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Abstract. Choline is a necessary substrate of the lipidCholine, a member of the vitamin B complex family, is
membrane and for acetylcholine synthesis. Accumulatwell known to be a necessary substrate of membrane
ing evidence indicates that besides being a structurdlpid, and a precursor and metabolite of acetylcholine.
component, choline is also a functional modulator of theStudies have demonstrated that choline is not limited to
membrane. It has been shown to be a muscarinic acéye a structural component of cellular membrane but it
tylcholine receptor (mAChR) agonist and can induce aalso has the ability to functionally affect the membrane
novel K" current in cardiac cells. However, the potential physiology. Choline as a muscarinic receptor agonist
role of choline in modulating cardiac functions remainedhas also been documented. Drake, Glavinovic & Trifaro
unstudied despite that mAChRs are known to be impor{1992) described blockade of €zactivated K channels
tant in regulating heart functions. With microelectrode by choline in bovine chromaffin cells. More recently,
techniques, we found that choline produced concentrarermini and Nattel presented an intriguing finding on the
tion-dependent (0110 mwv) decreases in sinus rhythm activation of a novel K current by choline in dog atrial
and action potential duration in isolated guinea pig atriamyocytes. The ability of choline to activate & Kurrent
The effects were reversed by 21MdDAMP (an M-  was found to be associated with mAChR stimulation.
selective antagonist). Whole-cell patch-clamp record-This finding indicates that choline can potentially modu-
ings in dispersed myocytes from guinea pig and caningate cardiac electrical activity by activating & Kurrent
atria revealed that choline is able to induce addrrent  via stimulation of MAChRSs. Indeed, a study performed
with delayed rectifying properties. The choline-inducedby Podzuweit (1982) showed that choline abolished the
current was suppressed by low concentrations ofentricular tachycardia induced by subepicardial infu-
4DAMP (20110 nv). Antagonists toward other subtypes sion of norepinephrine and €ain open-chest pigs. It
(M4, M, or M,) all failed to alter the current. The affin- appears conceivable that the role of choline is not limited
ity of choline (Ky) at mAChRs derived from displace- to being a structural component but it is also a functional
ment binding of {H]-NMS in the homogenates from dog modulator of the membrane. However, it was still un-
atria was 0.9 m, consistent with the concentration clear what the physiological implications of choline-
needed for the current induction and for the HR and APDinduced K current are, and the potential mechanisms
modulation. Our data indicate that choline modulates theinderlying the K current activation by choline remained
cellular electrical properties of the hearts, likely by ac- unstudied as well.

tivating a K" current via stimulation of M receptors. Choline has received more and more attention be-
cause a growing body of evidence indicates that it plays
an important role in the prevention of many pathologic
conditions, such as cirrhosis of the liver, arteriosclerosis,
certain deficiencies of brain function and memory, and
the pathogenesis of Alzheimer’'s disease. However, the
I potential role of choline in modulating cardiac functions
Correspondence taZ. Wang has not been characterized, although this notion is quite
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lausible in the light of its ability to induce a'Kcurrent  STANDARD MICROELECTRODE TECHNIQUES
p g y
and to activate mAChRs in the heart.

To date, at least four different subtypes of mAChRsT_he microelectrode techniques used have beeq described in dgtail pre-
have been pharmacologically and functionally defined ‘”Xv'ﬁﬁsgl,yﬂélnifé "3\'/'&#3?)0;81?3;}] iz?igazzg‘:fvgz'iﬁ‘;?:j Slle:
prlma}ry tissues, deslgnatedlwz, M, and M, (Goyal, headstage to an Axoclamp 2B amplifier (Axon Instruments, Foster
1989; Eglen & Whiting, 1990; Hulme, BIF_dSEl” & Buck- City, CA). Command pulses were generated with Axoptape in Tape
ley, 1990; Mutschler et al., 1995; van Zwieten & Doods, software (Axon Instruments, Foster City, CA) running on an IBM AT
1995). Each subtype has its own characteristic distributype computer interfaced with a D/A converter. The Bandwidth for
tion and function. Recently, we obtained functional andrecordings was set to 10 kHz. ' _ ' _
molecular evidence indicating the presence gfrm:ep- A_ctlon po_tentlal characteristics, |nc|ud|_ng _restlng potential, action
tors in canine atrial myocytes. We also found that thepotennal duration to 50% and 90% repolarization (ARBnd APD,

di t f t.' I led t | respectively), were determined. To monitor the heart rate, action po-
cardiac M recep or; _are unctionally (_:OUp €0 10 a NOVEl o vials were recorded at sinus rhythm. After baseline measurements,
type of delayed rectifier I’.(Ehannd (Shi, Wang & Wang,  cnoline chioride (Crystalline, 99.9%, cell culture tested, Sigma) was
1998) and we named this'kcurrentl; (M3 receptor-  added to the superfusate, and action potential characteristics were
mediated K current). While we have confirmed that the monitored over time. Different concentrations of choline chloride (0.1,
cardiac M, receptors andyy; can be activated by tet- 05,1 and 10 m) were given sequentially. The m_easurements ma_de
ramethylammonium (Shi etal., 199,8)) and pilocarpine under control cond|_t|ons were repeated_ after 20 min of drug per_fu5|0n
(Wang Shi & Wang 1998) it was unknown what en- at each concentration and after 30 min of washout. In experiments

. aimed at exploring the role of the Mubtype of mMAChRs, atropine (1
dogenous substances could stimulate theréteptors. uMm) or 4ADAMP (2 v or 5 nv, an mg-selective antagonist) was co-

It has been reported by our laboratory (Shi et al., Y98 appiied with choline. Recordings were obtained from at least ten cells
and others (Fermini & Nattel, 1994) that choline can under each different situation (with or without drugs and washout) for
activate a K current with properties almost identical to comparison.

TMA- or pilocarpine-induced current in dog atrial cells
and stimulation of mMAChRs is required for the current
activation. We have elucidated that the TMA- or pilo-

carplne-lndyced Kcurrents ar_e the consequence q M Single canine atrial myocytes were isolated with techniques as previ-
receptor stimulation, it remains unknown whether thegysly described (Yue et al., 1997; Shi et al., 1898Briefly, the right
same mechanism or subtype specificity of mMAChRS caratrium from adult mongrel dogs (18—28 kg) of either sex was quickly
be applied to choline induction of the*keurrent. dissected and mounted via the right coronary artery to a Langendorff
The objectives of this study are twofold: (i) to in- Perfusion system. The preparation was perfused witt-Cantaining
vestigate whether choline-induced current contributes ta'yrode solution (composition same as trle solu_tion described below for
cardiac electrical activity and (ii) to explore the mAChR whole-cell patch-clamp recording) at 37°C until the effluent was clear

. . . . B of blood, and then switched to &afree Tyrode solution for 20 min at
SUbtype mechanisms of choline induction of theddr- a constant rate of 12 ml/min, followed by perfusion with the same

rents. Standard microelectrode techniques were applieghiution containing collagenase (110 U/ml CLS Il collagenase; Wor-
to isolated guinea pig heart preparations and whole-celhington Biochemical, Freehold, NJ) and 0.1% bovine serum albumin
patch clamp techniques to dispersed myocytes frontSigma Chemicals, St. Louis, MO). The dispersed cells were stored in
guinea pig and dog atria. Preliminary results have beeffB medium at 4°C for later electrophysiological experiments. The KB

presented in an abstract form liife Science. medium for cell storage contained i 20 KCI, 10 KHPO,, 25
glucose, 70 potassium glutamate,@-@ydroxybutyric acid, 20 taurine,

10 EGTA, 0.1% albumin and 40 mannitol; pH was adjusted to 7.4 with
KOH.

For isolation of guinea pig atrial myocytes, hearts were quickly
removed from adult guinea pig of about 300 g and cannulated to a
PREPARATIONS Langendorff perfusion system via an aortic artery. Cell isolation pro-

cedures were same as described above for canine atrial myocytes.
Guinea pig atrial preparation procedures have been described in detail
elsewhere (Wang et al., 1990; Wang, Fermini & Nattel, 1991). Briefly,
adult guinea pigs of either sex weighing about 300 g were killed by aPATCH-CLAMP TECHNIQUES
blow on the head. Their hearts were quickly removed, washed in cool,
oxygenated Tyrode solution, then cannulated to a Langendorff perfuPatch-clamp recording techniques used have been described in detail
sion device via the aortic artery. The hearts were placed horizontallyelsewhere (Wang et al., 19931994; Shi et al., 192§. lonic currents
onto a Sylgard-covered bottom of a 20-ml Lucite chamber and perfusedvere recorded with the whole-cell voltage-clamp methods, using an
with Tyrode solution at 5 ml/min. The superfusion solution contained Axopatch -200B amplifier (Axon Instruments, Foster City,
(mm): 120 NacCl, 4 KCI, 1.2 MgCJ, 1.2 KH,PO,, 25 NaHCQ, 10 CA). Borosilicate glass electrodes (1 mm O.D.) had tip resistances of
glucose and 2 CaglpH was adjusted to 7.4 with NaOH. The super- 1-3 mQ) when filled with pipette solution of following composition
fusate was aerated with 95%,65% CQ, and the bath temperature (mm): 0.1 GTP, 110 potassium aspartate, 20 KCI, 1 MgEIMg-ATP,
was maintained at 36°C by a heating element and proportional powet0 HEPES, 10 EGTA, 5 phosphocreatine; pH adjusted to 7.3 with
supply (Hanna Instruments, Philadelphia, PA). One hour was allowed<OH. Junction potentials were zeroed before formation of the mem-
for heart equilibration before experiments were begun. brane-pipette seal in Tyrode solution containingum136 NaCl, 5.4

CELL ISOLATION

Materials and Methods
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KCI, 1 MgCl,, 0.33 NaHPQO,, 5 HEPES, 10 glucose and 1 CaQiH difference. Comparisons for multiple groups were performed with

was adjusted to 7.4 with NaOH. Mean seal resistance averaged 17 + dnalysis of variance (ANOVA) with Schéffecontrasts. Binding data

6. Five minutes after seal formation, the membrane was ruptured byvere analyzed using curve-fitting functions of the GraphPad Prism

gentle suction to establish the whole-cell configuration. software (GraphPad Software, CA). To assure validity and accuracy of
Command pulses were generated with pCLAMP6 software run-displacement binding studies, linear regression was performed on the

ning on an IBM AT type computer interfaced with a D/A converter. percentage bounds.the ratio of bound over free ligand and only data

Recordings were low-pass filtered at 1 kHz. The capacitance and seriesith a regression coefficient at0.9 was accepted for analyses. The

resistance were electrically compensated to minimize the duration ofest was used to compare fits for the competition binding data, and the

the capacitive surge on the current recording and the voltage dropest fit (one-site bindings. two-site binding) was determined by the

across the clamped cell membrane. Cells with changing leak currenprobability value for the test and by the change in the residual sum

(indicated by >10 pA changes in holding current at =50 mV) were of squares for the two different fits. One- and two-site models were

rejected. Experiments were conducted at 36 + 1°C. tested, and the model yielding the least residual sum of squares was
Contamination by sodium current was prevented by holding thetaken to describe the data.

cells at -50 mV. Potential contamination by other currents was mini-

mized by including the following compounds in the bath solution:

dofetilide (1M, to inhibitl,,), 293B (20uM, to blockl,), glyburide Results

(10 uMm, to prevent ATP-sensitive Kcurrent), and C& (200 pm, to

suppress calcium current). Chemicals used for microelectrode and

patch-clamp recordings were purchased from SIGMA Chemical (St.Cyo iINE MODULATION OF HEART RATE AND APD IN
Louis, MO), except for 293B which was a kind gift from Hoechst GUINEA PIG ATRIAL PREPARATIONS

Pharmaceuticals.

To assure there is no time-dependent decline of the ef-
MEMBRANE RECEPTORBINDING ASSAY fects produced by choline, the heart rate and action po-

tential characteristics were monitored with prolonged in-
Methods for receptor binding used in this study were the same agybation time up to 30 minutes. The data obtained after
g.escribeg fi” detail .e'se‘r:’here (Shiet al, dmp?j:resr‘hatga' _“ss,“es 20 min were used for analysis, although the effects of

issected from canine heart were minced and washed with ice-co . -

PBS buffer. The tissues were then homogenized with a polytron in holine at the lowest concentratlon' used (0.11)m .
15-ml of ice-cold lysis buffer containing Tris-HCI 5nm EDTA 2 mv re_aChed steady-state Igvel aftgr 10 minutes superfusion
(PH7.4), plus a protease inhibitor cocktail consisting (ig/ml); ~ With the compound. Figure 1 illustrates the effects of
phenylmethylsufony fluoride 5, benzamidine 10, and soybean trypsincholine (1 mm) on the heart rate (the rate of sinus
inhibitor 5. The homogenate was centrifuged at 50§ fsr 15 min at rhythm) in guinea pig atrial preparations. Choline pro-
4°C. The pellets were then homogenized as before, spun again and th,ced reversible slowing of HR. Exchange of superfus—
supernatants pooled. The supernatants were centrifuged at 4500 *ate back to control solution without choline completely

for 15 min and the pellets washed twice in the same buffer. The mem- .
brane fractions were resuspended in a buffer containing Kijt ifris- restored the HR to the pre-drug level. Effects of choline

HCI 75 (pH7.4), MgC} 12.5, and EDTA 5. The protein content was ON the HR were nearly abolished by atropine (lata
determined with Bio-Rad Protein Assay Kit (Bio-Rad, Mississauga, NOt sShow), a nonselective mAChR antagonist. Since we
ON) using bovine serum albumin as the standard. had obtained data suggesting that choline can induce a
Saturation binding assays were performed using eight concentrak * current via stimulating M receptors in canine hearts
tions of PH]-NMS ([N-methyl-3H]-scopolamine methylchloride) rang- (Shi et al., 1996), we evaluated the effects of 4ADAMP
ing from 2 to 2500 pM. Nonspecific binding was measured in the (an My-selective antagonist, Barlow & Shepherd, 1986;
presence of Jum atropine. Experiments were carried out in triplicate . . e . . ’ !
for each experiment with total of four individual preparations. Incu- M'(?h.el’ Stefanich & W.h|t|ng, 1989; Araujo, Lapchak_ &
bations (90 min at room temperature) were terminated by rapid filtra-QUirion, 1991; van Zwieten & Doods, 1995) on choline-
tion using GF/B filters (Xymotech, Montreal, PQ), and radioactivity induced changes of HR. To prevent potential contribu-
was counted with an LS6500 Scintillation Counter (Beckman, Fuller-tion of M, receptors, 100 m methoctramine (Michel &
ton, CA) with average efficiency of 58%. Whiting 1988; van Zwieten & Doods, 1995) was present
Competition binding assays were carried out as follows: Homog-in the bathing solution throughout the experiments to

enates were incubated with 400 pM &H]-NMS with choline chloride T .
(10 m—10 mv) or 4DAMP (0.1 ni—100 ), respectively. Fixed inhibit the M, receptors. 4DAMP (2 m) considerably

amounts of membrane protein (19@) were used for each sample in reversed choline slowing of HR, indicating a role og M
the binding study. Seven individual experiments were performed withf€Ceptors in mediating choline’s action (Figh)1 Mean
each determination performed in duplicate for each compound. Chemidata are presented in FigB1lUnder control conditions,
cals and reagents for the binding study were purchased from Researdlhe HR was 139 + 6 beat/min. The values were changed
Biochemicals International (Natick, MA). to 107 + 4 beat/min 10 minutes after bath application of
choline p < 0.05,n = 5 hearts) and to B+ 2 Beat/min
after addition of ADAMP to choline-containing solution.
Complete conversion was achieved with i 4ADAMP.
Group data are expressed as measet Statistical comparisons be- The effects of choline on APD were also evaluated
tween two groups were performed on raw data with Studartest, and the results are illustrated in Fig. 2. Remarkable
with a two-tailedP < 0.05 taken to indicate a statistically significant changes in AP, particularly the morphology and APD

DATA ANALYSIS
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A drug, AP configuration became triangular-shaped due to

a loss of plateau phase. APD was strikingly shortened
relative to baseline recordings. All these alterations
caused by choline were readily restored by washout of
the choline or by inclusion of 4ADAMP (2mM) in the
perfusion solution. Effects of choline (1nf on APD
were quantified by comparing the changes of Ap&nd
APDy, The mean datan(= 25 cells from 5 hearts) are

1 sec summarized in Fig. @.
Effects of choline on HR and APD were concentra-

Choline (1 mM) tion dependent. Appreciable effects were seen at a con-
centration of 0.1 ma and higher concentrations (0.5-10
mm) produced statistically significant effects. For ex-
ample, choline caused 9.4 + 2.6% slowing of HR at 0.1
mm and 19.3 £+ 2.8% at 1 m. The concentration-
dependent APD shortening by choline was analyzed with
1 sec the Hill equation and the calculatedd@ralues were 400
wM and 1 mu for APDgg and APD,, respectively. Ob-
viously, choline affects more on the plateau phase than
on the final phase of action potentials. The results are
summarized in Fig. B. On the other hand, the conver-
sion of the effects of choline by 4ADAMP was nearly
complete with a concentration of 5un

Control

+ 4DAMP (2 nM)

1 sec
CHOLINE INDUCTION OF A NoVEL K™ CURRENT IN

B ISOLATED GUINEA PiIG ATRIAL MYOCYTES
150,
To understand the potential molecular mechanisms by
which choline modulates cardiac electrical activity, we
performed whole-cell patch-clamp experiments in iso-
lated guinea pig atrial myocytes. Dofetilide i) and
293B (20Mm) were included in the superfusate to ante-
cedently block the rapid and the slow components of the

100

50

HR (Beat/min)

§ g + 4 delayed rectifier K current (., andlJ), respectively.

g % & © In some cells (20% of the cells tested), complete sup-

= % % pression ofl,, and I, was achieved and choline at a
N concentration of 10 m was applied to the bath. In these
3 3 g .
S = cells, a delayed rectifier type of current was activated

with choline by depolarizing voltage steps (Fig. 4). This
Fig. 1. Choline modulation of sinus rate via stimulation of MAChRs in ¢\ rrent was abolished by M atropine, a nonselective
guinea pig atria. Sinus rate was determined as the firing frequency OanChR antagonist. More importantly ADAMP at a
action potentials (AP) recorded in atrial preparations with intact sinus . o

concentration as low as 2mremarkably diminished the

nodes. ) Trains of action potentials recorded under control conditions . .
(top panel), in the presence of urcholine chioride (middle panel), CUrrent, as shown in Fig.Bt To ensure that 4DAMP

and 20 min after concomitant superfusion of choline and 4DAMP (2 really acts on mAChRs without direct effects by and
nM, an Ms-selective antagonist, bottom panel). Note that the intervall . or other nonspecific effects, the experiments were
between APs is clearly longer than that before choline perfusion anccgrried out in the absence of dofetilide and 293B. In all
4ADAMP nearly complete_ly restores the contr_ol heart reB:aaP(v_eraged five cells examined, 4DAMP up to 10vndid not affect
dataq =5 _hearts) of sinus rate from pasglme recor_dmg, in the pres-IK or Iy, indicating that these two currents were not
ence of choline (1 m), and after co-application of choline and 4ADAMP . *F S ’ .
(2 and 5 m). *P < 0.05vs. control values. involved in the choline-induced currents. _ .
The choline-induced currents in guinea pig atrial
myocytes resemble the novel" Kurrent mediated M
were consistently observed upon exposure of cells toeceptors first described in canine atrial cells (Fermini &
choline. Before choline, AP had a typical shape with aNattel, 1994; Shi et al., 1998 We decided to perform
rapid phase 1 repolarization, a clear phase 2 plateau ariie experiments with canine atrial cells to further char-
a slow phase 3 repolarization. In the presence of thecterize the choline-induced current, becayseand|
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Fig. 2. Choline modulation of action potential
duration (APD) by activation of mMAChRs in
guinea pig atria.A) Choline (1 nm) reversibly
shortens APD in a representative preparati@). (
ADAMP (2 nw) restoration of APD shortening
caused by choline, recorded in the same
preparation as in A.¢) Quantification of choline
effects on APD. Length of APD was determined
at 50% (APLR) and 90% (APLR) repolarization.
Shown are data averaged from five hearts. *P <
0.05 and *P < 0.01 compared to control.

Fig. 3. Concentration-dependence of choline
effects on heart rate and action potential duration
in guinea pig atria. Concentrations of choline
tested were 0.01, 0.1, 0.5, 1 and 1&ntA)

Effects of choline on HR expressed as percent
slowing of HR fi = 5 hearts). B) Concentration
response curves showing effects of choline on
APD. Symbols are experimental data from a total
of five hearts and lines represent best fits to Hill
equation: B(%)= 100/[1 + (IC;¢/D)"], where

B(%) is the percent changes of heart rate or APD
at a drug concentratioD, ICy, is the

concentration of choline that produces 50%
effects, anch is the Hill coefficient. The
calculated |G, values for APR, and APDQ,, are
400 pm and 1 mu, respectively.

might contaminate the currents of interest and confoundninimized. The minimal concentration of choline re-
the analysis, and complete elimination of these two cur-quired for the current induction was 0.lvnand a maxi-
rents is hard in guinea pig myocytes, if notimpossible, asnal level of the current activation was observed with 10
already stated above. Based on our experience and preav choline. We therefore used 10mrcholine for the
vious experiments, removal of all contaminating currentsrest of our experiments.
is consistently achievable in dog myocytes. Although choline-induced current has been demon-
strated to be carried by 'K We performed experiments
. to confirm this finding. We found that the reversal po-
CHOLINE INDUCTION OF A K™ CURRENT IN ISOLATED tential of the current, as determined by the tail currents
CANINE ATRIAL MYOCYTES elicited upon repolarization to various test potentials
ranging from —120 to 0 mV from a prepulse at +50 mV,
As in guinea pig atrial cells, a delayed rectifier type of was dependent on the external Boncentrations (rang-
K™ current was consistently activated in the presence oing from 5.4 to 130 mi). The reversal potential was
choline when all other potential contaminating currentsshifted to less negative potentials with elevating’JiK
(such ady;, Iks lkate lca @ndly,) had been effectively  (data not showh
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Fig. 4. Choline-induction of a novel Kcurrent

via stimulation of mAChRs in isolated single

guinea pig atrial myocytes. Currents were elicited

by 2-sec pulses to potentials ranging from -40 to
A +50 mV with 10-mV increment followed by a

Control Choline + Atropine 1-sec step to —30 mV. Voltage steps were
delivered from a holding potential (HP) of =50
mV at an interpulse interval of 5 sed)(An
example showing the effects of atropine (1) on
choline-induced K currents. The choline
concentration was 10 m (B) Analog data
showing the effects of an Mselective antagonist
4DAMP (2 nv) on choline-induced K currents
from a representative cell. Left panel: currents
induced by choline (10 mm) before wash-in of
4DAMP; Right panel: currents in the presence of
4DAMP (2 nv). (C) Current-voltage relationship
of the baseline currents and after exposure of cells
to 4DAMP at a concentration of 2wnfrom the
| 40 20 0 20 40 6 same cell in B). Similar data were obtained from
1sec Test Potential (mV) another three cells.

+50 mV

+ 4DAMP

Sincel, andl, share some similarities with cho- also responds to the antagonists selective towards other
line-activated K current, possible contribution of these subtypes (M/IM./M,) of MAChRs, effects of pirenzepine
two currents to choline-induced current was examined(PZ, for M,, Watson, Yamgmur & Roeske, 1983),
Recordings were made with the solution which did notmethoctramine (MA, for M, Wess et al., 1988; Michel
contain dofetilide and 293B. Following choline activa- & Whiting, 1988), and tropicamide (TA, for iyl Laza-
tion of the current to steady state levels (usually 10 min+eno, Buckley & Roberts, 1990; Lazareno & Birdsall,
utes after starting of the superfusion with choline), 1993) were evaluated. The results are presented in Fig.
dofetilide (1 u™m) or 293B (20uM) was added to the 6. None of these compounds exhibited any blocking ac-
choline-containing solution and the whole-cell record-tions on the choline-induced Kcurrent. To ensure that
ings were repeated 20 minutes after exposure. Our rethe failure of these compounds to inhibit the currents
sults showed that neither of the drugs produced anyvere not due to insufficient concentrations used, we fur-
changes of choline-induced current, excluding the in-ther tested the effects of elevated concentrations of PZ
volvement ofl,, andl, in the choline-induced Kcur- (100 nv ) or MA (100 nv) on the current. However, we
rent. For the dofetilide experiments, the current densitystill failed to observe any changes of the current. Higher
measured at +50 mV was 10.8 £ 2.1 pA/pF in the ab-concentrations of the drugs were not studied because
sence of dofetilide and 10.6 + 1.9 pA/pF in the presenceghey may cause cross-actions on different subtypes.
of dofetilide. For 293B, the values were 9.7 + 1.3 and To ensure that the effects of choline were not the
9.5 + 2.3 pA/pF without and with 293B, respectively. consequence of enhanced release of catecholamine from

It seems that choline, like TMA (Shi et al., 1998) presynaptic ganglions, additional experiments were per-
and pilocarpine (Wang et al., 1998), activates the K formed to evaluate the effects af;- and B-adrenergic
currents via stimulation of Mreceptors. This was veri- receptor antagonist prazosin 21) and propralonol (2
fied by the following experiments. Effects of atropine on pm). However, no changes were observed under such
the currents were first evaluated and one example is ilconditions and choline demonstrated the same potency
lustrated in Fig. B. Atropine at 1um eliminated the for K* current inductiondata not show)y excluding the
choline-induced currents, suggesting a role of mAChR<ontribution of adrenoceptor activation. This was further
in the current induction. To explore whether;lvecep-  precluded by our preliminary study showing that phen-
tors were responsible for mediating choline activation ofylephrine (anx;-adrenoceptor agonist) and isoproterelol
the K" currents, we assessed the effects of ADAMP. Aga B-adrenoceptor agonist) both cause significant de-
depicted in Fig. B, C and D, 4DAMP, concomitantly crease in the current, instead of increase as expected if
applied with choline, substantially depressed the currenthese receptors are involved in choline induction of the
at all test potentials studied (ranging from —40 to +50K™ current.

mV). Like in guinea pig myocytes, 2m of 4ADAMP

+50 mV, n = 6) Greater percentage Of b|OC|( was Ob' HOMOGENATES FROMCAN|NE ATRIA

served with higher concentrations of the drug: 75% by 5

nv and 93% by 10 m. If, as our functional study suggested, choline modulates
To investigate whether the choline-induced currentheart functions by activating a’kcurrent via stimulation
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A +50 mV
Control Choline + Atropine
-30 mV
-50 mvV-
250 pA l
u 1 sec
B C F 12 D
Choline PAIP .
ik 3
*k ** +4DAMP S
(2 nM) :;
+4DAMP
(10 nM)
0 20 40 60 nl 5nM nl

Test Potential (mV)

Fig. 5. Inhibition of choline-induced K currents by 4DAMP (an Mselective antagonist) in canine atrial myocytéy.A family of traces recorded
before drug application, in the presence of choline (@) rand after concomitant application of choline and atropineu(f). (B) Analog data
showing inhibition of choline-induced Xcurrents by 4DAMP (2 m). (C) Current density-voltage relationship choline-induced currents before and
after application of 4ADAMP (2 and 5v). Shown are averaged data from a total of 14 cels<*0.05, **P < 0.01, and ***P < 0.001, Scheffe’'s
contrast afteF tests, comparison between choline and choline # ZDAMP only. (D) Percentage block of choline-induced &urrents by varying
concentrations of 4ADAMP, as determined at +50 mVP*« 0.01 and **P < 0.001, student-test, comparison between choline and
choline + ADAMP ( = 5).

of an M; receptor, then it should be able to displace

[®H]-NMS binding in a competitive fashion. To clarify A Choline *Pz
this issue and also to verify the validity of the choline
concentrations used in our experiments, mMAChR binding
assay was carried out. Saturation binding #][NMS +50 mV
to the membrane homogenates from canine atria yielde s my 30 mV
. o ) 50m
a maximum binding value, or M-receptor density of 282 B Choline «NA

* 26 fmol/mg protein and a dissociation const&ptof
223 + 24 pM. The experiments for competition binding
were performed with 400 pM3H]-NMS and thirteen
concentrations of choline ranging from 10 o 10 mv.
Choline binding yielded displacement curves best de-
scribed with a two-site binding model. The data are© <
shown in Fig. B. The K, values were 5.5 £ 1.2um c
(34%, percentage of high affinity binding) and 0.9 + 0.2 N

mm (65%, percentage of low affinity binding) for cho-

line. The low affinity binding was quite compatible with

Choline +TA

1 sec

the concentrations at which choline produced inductior 18

of the K" current and alteration of the HR and APD in L 12

both canine cells and guinea pig cells. For comparison  § 4
o

displacement binding of*H]-NMS with 4DAMP was
also performed and the results are shown in Fig).The
K4 Vvalues were 2.5 £ 0.6mnand 79.4 £ 9.6 m. The high O WPz ChMA ChTA
affinity binding K4 was in good agreement with the con-

centration of 4ADAMP (2 m) required to produc&€b0% Fig. 6. Lack of effects of mMAChR subtype-selective antagonists on
conversion of the effects of choline. choline-induced K currents in canine atrial myocytes. Currents were
elicited in the presence of 10nmcholine, with voltage protocols same
) ) as described in Fig. 4. Analog data from representative myocytes show-
Discussion ing effects of pirenzepine (PZ, 10(A)), methoctramine (MA, 20m
(B)), and tropicamide (TA, 200w (C)). (D) Averaged data of choline-
Choline is known to be a structural component of the cellinduced K currents before and after and antagonists, measured at +50

membrane. We demonstrated here that choline is alsom@V (n = 5 for PZ,n = 5 for MA, andn = 4 for TA).
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Fig. 7. M-receptor binding with JH]-NMS to
A B homogenates from canine atrial tissues). (
Saturation binding. Shown are the specific and
) nonspecific data averaged from four individual
80 ® Choline preparations carried out in triplicate for each
60 experiment. Symbols are experimental data and
lines represent the fit with a one-site binding
4DAMP model. @) Displacement binding offH]-NMS
20 with choline (10 m—10 mm) or 4DAMP (0.1
0 nv—100 um). Each point represents the mean +
™ sem from six experiments assayed in duplicate.

0 1 2 3 100 10 10 10+ 10~ _ .
3 _ Curves are best fits of the experimental data to a
[°’H]-NMS (nM) LOGq[choline] (M) two-site binding model.
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functional modulator of the cell membrane. Choline pure M, response, suggesting “a second population of
slowed the heart rate and accelerated the membrane retuscarinic sites.” In isolated blood-perfused dog atria,
polarization. These effects could be explained at leasfkahane (1990) compared the inhibitory potency of car-
partially by its ability to bind to mAChRs and to activate bachol-induced negative chrono- and inotropic responses
a novel K current most likely via stimulating the M by 4-DAMP, AF-DX 116 and pirenzepine. They found
receptors in mammalian heart cells. that the potency of 4-DAMP was equal to atropine but
The ability of choline to induce a Kcurrent with  greater than AF-DX 116 (an Mpreferring antagonist)
delayed rectifier properties distinct from the classical de-and much greater than pirenzepine (ap-9élective in-
layed rectifier K current (i, /s, Wang et al., 1995) was hibitor), suggesting a role of the Mubtype. Yang et al.
first described by Fermini and Nattel (1994). They (1992) performed detailed pharmacological characteriza-
found that choline induction of the 'Kcurrent relied on  tion of mMAChR subtypes in membrane homogenates
stimulation of MAChRs. And their data argued againstfrom dog left ventricular tissues and their data seemed to
the role of M, receptor subtype or nicotinic receptors in exclude the presence of ;Meceptors but favored the
this function. Since their results could not be readily existence of M and M, subtypes. They further found in
explained by M receptors, they proposed that other sub-their functional study that the inhibition of carbachol-
types may be responsible for choline induction of thie K mediated PI hydrolysis by pirenzepine, AF-DX 116 and
current. Unfortunately, no further characterization was4dDAMP generated an affinity profile dissimilar to the
performed in their study. classical cardiac Mresponse. The authors interpreted
In contrast to most peripheral tissues, the myocarthese data as favoring the existence of a second popula-
dium has been considered to possess a single mAChibn of mAChRs distinct from M. We have previously
subtype: M receptors have long been believed to be thedentified the cardiac Mreceptors in dog atrial myocytes
only functional mMAChR subtype in the heart (Watson etwith both functional and molecular evidence (Shi et al.,
al., 1983; Bonner et al., 1987; Mizushima et al., 1987;1998,h). We found that stimulation of the cardiac;M
Peralta et al., 1987). However, the concept that the heareceptors by TMA (Shi et al., 1988 or pilocarpine
possesses a single Mubtype of mAChR is now being (Wang et al., 1998) activates a delayed rectifier type of
challenged. Expression of multiple isoforms of mMRNAs K* current, which is sensitive to severalreferential
encoding for different subtypes of mMAChRs {M,/M/  antagonists but not to the antagonists selective toward
M,) in chick hearts has been confirmed by two groupsother subtypes of mMAChRs. Radioligand binding data
(Tietje et al. 1990; Tietje & Nathanson, 1991; Gadbut & pointed to the existence of Mubtype in dog atrial mem-
Galper, 1994; McKinnon & Nathanson, 1995). Sun et al.brane homogenates. A cDNA fragment of the cardiac
(1996), by studying the antagonism of carbachol-inducedvi; receptor gene has also been isolated from the dog
chronotropy and IP1 accumulation, found evidence for éheart. More recently, Mreceptors have also been de-
heterogeneous population of muscarinic receptors intected at the protein level with Western blotting from our
cluding M, and M; subtypes in neonatal rat ventricular preliminary experiments. We have further found using
myocytes. Sharma et al. (1996) used single-cell PCRantibodies that M receptors are linked to the*kKchan-
subtype-specific antibodies and the measurement &f Ca nels via G, proteins. Yet the physiological functions of
transients to provide convincing molecular and func-this cardiac M receptor and its coupled‘kchannel were
tional evidence for the presence of, Meceptors in rat unclear. The present study provided evidence indicating
ventricular myocytes. Ford, Eglen and Whiting (1992) that activation of the cardiac Meceptor and its coupled
analyzed mAChR mediated PI hydrolysis in guinea pigK* channel may contribute significantly to the regulation
atria and ventricles. The inhibition of the response toof HR and membrane repolarization. Slowing of HR can
agonist by several antagonists including HHSID arfe be beneficial in many clinical settings such as myocar-
HHSID generated an affinity profile dissimilar to the dial ischemia, arrhythmias, atrial fibrillation, etc. Short-
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ening of APD particularly the plateau phase could beAraujo, D.M., Lapchak, P.A., Quirion, R. 1991. Heterogeneous binding
either arrhythmogenic (for re-entrant type of arrhyth- of.[3H]4-DAMP to muscarinig cholinergic sites i_n the rgt braiq:
mias) or antiarrhythmic (for early afterdepolarization), g‘;g;;scgflrgé" 1r;‘gmbra”e binding and autoradiographic studies.
dependlng on dlﬁerent S]tU&tIOI‘\S. But decrease |ﬁ+C_a Barlow, R.P., Shepherd, M.K. 1986. A further search for selective
entry may be caused .md'reCtly by Shortened APD, which antagonists at limuscarinic receptor&r. J. Pharmacol89:837—
could lead to weakening of contraction and reduced oxy- 843

gen consumption. The fact that choline is able to abolisiBonner, T.1., Buckley, N.J., Young, A.C., Brann, M.R. 1987. Identifi-
the norepinephrine and €ainduced ventricular tachy- cation of a family of muscarinic acetylcholine receptor gerszs-
cardia (Podzuweit, 1982) may be related to its ability to  &nce237:527-532 o _
shorten APD. Choline is known to have a neuroprotec-2UckieY: N-J., Bonner, T.I., Brann, M.R. 1988. Localization of a family

. . . . . . . of muscarinic receptor mRNAs in rat braid. Neurosci.8:4646—
tive effect in situations of hypoxia and ischemia of the /405

brain. Whether the same protective effects are also aprake, J., Glavinovic, M.1., Trifaro, J.M. 1992. Choline blockage of
plied to cardiac hypoxia and ischemia is unknown. Fur-  currents through C4-activated K channels in bovine chromaffin
thermore, choline has been demonstrated to be able to cells. Neurosciencet9:945-50

prevent occurrence of apoptosis (Albright et al., 1996)Eglen, R.M., Whiting, R.L. 1990. Heterogeneity of vascular muscarinic
and both choline and M-receptors play important role in_ Irecemor_s*]- Auton. Ph_arma°°'10:233‘2‘;5 e levels are |
Alzheimer's disease (Elble, Giacobini & Higgins, 1989). £l R- Gb'aCOb.'n"l Eﬂ".g'ggf'nsl’ (h:'.1989' Choline evebs. "’I‘re increased
It is not unreasonable to speculate that the effects of To.igr_ea;%pma uid of Alzheimer patientsleurabiol. Aging.
choline in various tissues and systems as in the heart catmini, B., Nattel, S. 1994. Choline chloride activates time-dependent
also be mediated by Mreceptors too. It has been found  and time-independent currents in dog atrial myocyteém. J.
that M; receptors are present in various neuronal popu- Physiol.266:C42-C51

lations throughout the brain and also have their wideFord. A-P., Eglen, R.M., Whiting, R.L. 1992. Analysis of muscarinic
distribution in the peripheral tissues (Buckley, Bonner & cholinoceptors mediating phosphoinositide hydrolysis in guinea pig

- . cardiac muscleEur. J. Pharmacol225:105-112
Brann, 1988). Whether the Meceptors in these tissues Gabelt, B.T., Kaufman, P.L. 1992. Inhibition of outflow facility and

also couple to K Chann8|s' as in the heart, remains u.n' accommodative and miotic responses to pilocarpine in rhesus mon-
clear. Future studies are warranted to test these notions keys by muscarinic receptor subtype antagonidtsPharmacol.
and to clarify whether choline can affect the heart func-  Exp. Ther.263:1133-9

tions in vivo. Gadbut, A.P., Galper, J.B. 1994. A novekNMuscarinic acetylcholine

Given that high concentrations of choline (01D receptor is expressed in chick atrium and ventrigleBiol. Chem.
mwm), relative to its physiological blood levels, are re-  269:25823-25829

. . _ Goyal, R.K. 1989. Muscarinic receptor subtypes. Physiology and clini-
quired to activate Mreceptors and the Kcurrent, cho cal implications N. Engl. J. Med3211022-1028

line is unlikely an _endogenous agonist ogmceptor& Hulme, E.C., Birdsall, N.J., Buckley, N.J. 1990. Muscarinic receptor

Nonetheless, choline should at least be considered an syptypesAnnu. Rev. Pharmacol. Toxic@0:633-673

effective pharmacological probe for studying the cardiac_azareno, S., Birdsall, N.J.M. 1993. Pharmacological characterization

M, receptors and the novel'Kcurrent. of acetylcholine-stimulated®S]-GTP S binding mediated by hu-
man muscarinic mm, receptors: antagonist studieBr. J. Phar-
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