s)
Discussion blocked all responses, suggesting that it affects recepter sig

nalling at the concentration used (20 mM).
This study shows for the first time carbachol-induced in

ward currents and their correlation with contractions inCarbachol-evoked calcium release from the
canine colonic circular muscle cells. It complements & presarcoplasmic reticulum
vious study that described an inward current composed of a Within 1.2-2 s after exposure of the muscarinic receptors
transient and a sustained phase activated by acetylcholirte carbachol, the smooth muscle cells contracted as a €onse
(Lee et al. 1993). Our study further characterises the-tranquence of C# released from the SR. In the presence of
sient component of the inward current. It demonstrates that b-type calcium channel blockers and in the absence of
CPA-sensitive C# store is involved in the muscarinic-re extracellular C&’, we showed that carbachol can still evoke
sponse. Upon carbachol stimulation, the?Caeleased from marked contraction of the circular muscle cells and decrease
the SR induced transient activation of an outward currenthe cell length to 70% of its initial length. CPA, a blocker of
and contraction in smooth muscle cells. All responses werghe SR calcium pump in this tissue (Liu et al. 1995), inhibited
blocked by atropine, suggesting that muscarinic receptorsontractile activity. Carbachol-induced contractions were
mediated the effects of carbachol. Tetraethyl ammonium alsgradually inhibited when extracellular €awas replaced by
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Fig. 10. Single cell contractile response to multiple carbachol

Can. J. Physiol. Pharmacol. Vol. 79, 2001

intestine, activation of CGa-activated K channels was cb

challenges. Cell length is presented as a percentage of the initiakerved subsequent to calcium influx through opening of non-
cell length at the beginning of each carbachol stimulation.
Carbachol reaches the cell at 0. Holding potential was

—70 mV. [, first stimulation; +, second stimulation (after 10 min
interval). (A) Linear time scale. (B) Log time scale to show the

latency of the response.

A

% of initial length)

o

~
e

120

(®))
o

120

specific cation channels upon induced calcium release from
internal stores (Bolton and Lim 1989).

Carbachol-induced transient inward current

Puffing carbachol onto circular smooth muscle cells for
10 s evoked a transient inward current of 4—7 s in duration
with a delay of 1.7 s. This current was not affected by
L-type calcium channel blockers nor by "Ckhannel
blockers. It was very sensitive to the removal of extracellular
C&* but not Nd. Alternatively, the method to remove extra
cellular C&* (addition of EGTA) could have depleted intra
cellular C&*. However, contractions were only inhibited by
this procedure after repeated challenges, suggesting that the
immediate inhibition of the carbachol-induced inward -cur
rent was due to the absence of extracellulaf*Cahis was
confirmed by our observation that Niions, applied extra
cellularly, had the same effect. This current, therefore, ap
pears to be rather selective to“CaThus, the ion selectivity
of the channels mediating the transient inward current is dif
ferent from that of the sustained component of the inward
current evoked by muscarinic stimulation. The sustained
component is mediated by a non-selective cation channel
that does not discriminate between®Cand Nd (Lee et al.
1993). Muscarinic receptor mediated cation channels that are
permeable to G4 are also found in bovine ciliary muscle

Cell lengt

cells (Takai et al. 1997). It is likely that both the transient
and the sustained components of the inward current contrib-
ute to the contraction along with the depolarization associ-
| ated with muscarinic stimulation. The relationship between
— . . . the contraction and inward current was not evident over the
0.1 1 10 100 voltage range investigated (—130 to —30 mV); the driving force
Time (s)

(®))
o

for C&* is still substantial at the greatest potential (~30 mV)
and the involvement of a Gapool could result inindirect
coupling between the current and contraction. The cation
channel mediating the carbachol-induced transient inward
EGTA. This suggests that refiling of the CPA-sensitive current could be coupled to the receptor through the
stores requires replenishment from extracellular 2*Ca diacylglycerol (DAG) pathway. This type of channel activa
sources. These data indicate that although pharmacologicPn was demonstrated in bovine airway smooth muscle
experiments on tissue suggest that contractions evoked Hikajita and Yamaguchi 1993) and rabbit portal vein (Oike et
muscarinic stimulation are primarily mediated by L-type al. 1993).
calcium channels, the smooth muscle cells are capable ef con The carbachol-induced inward current, carried mainly by
tracting through intracellular calcium release upon muscarini€&*, could serve as a calcium source to fill the SR. Because
stimulation. this carbachol-induced transient inward current is not sensi
The hypothesis that carbachol did causé*Galease from tive to L-type calcium channel blockers and refilling of the
the SR was substantiated by the observation that carbach8R requires replenishment from extracellular sources, it is
activated large conductance Tactivated K channels. likely that C&* influx through the cation channels, activated
Carbachol activated an outward current with an amplitude oby carbachol stimulation, is a €asource for refilling the
~200 pA at a holding potential of —40 mV that was inhibited SR. Interestingly, the duration of the inward current is-pro
by iberiotoxin. In contrast, the threshold for voltage longed in the presence of CPA when the SR calcium refilling
activation of a C&™-activated K channel was between —30 is retarded. It is known that depletion of intracellular?Ca
and —25 mV. It is likely that the increase in cytosolic’Ca stores can promote €ainflux (Bourreau et al. 1991; Van
during carbachol stimulation shifted the activation thresholdBreemen and Saida 1989; Shuttleworth and Thompson 1992;
of the C&*-activated K channels to a lower voltage. The Randriamampita and Tsien 1993; Clapham 1993). In the
carbachol-induced Céactivated K current was consis A7r5 smooth muscle cells, 10 mM of verapamil could not
tently inhibited in a time dependent manner after a blockaddlock the C&* influx (Missiaen et al. 1990), indicating that
by CPA of Ca&* uptake into the SR. CPA did not directly-in the filling state of the IRsensitive C&" store regulates the
hibit the voltage activated C&activated K channels. Simi  entry of C&* through a pathway different from voltage-
larly, in isolated smooth muscle cells of rabbit small operated C& channels.
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