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Abstract. Muscarinic m3 receptor-mediated changes inclosing of calcium channels located in the plasma mem-
cytosolic C&" concentration ([C&],) occur by activa- brane (Tsunoda, 1993; Felder, Singer-Lahat & Mathes,
tion of C&" release channels present in the endoplasmid994; Clapham, 1995). &4 influx through voltage-
reticulum membrane and €zentry pathways across the insensitive C&' channels has been shown to be present
plasma membrane. In this report we demonstrate thén different cell types such as human platelets (Sage &
coupling of m3 muscarinic receptors to the activation ofRink, 1987; Merritt et al., 1990; Mahaut-Smith, Sage &
a voltage-insensitive, cation-selective channel of lowRink, 1990; Rink & Sage, 1990), rat smooth muscle
conductance (3.2 + 0.6 pS; 25nC& " as charge carrier) (Sage & Rink, 1987; Benham & Tsien, 1987), human
in a fibroblast cell line expressing m3 muscarinic recep-endothelial cells, human neutrophils (Merritt, Jacob &
tor clone (A9m3 cells). Carbachol (CCh)-induced acti- Hallam, 1989), rat parotid (McMillian et al., 1988), mu-
vation of the cation-selective channel occurred both inrine thymocytes (E|_M0tassim et a|" 1989)’ rat mast cells
whole cell and excised membrane patCheS (CCh on thgﬂoth & Penner’ 1992)1 rat |ymphocytes (Mason, Ma-
external side), suggesting that the underlying mechanismayt-Smith & Grinstein, 1991), mouse neuronal cells
involves receptor-channel coupling independent of intra(\athes & Thompson, 1994), rat neonatal cardiomyo-
cellular messengers. In excised inside-out membrangytes (Merie, Feige & Verdetti, 1995) and human T cells
patches from nonstimulated A9m3 cells GTP (18)  (zweifach & Lewis, 1993), suggesting the existence of a
and GDP (10pm) activated cation-selective channels pew class of voltage-insensitive €achannel.
with conductances of approximately 4.3 and 3.3 pS, (25  pepending on the mechanism of activation, voltage-
mm C&* as charge carrier) respectively. In contrast,insensitive C&" channels can be grouped in the follow-
ATP (10 um), UTP (10 um) or CTP (10um) failed o jng types (Tsunoda, 1993; Felder et al., 19940: (i) Chan-
activate the channel. Taken together, these results sugre|s activated by second messengers following depletion
gest that carbachol and guanine nucleotides regulate the intracellular C&" stores. (i) Calcium channels which
activation of a cation channel that conducts calcium.  are activated by second messengers following receptor
. stimulation. (iii) Calcium channels which are directly
Key words: Ca* channel — Receptor — Carbachol — operated by a receptor. Due to their extremely low con-

Acetylcholine — Voltage-independent Eachannel — ductance, voltage-insensitive €ahannels have evaded

Cation channel direct measurement and only recently has the electro-
physiological characterization of these currents been

Introduction possible. Most of the voltage-insensitive ‘C&hannels

i i _ . characterized to date belong either to the depletion-
Chgnges in cytosolic free-calcium concentration, gnerated C& channel group or to the second messenger-
[Ca™];, are regulated, in part, through the opening andyperated C& channel group, but very little is currently
known about the receptor-operated?Cahannel group.
I The first direct measurement of a receptor operatet-Ca
Correspondence taC.C. Felder channel was performed in smooth muscle cells, where
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ATP stimulated the opening of a low conductance cal-ceptor m3 clone as described elsewhere (Bonnel et al., 1988). A day

cium-selective channel that was both second messenget?efore the experiment, cells were plated on 35 mm disheg (Corning

and voltage-insensitive (Benham & Tsien, 1987). Little ©1ass Works, NY) at a density of 70,000 celis/ml (3 ml/dish) and

. . . cultured at 37°C in an atmosphere of 90% air and 10%.CO

is known, however, about the mechanism of coupling

between the receptor and channel proteins and if this

type of channel is present in nonexcitable cells. We havéELEcTROPHYSIOLOGY

described a marked elevation of Tanflux following

muscarinic m3 receptor activation in murine fibroblastsPatch-clamp experiments were carried out at room temperature (20—

that is also independent of second messenger release afR]C)- Measurements of membrane potentil,)( under current-

changes in intracellular calcium, and appeared to be of 2P conditions or membrane curref) under voltage-clamp con-
ditions were made using an EPC-7 patch-clamp amplifier (List-

the re_ceptor—operated @fachanngl type (Felder., Poulter Electronics, Darmstadt-Eberstadt, Germany). Patch pipettes were

& Weiss, 1992). The muscarinic receptor-activated calyylied from soda glass capillary tubes using a BB-CH-PC puller

cium influx was shown to play an important role in the (Mecanex, Switzerland). For single-channel current recordings, the pi-

transduction of signaling mediated by phospholipage A pettes were coated to the tip with slygard (Corning, NY). Pipettes

phospholipase €, tyrosine kinase and phospholipase Dfi!led with solutions had tip resistances fro_m 4 tovBl. V,, and.lm

(Felder, 1995). Furthermore, recent studies have "nkealgnals at the outputs pf the EPC-7 amplifier were made using a 4

muscarinic receptor-stimulated calcium influx to the re- channel analog magnetic tape recorder (frequency response 0-25 kHz).

. . - The corresponding records were digitized using the TL-1, 12-bit analog
versal of CHO cells from a tumorigenic to a nontumori- converter board interface controlled by a Labmaster DMA board (Axon

genic phenotype (Felder et al., 1993; Singer-Lahat, Ma &nstruments, Saratoga, CA) and data analyzed with Axotape 2.2 and

Felder, 1996). pClamp 5.51 software (Axon Instruments, Saratoga, CA). A low pass
To further characterize G4 influx stimulated by 8-pole Bessel filter set at 200 Hz was used to filter the current output

muscarinic receptors whole-cell and single-channel curof the feedback amplifier. Single-channel analysis was performed us-

rents were recorded. We report here that external applifd TRANSIT (A.M.J. VanDongen, Duke University, Chapel Hill, NC;

. Lo . . ™ Ottolia & Toro, 1994).

cation of the muscarinic agonist, carbachol, can activate

a cation-selective channel in excised outside-out mem-

brane patches. In addition, GTP or GDP can also actiResylts

vate cation-selective channels in inside-out membrane

patches. Furthermore, GTP- or GDP-activated cationrg jnsure extensive dialysis of cytoplasmic components
channels exhibited characteristics (conductance and Kighich might be second messengers, cells were dialyzed

netics) which were remarkably similar to those of thefor at |east 15 min prior to measurement of whole-cell
carbachol-activated cation channels. Taken togetheko, currents.

these results suggest that CCh, GTP and GDP regulate a
common cation channel which conducts calcium. The
negative results with other nucleotides further suggestNWARD CURRENT ACTIVATED BY CChIN FIBROBLASTS
the involvement of a guanine nucleotide binding domainEXPRESSINGM3 MUSCARINIC ACETYLCHOLINE RECEPTOR
that modulates channel activity.
Under voltage-clamp conditions, with the membrane po-
tential held at the reversal potential for @CI], =

Materials and Methods 166.4 nu; [CI]; = 16 mv; V,, = —60 mV), the holding
current remained unchanged in the presence 6f90s
MATERIALS AND ELECTROPHYSIOLOGICAL SOLUTIONS lution. After an equilibration period, CCh-induced

changes in holding current were investigated. As shown
Whole-cell membrane currents and single-channel currents were rein Fig. 1A, upon application of the agonist, a transient
corded from outside-out excised membrane patches as described elsenvard current was detected. Since the membrane po-
where (Kukuljan et al., 1992). The extracellular medium was @@m  tential was held at th&,., for CI~, the inward current

NaHepes at pH 7.4. The inner aspect of the membrane was alway; oth. The average peak value of the transient current
exposed to a solution designed to minimize ion flow throughcKan- ) ge p

nels (in mu: 18 CsCl, 70 CsSQ 5 MgCl,, 10 NaHepes, pH 7.2). was -30.7 £ 3.5 pAr{ = 3). _ N
Carbachol was purchased from Sigma. GTP, §SPGDP and Plasma membrane resident voltage-insensitive chan-

GDPBS were purchased from Boehringer Mannheim (Indianapolis,nel gating depends on receptor occupancy (Tsunoda,

IN). 1993). Figure B depicts a family of superimposed cur-

rent records in response to single pulses taking the mem-
brane potential to different levels (from -55 to -95 mV
in 5-mV increments). Since each voltage step was 85
A9 fibroblasts were obtained from ATCC (American Type Culture MS€C in duration, we observed only transient currents
Collection, MD) and transfected with the muscarinic cholinergic re- (the first peak of the ion response in Figd)1 It is im-

CeLL CULTURE



D. Singer-Lahat et al.: MReceptor-operated €aChannels 23

A B

T carbachol (100 pM)

pA -20

-95 mV

oa 10T

20 +

Fig. 1. CCh-activated inward current in the whole cell configuration. Membrane potential was held at —60 mV corresponding to the revel
potential for CT. (A) Temporal course of inward current elicited by external application of CCh (M)0 Data shown are a representative record
selected from at least 3 different cell&) (Superimposed whole cell current records in response to single pulses (107 msec duration) taking t
membrane potential to different levels in 5- mV increments. The absolute membrane potential during the pulses is indicated in mV next tc
corresponding trace. A low pass 8-pole Bessel filter set at 10 Hz was used to filter the current output of the feedback amplifier. Data showr
representative recordings from at least 3 different cel3.I{V curves in the absenc®j and in the presence of CCI®]. The vertical axis
represents the mean & 3) value of the current at 100 msec after the onset of the pulses has been corrected to take into account the holding cur

mediately apparent that the current flowing through opersient current depicted in Fig.Alreached its maximum
channels is rather insensitive to the transmembrane pdevel. The experiments described in the following sec-
tential during the pulses (FigC). As shown in Fig. B,  tion were designed to determine the characteristics of the
the time course of the current at different potentials ressingle channels involved in CCh-induced currents.
mained unchanged-V curves from nonstimulatedX)

conductance of 168 and 550 pS, respectively (F{@.1 MemBRANE PATCHES

Thus, CCh stimulation of A9m3 cells induced a conduc-

tance increase of approximately 382 pS. The recorddhe microscopic characteristics of the CCh-induced cur-
from CCh-stimulated cells were acquired when the trantent were examined in outside-out excised membrane
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v ‘ AL ] Fig. 2. CCh-activated channel activity.
Outside-out excised membrane patch from a
- - -y —— oy ot J resting A9m3 cell. These are representative steady
Al | ! W sequential traces at a membrane holding potential
. L of =60 mV. The records were filtered at 200 Hz.
e """] L 'w" i M - e ] Data are representative of at least 5 cells.
[I—
0.5s

patches. Nonstimulated A9m3 cells were internally dia-
lyzed for approximately 10 min. Outside-out membrane By =0.2pA
patches were then excised and single-channel activit
was recorded during a 9-min control period. Prior to the
application of CCh, channel events were infrequent.
Figure 2 demonstrates ion channel activity in the pres:
ence of carbachol while the membrane potential was hels
at —-60 mV. After a brief delay, CCh stimulated channel /

16 events

activity (Fig. 2; left panel, top record). Furthermore, the
channel remained active for many minutes after a com ‘ .
plete washout with CCh-free solution, and after the ap- AMPLITUDE
plication of atropine (100uwM), a muscarinic receptor
antagonist data not showhp

Amplitude histograms (Fig./” calculated from the
data in Fig. 2 revealed 3 components with mean ampli-
tudes of —-0.2, -1.6, and -1.9 pA. Single-channel con-
ductance ., estimated from the correspondirigV OPEN CLOSE
curve was 3.2 + 0.6 pS 25mCa&"* (data not showp
Single-channel conductance was insensitive to the add
tion of Na" as charge carrier (in m 121 Nd, 25 C&™). s
Under these conditions the average single-channel cor 100 events
ductance was 3.5 = 0.3 p84dta not showph Open and
close time distributions are shown in FigBand C,
respectively. Two time constants were required to fit the
open time histogram in Fig.B 8.3 and 59.7 msec. The \
close time histogram in Fig.Galso required two time 100 ms
constants, 2.8 and 838 msec.

70 events

55 ms

Fig. 3. Amplitude, open-time and close-time characteristics of the
EFFecTs oFGUANINE NUCLEOTIDES ON THEACTIVITY OF channel activated by CCh. Data were obtained from the a trace of
THE CHANNEL current that part of it is shown in Fig. 2AY Amplitude histogram. The

smooth curve was calculated to fit the channel amplitude data and

. .. L revealed 3 levelsy). (B) Open-time distribution. Two time constants
To test the involvement of G-proteins in activation of the oo required to fit the histograns,(= 8.4 andv, = 59.7 msec).C)

ion channel, the internal aspect of the cell membrane wagjose-time distribution. Two time constants were required to fit the
exposed to GTP or GH5 (10 um) and channel events histogram. {; = 2.8 andw, = 838 msec).
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activity was initiated by GTP (1@m) recorded

from an inside-out membrane patch. These are

w } :l ] q W | w1 j| representative steady sequential traces at a

membrane holding potential of -60 mV (cytosolic

TWT“‘"”T"‘T’W ] — J side positive). The patch was exposed to the same

solutions (internal and external) as in Fig. 2.

Records filtered at 200 Hz. Data are representative

l ] T o ] of at least 4 cells.

—_

05s

were recorded. In these recordings the same solutiongme histogram (6.4 and 503 msec) revealed from the

were used as for the carbachol-activated currents in ouhannel events that are shown Fig. 5.

side-out excised membrane patches (Fig. 2). Prior to the

application of guanine nucleotides only infrequent chan-

nel openings were observed when the membrane poteiscussion

tial was held at the reversal potential for Cl (=60 mV).

This type of infrequent activity remained unaltered by We report here compelling evidence suggesting that the

shifting the holding potential to +60 mV (intracellular m3 receptor might be coupled to a cation-selective chan-

side positive). In contrast, application of GTP (1)  nel which is insensitive to transmembrane potential. The

to the intracellular side of the membrane patch evoked ainderlying mechanism might involve an as yet uniden-

profound stimulation of the channel activity. Figure 4 tified GTP binding protein.

shows ion channel events in the presence of GTP. Hold-  Application of CCh from the extracellular side of the

ing the membrane potential at +60 mV, 120 mV more A9 fibroblast membrane, both in whole-cell and excised

positive than the reversal potential for Clhe amplitude  outside-out patches, activated a cation-selective channe

of the single-channel event was 0.2 + 0.08< 6; data  of low conductanceda. 3.2 pS with 25 mu C&* as

not showi. Single-channel conductance) with 25  charge carrier). It was previously shown in chromaffin

mm Ca* as a charge carrier estimated from thécurve  cells (Pusch & Neher, 1988), that the time constant of

was 4.3 £ 0.8 pS. Two time constants were required teexchange between the cell and pipettes with resistance o

fit the open-time histogram (3.1 and 23.7 msec) and thet0 m) was 1 min for substance of molecular weight

close time histogram (19.2 and 470 msec) revealed fromaround 1,000. Since the cells were dialyzed for at least

the channel events that are shown in Fig. 4. 15 minutes prior to measurement of whole-cell ion cur-
We tested the ability of GDP and the nonhydrolyz- rents, the concentration of diffusible messengers on the

able analogue GDOBS, to block the coupling of m3 cytosolic side of the membrane was probably diluted to

receptor to channel activation. However, instead ofa minimal level. Thus, the CCh-activated ion channel

blocking, GDP and GDPS (10 uMm) applied to the cy-  activity is most likely a membrane delimited process.

tosolic side of the membrane (Fig. 5) activated a cation-

selective channel. Shown in Fig. 5 are 12 segments of a

continuous record of the channel activity recorded im-TRANSITORY EARLY AND DELAYED SUSTAINED INWARD

mediately after the application of GDP (). Single-  CATION CURRENT EVOKED BY CCh

channel conductancey{, estimated from the corre-

spondingl-V curve was found to be 3.2 + 0.8 pS (23m CCh can activate an early, transient inward current (peak

C&" as charge carrier). Thus, the single-channel coneonductance 382 pS) which is followed by a sustained

ductance activated by GTP, GDP or GB®ranges from  smaller inward current (external solution inmm25 C&*

3.210 4.3 pS. Two time constants were required to fit theand 121 N&). Since the membrane potential was held at

open-time histogram (2.2 and 30.6 msec) and the closthe calculated reversal potential Cthe inward current
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Fig. 5. GDP (10um)-evoked channel activity.

| Experimental conditions as in experiment
'IME W i Rm I V_ﬂ ] W Wi W?ww I ] described in Fig. 4. These are representative

steady sequential traces at a membrane holding

potential of -60 mV Records filtered at 200 Hz.

W‘WWWF' ] ! 1 - ] Data are representative of at least 5 cells.

is most likely to be carried out by either €aNa" or  Another possibility is that the low frequency of the filter
both. used during the experiment masked short openings of the
Assuming that CCh activates only one type of cationchannel. Since we are dealing with a cation channel with

channel, the early transitory component of the inwarda very small conductance, we were forced to use this
current must result from the activity of a large number offilter to overcome excessive noise. Low concentrations
such channels. The transitory nature of the inward curof guanine nucleotides were required to open the cation
rents suggests that in the maintained presence of thehannels. This explains the ability of CCh to activate the
nonhydrolyzable agonist, CCh, the coupling mechanisntation channel in excised membrane patch configuration.
partially inactivates. This kind of inactivation was not Application of GTP or GDP to the bath in the inside-out
observed when CCh was added to the extracellular sceonfiguration patch, after activation of the cation channel
lution and activated the cation channels. Moreover, acwith CCh (in the presence of CCh in the pipette), did not
tivation of the cation channel could not be blocked byattenuate activation of the channalafa not showh
atropine or by washout of CCh. Therefore, it is possiblewhich suggests that the same type of channel is activatec
that in excised patches an intracellular component inby the three compounds. The observation that ATP,
volved in cation modulation is missing. CTP or UTP were without effect is further evidence that

the domain on the channel or proteins that control the

opening of the cation channel specifically requires gua-
GTP-BINDING PROTEINS MIGHT BE INVOLVED IN THE nine nucleotide in order to activate the channel.
ACTIVATION OF THE CATION CHANNELS Activation of the channel by GDP and the nonhy-

drolyzable analogue GO#FS is not consistent with the
As shown in the Table, application of GTP, GDP and G-protein mechanism. Indeed, it is well established that
GDPBS to the internal aspect of the cell membrane re-binding of GDP (or GDBS) to thea-subunit of het-
sulted in the rapid activation of the channel. It should beerotrimeric G-proteins renders thesubunit inactive and
noted that the single channel parameters, i.e., condugrevents G-protein mediated receptor-channel coupling.
tance, mean open time and mean closed time, for thélowever, it was shown previously in cardiac sarcolem-
channel activity evoked by external application of CCh,mal membranes that application of GDP and GBP
internal application of GTP and GDP (or GBB) are inhibits adenylate cyclase in a similar way as application
very similar (Table). CCh-activated channel conductancef CCh or GTP (Quist, Powell & Vasan, 1991). Our data
of 3.2 pS is identical to that obtained with GDP (or further support the suggestion that the muscarinic recep-
GDPBS). In addition, channel kinetics are similar in the tor-effector coupling mechanism may be unigue in some
three situations (open time and close tinsegTable).  tissues (Quist et al., 1991). Another novel interaction
Activation of the cation channel by CCh, GTP, or GDP between a G-protein-coupled receptor and'Gzannel
revealed bursts of channel events with a long openingvas shown in Dictyostelium in which G-proteins were
time (Figs. 2, 4, and 5) and long close time constantsot involved in the interaction between the receptor and
(Table) which might be characteristic of this channel.the C&* channel (Milne et al., 1995).
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Table Comparison of the kinetics characters of the cation channels that are activated by carbachol)1GUP (10um) or GDP (10wm)

Property Carbachol GTP GDP/GBB
Number of cells 1) 5 4 5
Single-channel current -0.15+ 0.04 -0.2+ 0.03 -0.14+ 0.003
(pA; membrane potential at -60 mV)
Conductance (pS) 32 £+ 06 43+ 0.8 32 £ 08
Open-time constants (msec) 32 £ 1 39+ 1 45 = 2
424 + 10 246+ 12 46 +20

Close-time constants (msec) 68 £ 1 14 + 4 54 £ 2

748 249 684 +200 443  +98
Values are mean sem. Two time constants were required to fit the open-time and close-time histograms.
PoTENTIAL PHYSIOLOGICAL ROLES OF MUSCARINIC Felder, C.C., Poulter, M.O., Wess, J. 1992. Muscarinic receptor-
RECEPTOROPERATED C&" CHANNELS operated C# influx in transfected fibroblast cells is independent of

inositol phosphates and release of intracellulaf*C&992. Proc.
Natl. Acad. Sci. US89:509-513

Receptor-operated €achannel may provide the pre- Felder, C.C., Singer-Lahat D., Mathes, C. 1994. Voltage-independent
dominant source of calcium required for the stimulation  calcium channelsBiochem. Pharmacok8:1997-2004

of extracellular calcium-dependent effector enzymesyoth, M., Penner, R. 1992. Depletion of intracellular stores activates a
such as tryosine kinase and phospholipases A2, D, and calcium current in mast cell$lature 355:353—-356

Cy (Felder, 1995). It is unlikely that the carbachol- kukuljan, M., Stojikovie, S.S., Rojas, E., Catt, K.J. 1992. Apamin-
stimulated channel activity observed in excised patches sensitive potassium channels mediate agonist-induced oscillations
plays a significant role in refilling of cytoplasmic cal- of membrane potentidfEBS Lett.301:19-22

cium pools, as this process is thought to be under th@tahaut-Smith, M.P., Sage, S.O., Rink T.J. 1990. Receptor-activated
regulation of diffusible messengers (Brown & Birn-  single channels in intact human platelets. Biol. Chem.
baumer, 1990; Felder et al., 1994). Recent studies 26510479-10483

(Felder et al., 1993; Singer-Lahat et al., 1996) linkedMason, M.J., Mahaut-Smith, M.P., Grinstein, S. 1991. The role of
carbachol-activated &a channels to the reversal of intracellular C&" in the regulation of the plasma membrane’Ca
CHO cells from atumorigenic to a nontumorigenic phe- permeability of unstimulated rat lymphocyte3. Biol. Chem.

; : : ) . : 266:10872-10879
notype, suggesting their role in a variety of physiological ) )
Mathes, C., Thompson, S.H. 1994. Calcium current activated by mus-

processes. carinic receptors and thapsigargin in neuronal céli&en. Physiol.
104:107-121
McMillian, M.K., Soltoff, S.P., Lechleiter, J.D., Cantley, L.C., Talamo,
References B.R. 1988. Extracellular ATP increases free cytosolic calcium in rat

. ) parotid acinar cells: Differences from phospholipase C-linked re-
Benham, C.D., Tsien, R.W. 1987. A novel receptor-operated calcium- ceptor agonistsBiochem. J255:2291-300

permeable channel activated by ATP in smooth musikligture

328975-278 Merie, P.L., Feige, J.J., Verdetti, J. 1995. Basic fibroblast growth factor

. activates calcium channels in neonatal rat cardiomyocyte3iol.
Bonner, T.1., Young, A.C., Brann, M.R., Buckley, N.J. 1988. Cloning

: . : Chem.270:17361-17367
and expression of the human and rat m5 muscarinic acetylcholine
receptor genes\leuron1:403-410 Merritt, J.E., Armstrong, W.P., Benham, C.D., Hallam, T.J., Jacob, R.,

Brown, A.M., Birnbaumer, L. 1990. lonic channels and their regulation ‘llq?gs—?zar;;egcd ASKIL_QEB(IS%ZSBaKnOV’\gICEiTLTt%r i%é‘;cg(:g:?ns]é;;é’d
by G protein subunitsAnn. Rev. Physiob2:197-213 T : i P

) : o ) calcium entry.Biochem. J271:515-552
Clapman, D.E. 1994. Direct G protein activation of ion channels? . b I ¢ i
Annu. Rev. Neuroscl7:441—464 Merritt, J.E., Jacob, R., Hallam, T.J. 1989. Use of manganese to dis-

criminate between calcium influx and mobilization from internal

Clapman, D.E. 1995. Calcium signalingell 80:259-268 stores in stimulated human neutrophils.Biol. Chem264:1522—
El-Motassim, C., Maurice, T., Mani, J-C., Dornald, J. 1989. The 1507

[Ca*], increase induced in murine thymocytes by extracellular

ATP does not involve ATP hydrolysis and is not related to phos- Milne, J.L.S., Wu, L., Caterina, M.J., Devreotes, P.N. 1995. Seven

phoinositide metabolisTEEBS Lett 242:391-396 helix CAMP receptors stimulate €aentry in the absence of func-

o . . tional G proteins in Dictosteliuml. Biol. Chem270:5926-5931
Felder, C.C. 1995. Muscarinic acetylcholine receptors: signal transduc- . L
tion through multiple effectorsFASEB J.9:619-625 Ottolia, M., Toro, L. 1994. Potentiation of large conductanggdtan-

Felder, C.C., MacArthur, L., Ma, A.L., Gusovsky, F., Kohn, E. 1993 nels by niflumic and mefenamic acidBiophy. J.67:2272-2279
Tumor-suppressor function of muscarinic acetylcholine receptors is”Usch, M., Neher E. 1988. Rates of diffusional exchange between small
associated with activation of receptor-operated calcium influx.  Cells and a measuring patch pipeféluegers Arch411:204-211
Proc. Natl. Acad. Sci. USA0:1706-1710 Quist, E., Powell, P., Vasan, R. 1991. Guanylnucleotide specific for



28 D. Singer-Lahat et al.: MReceptor-operated €aChannels

muscarinic receptor inhibitory coupling to cardiac adenylate cy-  morphological transformation of CHO cells by receptor-activated

clase.Mol. Pharmacol.41:177-184 cyclic AMP synthesis or by receptor-operated calcium inflBio-
Rink, T.J., Sage, S.0. 1990. Calcium signaling in human platdets. chem. Pharmacol1:495-502

Rev. Physiol52:431-449 Tsunoda, Y. 1993. Receptor-operated®Csignaling and crosstalk in
Sage, S.0., Rink, T.J. 1987. The kinetics changes in intracellular cal- stimulus secretion couplin@iochem. Biophys. Actb154105-156

cium concentration in Fura-2 loaded human plateldtsBiol. Zweifach, A., Lewis, R.S. 1993. Mitogen-regulated®Caurrent of T

Chem.262:16364—-16369 lymphocytes is activated by depletion of intracellular stoFgsc.

Singer-Lahat D., Ma, A.L., Felder C.C. 1996. Independent induction of ~ Natl. Acad. Sci. US89:509-513



