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Abstract. Choline is a necessary substrate of the lipid
membrane and for acetylcholine synthesis. Accumulat-
ing evidence indicates that besides being a structural
component, choline is also a functional modulator of the
membrane. It has been shown to be a muscarinic ace-
tylcholine receptor (mAChR) agonist and can induce a
novel K+ current in cardiac cells. However, the potential
role of choline in modulating cardiac functions remained
unstudied despite that mAChRs are known to be impor-
tant in regulating heart functions. With microelectrode
techniques, we found that choline produced concentra-
tion-dependent (0.1∼10 mM) decreases in sinus rhythm
and action potential duration in isolated guinea pig atria.
The effects were reversed by 2 nM 4DAMP (an M3-
selective antagonist). Whole-cell patch-clamp record-
ings in dispersed myocytes from guinea pig and canine
atria revealed that choline is able to induce a K+ current
with delayed rectifying properties. The choline-induced
current was suppressed by low concentrations of
4DAMP (2∼10 nM). Antagonists toward other subtypes
(M1, M2 or M4) all failed to alter the current. The affin-
ity of choline (Kd) at mAChRs derived from displace-
ment binding of [3H]-NMS in the homogenates from dog
atria was 0.9 mM, consistent with the concentration
needed for the current induction and for the HR and APD
modulation. Our data indicate that choline modulates the
cellular electrical properties of the hearts, likely by ac-
tivating a K+ current via stimulation of M3 receptors.
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Choline, a member of the vitamin B complex family, is
well known to be a necessary substrate of membrane
lipid, and a precursor and metabolite of acetylcholine.
Studies have demonstrated that choline is not limited to
be a structural component of cellular membrane but it
also has the ability to functionally affect the membrane
physiology. Choline as a muscarinic receptor agonist
has also been documented. Drake, Glavinovic & Trifaro
(1992) described blockade of Ca2+-activated K+ channels
by choline in bovine chromaffin cells. More recently,
Fermini and Nattel presented an intriguing finding on the
activation of a novel K+ current by choline in dog atrial
myocytes. The ability of choline to activate a K+ current
was found to be associated with mAChR stimulation.
This finding indicates that choline can potentially modu-
late cardiac electrical activity by activating a K+ current
via stimulation of mAChRs. Indeed, a study performed
by Podzuweit (1982) showed that choline abolished the
ventricular tachycardia induced by subepicardial infu-
sion of norepinephrine and Ca2+ in open-chest pigs. It
appears conceivable that the role of choline is not limited
to being a structural component but it is also a functional
modulator of the membrane. However, it was still un-
clear what the physiological implications of choline-
induced K+ current are, and the potential mechanisms
underlying the K+ current activation by choline remained
unstudied as well.

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
potential role of choline in modulating cardiac functions
has not been characterized, although this notion is quiteCorrespondence to:Z. Wang
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plausible in the light of its ability to induce a K+ current
and to activate mAChRs in the heart.

To date, at least four different subtypes of mAChRs
have been pharmacologically and functionally defined in
primary tissues, designated M1, M2, M3, and M4 (Goyal,
1989; Eglen & Whiting, 1990; Hulme, Birdsall & Buck-
ley, 1990; Mutschler et al., 1995; van Zwieten & Doods,
1995). Each subtype has its own characteristic distribu-
tion and function. Recently, we obtained functional and
molecular evidence indicating the presence of M3 recep-
tors in canine atrial myocytes. We also found that the
cardiac M3 receptors are functionally coupled to a novel
type of delayed rectifier K+ channel (Shi, Wang & Wang,
1998) and we named this K+ currentIKM3 (M3 receptor-
mediated K+ current). While we have confirmed that the
cardiac M3 receptors andIKM3 can be activated by tet-
ramethylammonium (Shi et al., 1998a,b) and pilocarpine
(Wang, Shi & Wang, 1998), it was unknown what en-
dogenous substances could stimulate the M3 receptors.
It has been reported by our laboratory (Shi et al., 1998c)
and others (Fermini & Nattel, 1994) that choline can
activate a K+ current with properties almost identical to
TMA- or pilocarpine-induced current in dog atrial cells
and stimulation of mAChRs is required for the current
activation. We have elucidated that the TMA- or pilo-
carpine-induced K+ currents are the consequence of M3

receptor stimulation, it remains unknown whether the
same mechanism or subtype specificity of mAChRs can
be applied to choline induction of the K+ current.

The objectives of this study are twofold: (i) to in-
vestigate whether choline-induced current contributes to
cardiac electrical activity and (ii) to explore the mAChR
subtype mechanisms of choline induction of the K+ cur-
rents. Standard microelectrode techniques were applied
to isolated guinea pig heart preparations and whole-cell
patch clamp techniques to dispersed myocytes from
guinea pig and dog atria. Preliminary results have been
presented in an abstract form inLife Science.

Materials and Methods

PREPARATIONS

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 a
blow on the head. Their hearts were quickly removed, washed in cool,
oxygenated Tyrode solution, then cannulated to a Langendorff perfu-
sion device via the aortic artery. The hearts were placed horizontally
onto a Sylgard-covered bottom of a 20-ml Lucite chamber and perfused
with Tyrode solution at 5 ml/min. The superfusion solution contained
(mM): 120 NaCl, 4 KCl, 1.2 MgCl2, 1.2 KH2PO4, 25 NaHCO3, 10
glucose and 2 CaCl2; pH was adjusted to 7.4 with NaOH. The super-
fusate was aerated with 95% O2–5% CO2, and the bath temperature
was maintained at 36°C by a heating element and proportional power
supply (Hanna Instruments, Philadelphia, PA). One hour was allowed
for heart equilibration before experiments were begun.

STANDARD MICROELECTRODETECHNIQUES

The microelectrode techniques used have been described in detail pre-
viously (Wang et al., 1990, 1991, 1993a). Glass microelectrodes filled
with 3 M KCl and with tip resistances of 8–20MV were coupled by a
headstage to an Axoclamp 2B amplifier (Axon Instruments, Foster
City, CA). Command pulses were generated with Axoptape in Tape
software (Axon Instruments, Foster City, CA) running on an IBM AT
type computer interfaced with a D/A converter. The Bandwidth for
recordings was set to 10 kHz.

Action potential characteristics, including resting potential, action
potential duration to 50% and 90% repolarization (APD50 and APD90,
respectively), were determined. To monitor the heart rate, action po-
tentials were recorded at sinus rhythm. After baseline measurements,
choline chloride (Crystalline, 99.9%, cell culture tested, Sigma) was
added to the superfusate, and action potential characteristics were
monitored over time. Different concentrations of choline chloride (0.1,
0.5, 1 and 10 mM) were given sequentially. The measurements made
under control conditions were repeated after 20 min of drug perfusion
at each concentration and after 30 min of washout. In experiments
aimed at exploring the role of the M3 subtype of mAChRs, atropine (1
mM) or 4DAMP (2 nM or 5 nM, an M3-selective antagonist) was co-
applied with choline. Recordings were obtained from at least ten cells
under each different situation (with or without drugs and washout) for
comparison.

CELL ISOLATION

Single canine atrial myocytes were isolated with techniques as previ-
ously described (Yue et al., 1997; Shi et al., 1998a). Briefly, the right
atrium from adult mongrel dogs (18–28 kg) of either sex was quickly
dissected and mounted via the right coronary artery to a Langendorff
perfusion system. The preparation was perfused with Ca2+-containing
Tyrode solution (composition same as the solution described below for
whole-cell patch-clamp recording) at 37°C until the effluent was clear
of blood, and then switched to Ca2+-free Tyrode solution for 20 min at
a constant rate of 12 ml/min, followed by perfusion with the same
solution containing collagenase (110 U/ml CLS II collagenase; Wor-
thington Biochemical, Freehold, NJ) and 0.1% bovine serum albumin
(Sigma Chemicals, St. Louis, MO). The dispersed cells were stored in
KB medium at 4°C for later electrophysiological experiments. The KB
medium for cell storage contained (mM): 20 KCl, 10 KH2PO4, 25
glucose, 70 potassium glutamate, 10b-hydroxybutyric 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
Langendorff perfusion system via an aortic artery. Cell isolation pro-
cedures were same as described above for canine atrial myocytes.

PATCH-CLAMP TECHNIQUES

Patch-clamp recording techniques used have been described in detail
elsewhere (Wang et al., 1993b, 1994; Shi et al., 1998a). Ionic currents
were recorded with the whole-cell voltage-clamp methods, using an
Axopatch −200B amplifier (Axon Instruments, Foster City,
CA). Borosilicate glass electrodes (1 mm O.D.) had tip resistances of
1–3 MV when filled with pipette solution of following composition
(mM): 0.1 GTP, 110 potassium aspartate, 20 KCl, 1 MgCl2, 5 Mg-ATP,
10 HEPES, 10 EGTA, 5 phosphocreatine; pH adjusted to 7.3 with
KOH. Junction potentials were zeroed before formation of the mem-
brane-pipette seal in Tyrode solution containing (mM): 136 NaCl, 5.4
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KCl, 1 MgCl2, 0.33 NaH2PO4, 5 HEPES, 10 glucose and 1 CaCl2; pH
was adjusted to 7.4 with NaOH. Mean seal resistance averaged 17 ± 1
GV. Five minutes after seal formation, the membrane was ruptured by
gentle suction to establish the whole-cell configuration.

Command pulses were generated with pCLAMP6 software run-
ning on an IBM AT type computer interfaced with a D/A converter.
Recordings were low-pass filtered at 1 kHz. The capacitance and series
resistance were electrically compensated to minimize the duration of
the capacitive surge on the current recording and the voltage drop
across the clamped cell membrane. Cells with changing leak current
(indicated by >10 pA changes in holding current at −50 mV) were
rejected. Experiments were conducted at 36 ± 1°C.

Contamination by sodium current was prevented by holding the
cells at −50 mV. Potential contamination by other currents was mini-
mized by including the following compounds in the bath solution:
dofetilide (1mM, to inhibit IKr), 293B (20mM, to block IKs), glyburide
(10 mM, to prevent ATP-sensitive K+ current), and Cd2+ (200 mM, to
suppress calcium current). Chemicals used for microelectrode and
patch-clamp recordings were purchased from SIGMA Chemical (St.
Louis, MO), except for 293B which was a kind gift from Hoechst
Pharmaceuticals.

MEMBRANE RECEPTORBINDING ASSAY

Methods for receptor binding used in this study were the same as
described in detail elsewhere (Shi et al., 1998a). Fresh atrial tissues
dissected from canine heart were minced and washed with ice-cold
PBS buffer. The tissues were then homogenized with a polytron in
15-ml of ice-cold lysis buffer containing Tris-HCl 5 mM, EDTA 2 mM

(pH7.4), plus a protease inhibitor cocktail consisting (inmg/ml):
phenylmethylsufony fluoride 5, benzamidine 10, and soybean trypsin
inhibitor 5. The homogenate was centrifuged at 500 ×g for 15 min at
4°C. The pellets were then homogenized as before, spun again and the
supernatants pooled. The supernatants were centrifuged at 45,000 ×g
for 15 min and the pellets washed twice in the same buffer. The mem-
brane fractions were resuspended in a buffer containing (in mM): Tris-
HCl 75 (pH7.4), MgCl2 12.5, and EDTA 5. The protein content was
determined with Bio-Rad Protein Assay Kit (Bio-Rad, Mississauga,
ON) using bovine serum albumin as the standard.

Saturation binding assays were performed using eight concentra-
tions of [3H]-NMS ([N-methyl-3H]-scopolamine methylchloride) rang-
ing from 2 to 2500 pM. Nonspecific binding was measured in the
presence of 1mM atropine. Experiments were carried out in triplicate
for each experiment with total of four individual preparations. Incu-
bations (90 min at room temperature) were terminated by rapid filtra-
tion using GF/B filters (Xymotech, Montreal, PQ), and radioactivity
was counted with an LS6500 Scintillation Counter (Beckman, Fuller-
ton, CA) with average efficiency of 58%.

Competition binding assays were carried out as follows: Homog-
enates were incubated with 400 pM of [3H]-NMS with choline chloride
(10 nM–10 mM) or 4DAMP (0.1 nM–100 mM), respectively. Fixed
amounts of membrane protein (100mg) were used for each sample in
the binding study. Seven individual experiments were performed with
each determination performed in duplicate for each compound. Chemi-
cals and reagents for the binding study were purchased from Research
Biochemicals International (Natick, MA).

DATA ANALYSIS

Group data are expressed as mean ±SE. Statistical comparisons be-
tween two groups were performed on raw data with Student’st test,
with a two-tailedP < 0.05 taken to indicate a statistically significant

difference. Comparisons for multiple groups were performed with
analysis of variance (ANOVA) with Scheffe´’s contrasts. Binding data
were analyzed using curve-fitting functions of the GraphPad Prism
software (GraphPad Software, CA). To assure validity and accuracy of
displacement binding studies, linear regression was performed on the
percentage boundvs. the ratio of bound over free ligand and only data
with a regression coefficient of$0.9 was accepted for analyses. TheF
test was used to compare fits for the competition binding data, and the
best fit (one-site bindingvs. two-site binding) was determined by the
probability value for theF test and by the change in the residual sum
of squares for the two different fits. One- and two-site models were
tested, and the model yielding the least residual sum of squares was
taken to describe the data.

Results

CHOLINE MODULATION OF HEART RATE AND APD IN

GUINEA PIG ATRIAL PREPARATIONS

To assure there is no time-dependent decline of the ef-
fects produced by choline, the heart rate and action po-
tential characteristics were monitored with prolonged in-
cubation time up to 30 minutes. The data obtained after
20 min were used for analysis, although the effects of
choline at the lowest concentration used (0.1 mM)
reached steady-state level after 10 minutes superfusion
with the compound. Figure 1 illustrates the effects of
choline (1 mM) on the heart rate (the rate of sinus
rhythm) in guinea pig atrial preparations. Choline pro-
duced reversible slowing of HR. Exchange of superfus-
ate back to control solution without choline completely
restored the HR to the pre-drug level. Effects of choline
on the HR were nearly abolished by 1mM atropine (data
not shown), a nonselective mAChR antagonist. Since we
had obtained data suggesting that choline can induce a
K+ current via stimulating M3 receptors in canine hearts
(Shi et al., 1998c), we evaluated the effects of 4DAMP
(an M3-selective antagonist, Barlow & Shepherd, 1986;
Michel, Stefanich & Whiting, 1989; Araujo, Lapchak &
Quirion, 1991; van Zwieten & Doods, 1995) on choline-
induced changes of HR. To prevent potential contribu-
tion of M2 receptors, 100 nM methoctramine (Michel &
Whiting 1988; van Zwieten & Doods, 1995) was present
in the bathing solution throughout the experiments to
inhibit the M2 receptors. 4DAMP (2 nM) considerably
reversed choline slowing of HR, indicating a role of M3

receptors in mediating choline’s action (Fig. 1A). Mean
data are presented in Fig. 1B. Under control conditions,
the HR was 139 ± 6 beat/min. The values were changed
to 107 ± 4 beat/min 10 minutes after bath application of
choline (p < 0.05,n 4 5 hearts) and to 128 ± 2 Beat/min
after addition of 4DAMP to choline-containing solution.
Complete conversion was achieved with 5 nM 4DAMP.

The effects of choline on APD were also evaluated
and the results are illustrated in Fig. 2. Remarkable
changes in AP, particularly the morphology and APD
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were consistently observed upon exposure of cells to
choline. Before choline, AP had a typical shape with a
rapid phase 1 repolarization, a clear phase 2 plateau and
a slow phase 3 repolarization. In the presence of the

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 4DAMP (2 nM) in the
perfusion solution. Effects of choline (1 mM) on APD
were quantified by comparing the changes of APD50 and
APD90. The mean data (n 4 25 cells from 5 hearts) are
summarized in Fig. 2C.

Effects of choline on HR and APD were concentra-
tion dependent. Appreciable effects were seen at a con-
centration of 0.1 mM 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 mM. The concentration-
dependent APD shortening by choline was analyzed with
the Hill equation and the calculated IC50 values were 400
mM and 1 mM for APD50 and APD90, respectively. Ob-
viously, choline affects more on the plateau phase than
on the final phase of action potentials. The results are
summarized in Fig. 3B. On the other hand, the conver-
sion of the effects of choline by 4DAMP was nearly
complete with a concentration of 5 nM.

CHOLINE INDUCTION OF A NOVEL K+ CURRENT IN

ISOLATED GUINEA PIG ATRIAL MYOCYTES

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 (1mM) and
293B (20mM) were included in the superfusate to ante-
cedently block the rapid and the slow components of the
delayed rectifier K+ current (IKr and IKs), respectively.
In some cells (20% of the cells tested), complete sup-
pression ofIKr and IKs was achieved and choline at a
concentration of 10 mM was applied to the bath. In these
cells, a delayed rectifier type of current was activated
with choline by depolarizing voltage steps (Fig. 4). This
current was abolished by 1mM atropine, a nonselective
mAChR antagonist. More importantly, 4DAMP at a
concentration as low as 2 nM remarkably diminished the
current, as shown in Fig. 4B. To ensure that 4DAMP
really acts on mAChRs without direct effects onIKr and
IKs or other nonspecific effects, the experiments were
carried out in the absence of dofetilide and 293B. In all
five cells examined, 4DAMP up to 10 nM did not affect
IKr or IKs, indicating that these two currents were not
involved in the choline-induced currents.

The choline-induced currents in guinea pig atrial
myocytes resemble the novel K+ current mediated M3
receptors first described in canine atrial cells (Fermini &
Nattel, 1994; Shi et al., 1998a). We decided to perform
the experiments with canine atrial cells to further char-
acterize the choline-induced current, becauseIKr andIKs

Fig. 1. Choline modulation of sinus rate via stimulation of mAChRs in
guinea pig atria. Sinus rate was determined as the firing frequency of
action potentials (AP) recorded in atrial preparations with intact sinus
nodes. (A) Trains of action potentials recorded under control conditions
(top panel), in the presence of 1 mM choline chloride (middle panel),
and 20 min after concomitant superfusion of choline and 4DAMP (2
nM, an M3-selective antagonist, bottom panel). Note that the interval
between APs is clearly longer than that before choline perfusion and
4DAMP nearly completely restores the control heart rate. (B) Averaged
data (n 4 5 hearts) of sinus rate from baseline recording, in the pres-
ence of choline (1 mM), and after co-application of choline and 4DAMP
(2 and 5 nM). *P < 0.05vs.control values.
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might contaminate the currents of interest and confound
the analysis, and complete elimination of these two cur-
rents is hard in guinea pig myocytes, if not impossible, as
already stated above. Based on our experience and pre-
vious experiments, removal of all contaminating currents
is consistently achievable in dog myocytes.

CHOLINE INDUCTION OF A K+ CURRENT IN ISOLATED

CANINE ATRIAL MYOCYTES

As in guinea pig atrial cells, a delayed rectifier type of
K+ current was consistently activated in the presence of
choline when all other potential contaminating currents
(such asIKr, IKs, IKATP, ICa, andINa) had been effectively

minimized. The minimal concentration of choline re-
quired for the current induction was 0.1 mM and a maxi-
mal level of the current activation was observed with 10
mM choline. We therefore used 10 mM choline for the
rest of our experiments.

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-
tential of the current, as determined by the tail currents
elicited upon repolarization to various test potentials
ranging from −120 to 0 mV from a prepulse at +50 mV,
was dependent on the external K+ concentrations (rang-
ing from 5.4 to 130 mM). The reversal potential was
shifted to less negative potentials with elevating [K+]o

(data not shown).

Fig. 2. Choline modulation of action potential
duration (APD) by activation of mAChRs in
guinea pig atria. (A) Choline (1 mM) reversibly
shortens APD in a representative preparation. (B)
4DAMP (2 nM) restoration of APD shortening
caused by choline, recorded in the same
preparation as in A. (C) Quantification of choline
effects on APD. Length of APD was determined
at 50% (APD50) and 90% (APD90) 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 10 mM. (A)
Effects of choline on HR expressed as percent
slowing of HR (n 4 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(%)4 100/[1 + (IC50/D)n], where
B(%) is the percent changes of heart rate or APD
at a drug concentrationD, IC50 is the
concentration of choline that produces 50%
effects, andn is the Hill coefficient. The
calculated IC50 values for APD50 and APD90 are
400 mM and 1 mM, respectively.
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SinceIKr and IKs share some similarities with cho-
line-activated K+ current, possible contribution of these
two currents to choline-induced current was examined.
Recordings were made with the solution which did not
contain dofetilide and 293B. Following choline activa-
tion of the current to steady state levels (usually 10 min-
utes after starting of the superfusion with choline),
dofetilide (1 mM) or 293B (20mM) was added to the
choline-containing solution and the whole-cell record-
ings were repeated 20 minutes after exposure. Our re-
sults showed that neither of the drugs produced any
changes of choline-induced current, excluding the in-
volvement ofIKr and IKs in the choline-induced K+ cur-
rent. For the dofetilide experiments, the current density
measured at +50 mV was 10.8 ± 2.1 pA/pF in the ab-
sence of dofetilide and 10.6 ± 1.9 pA/pF in the presence
of dofetilide. For 293B, the values were 9.7 ± 1.3 and
9.5 ± 2.3 pA/pF without and with 293B, respectively.

It seems that choline, like TMA (Shi et al., 1998a,b)
and pilocarpine (Wang et al., 1998), activates the K+

currents via stimulation of M3 receptors. This was veri-
fied by the following experiments. Effects of atropine on
the currents were first evaluated and one example is il-
lustrated in Fig. 5A. Atropine at 1mM eliminated the
choline-induced currents, suggesting a role of mAChRs
in the current induction. To explore whether M3 recep-
tors were responsible for mediating choline activation of
the K+ currents, we assessed the effects of 4DAMP. As
depicted in Fig. 5B, C and D, 4DAMP, concomitantly
applied with choline, substantially depressed the current
at all test potentials studied (ranging from −40 to +50
mV). Like in guinea pig myocytes, 2 nM of 4DAMP
produced approximately 50% inhibition (48.2 ± 6.1% at
+50 mV, n 4 6). Greater percentage of block was ob-
served with higher concentrations of the drug: 75% by 5
nM and 93% by 10 nM.

To investigate whether the choline-induced current

also responds to the antagonists selective towards other
subtypes (M1/M2/M4) of mAChRs, effects of pirenzepine
(PZ, for M1, Watson, Yamgmur & Roeske, 1983),
methoctramine (MA, for M2, Wess et al., 1988; Michel
& Whiting, 1988), and tropicamide (TA, for M4, Laza-
reno, Buckley & Roberts, 1990; Lazareno & Birdsall,
1993) were evaluated. The results are presented in Fig.
6. None of these compounds exhibited any blocking ac-
tions on the choline-induced K+ current. To ensure that
the failure of these compounds to inhibit the currents
were not due to insufficient concentrations used, we fur-
ther tested the effects of elevated concentrations of PZ
(100 nM ) or MA (100 nM) on the current. However, we
still failed to observe any changes of the current. Higher
concentrations of the drugs were not studied because
they may cause cross-actions on different subtypes.

To ensure that the effects of choline were not the
consequence of enhanced release of catecholamine from
presynaptic ganglions, additional experiments were per-
formed to evaluate the effects ofa1- and b-adrenergic
receptor antagonist prazosin (2mM) and propralonol (2
mM). However, no changes were observed under such
conditions and choline demonstrated the same potency
for K+ current induction (data not shown), excluding the
contribution of adrenoceptor activation. This was further
precluded by our preliminary study showing that phen-
ylephrine (ana1-adrenoceptor agonist) and isoproterelol
(a b-adrenoceptor agonist) both cause significant de-
crease in the current, instead of increase as expected if
these receptors are involved in choline induction of the
K+ current.

CHOLINE BINDING TO MACHRS IN MEMBRANE

HOMOGENATES FROMCANINE ATRIA

If, as our functional study suggested, choline modulates
heart functions by activating a K+ current via stimulation

Fig. 4. Choline-induction of a novel K+ current
via stimulation of mAChRs in isolated single
guinea pig atrial myocytes. Currents were elicited
by 2-sec pulses to potentials ranging from −40 to
+50 mV with 10-mV increment followed by a
1-sec step to −30 mV. Voltage steps were
delivered from a holding potential (HP) of −50
mV at an interpulse interval of 5 sec. (A) An
example showing the effects of atropine (1mM) on
choline-induced K+ currents. The choline
concentration was 10 mM. (B) Analog data
showing the effects of an M3-selective antagonist
4DAMP (2 nM) 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 nM). (C) Current-voltage relationship
of the baseline currents and after exposure of cells
to 4DAMP at a concentration of 2 nM from the
same cell in (B). Similar data were obtained from
another three cells.
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of an M3 receptor, then it should be able to displace
[3H]-NMS binding in a competitive fashion. To clarify
this issue and also to verify the validity of the choline
concentrations used in our experiments, mAChR binding
assay was carried out. Saturation binding of [3H]-NMS
to the membrane homogenates from canine atria yielded
a maximum binding value, or M-receptor density of 282
± 26 fmol/mg protein and a dissociation constantKd of
223 ± 24 pM. The experiments for competition binding
were performed with 400 pM [3H]-NMS and thirteen
concentrations of choline ranging from 10 nM to 10 mM.
Choline binding yielded displacement curves best de-
scribed with a two-site binding model. The data are
shown in Fig. 7B. The Kd values were 5.5 ± 1.2mM

(34%, percentage of high affinity binding) and 0.9 ± 0.2
mM (65%, percentage of low affinity binding) for cho-
line. The low affinity binding was quite compatible with
the concentrations at which choline produced induction
of the K+ current and alteration of the HR and APD in
both canine cells and guinea pig cells. For comparison,
displacement binding of [3H]-NMS with 4DAMP was
also performed and the results are shown in Fig. 7B. The
Kd values were 2.5 ± 0.6 nM and 79.4 ± 9.6 nM. The high
affinity binding Kd was in good agreement with the con-
centration of 4DAMP (2 nM) required to produce∼50%
conversion of the effects of choline.

Discussion

Choline is known to be a structural component of the cell
membrane. We demonstrated here that choline is also a

Fig. 5. Inhibition of choline-induced K+ currents by 4DAMP (an M3-selective antagonist) in canine atrial myocytes. (A) A family of traces recorded
before drug application, in the presence of choline (10 mM) and after concomitant application of choline and atropine (1mM). (B) Analog data
showing inhibition of choline-induced K+ currents by 4DAMP (2 nM). (C) Current density-voltage relationship choline-induced currents before and
after application of 4DAMP (2 and 5 nM). Shown are averaged data from a total of 14 cells. *P < 0.05, **P < 0.01, and ***P < 0.001, Scheffe’s
contrast afterF tests, comparison between choline and choline + 2 nM 4DAMP only. (D) Percentage block of choline-induced K+ currents by varying
concentrations of 4DAMP, as determined at +50 mV. **P < 0.01 and ***P < 0.001, studentt-test, comparison between choline and
choline + 4DAMP (n 4 5).

Fig. 6. Lack of effects of mAChR subtype-selective antagonists on
choline-induced K+ currents in canine atrial myocytes. Currents were
elicited in the presence of 10 mM choline, with voltage protocols same
as described in Fig. 4. Analog data from representative myocytes show-
ing effects of pirenzepine (PZ, 10 nM (A)), methoctramine (MA, 20 nM
(B)), and tropicamide (TA, 200 nM (C)). (D) Averaged data of choline-
induced K+ currents before and after and antagonists, measured at +50
mV (n 4 5 for PZ,n 4 5 for MA, andn 4 4 for TA).
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functional modulator of the cell membrane. Choline
slowed the heart rate and accelerated the membrane re-
polarization. These effects could be explained at least
partially by its ability to bind to mAChRs and to activate
a novel K+ current most likely via stimulating the M3
receptors in mammalian heart cells.

The ability of choline to induce a K+ current with
delayed rectifier properties distinct from the classical de-
layed rectifier K+ current (IKr/IKs, Wang et al., 1995) was
first described by Fermini and Nattel (1994). They
found that choline induction of the K+ current relied on
stimulation of mAChRs. And their data argued against
the role of M1 receptor subtype or nicotinic receptors in
this function. Since their results could not be readily
explained by M2 receptors, they proposed that other sub-
types may be responsible for choline induction of the K+

current. Unfortunately, no further characterization was
performed in their study.

In contrast to most peripheral tissues, the myocar-
dium has been considered to possess a single mAChR
subtype: M2 receptors have long been believed to be the
only functional mAChR subtype in the heart (Watson et
al., 1983; Bonner et al., 1987; Mizushima et al., 1987;
Peralta et al., 1987). However, the concept that the heart
possesses a single M2 subtype of mAChR is now being
challenged. Expression of multiple isoforms of mRNAs
encoding for different subtypes of mAChRs (M1/M2/M3/
M4) in chick hearts has been confirmed by two groups
(Tietje et al. 1990; Tietje & Nathanson, 1991; Gadbut &
Galper, 1994; McKinnon & Nathanson, 1995). Sun et al.
(1996), by studying the antagonism of carbachol-induced
chronotropy and IP1 accumulation, found evidence for a
heterogeneous population of muscarinic receptors in-
cluding M2 and M3 subtypes in neonatal rat ventricular
myocytes. Sharma et al. (1996) used single-cell PCR,
subtype-specific antibodies and the measurement of Ca2+

transients to provide convincing molecular and func-
tional evidence for the presence of M1 receptors in rat
ventricular myocytes. Ford, Eglen and Whiting (1992)
analyzed mAChR mediated PI hydrolysis in guinea pig
atria and ventricles. The inhibition of the response to
agonist by several antagonists including HHSiD andp-F-
HHSiD generated an affinity profile dissimilar to the

pure M2 response, suggesting “a second population of
muscarinic sites.” In isolated blood-perfused dog atria,
Akahane (1990) compared the inhibitory potency of car-
bachol-induced negative chrono- and inotropic responses
by 4-DAMP, AF-DX 116 and pirenzepine. They found
that the potency of 4-DAMP was equal to atropine but
greater than AF-DX 116 (an M2-preferring antagonist)
and much greater than pirenzepine (an M1-selective in-
hibitor), suggesting a role of the M3 subtype. Yang et al.
(1992) performed detailed pharmacological characteriza-
tion of mAChR subtypes in membrane homogenates
from dog left ventricular tissues and their data seemed to
exclude the presence of M1 receptors but favored the
existence of M2 and M3 subtypes. They further found in
their functional study that the inhibition of carbachol-
mediated PI hydrolysis by pirenzepine, AF-DX 116 and
4DAMP generated an affinity profile dissimilar to the
classical cardiac M2 response. The authors interpreted
these data as favoring the existence of a second popula-
tion of mAChRs distinct from M2. We have previously
identified the cardiac M3 receptors in dog atrial myocytes
with both functional and molecular evidence (Shi et al.,
1998a,b). We found that stimulation of the cardiac M3

receptors by TMA (Shi et al., 1998a) or pilocarpine
(Wang et al., 1998) activates a delayed rectifier type of
K+ current, which is sensitive to several M3-preferential
antagonists but not to the antagonists selective toward
other subtypes of mAChRs. Radioligand binding data
pointed to the existence of M3 subtype in dog atrial mem-
brane homogenates. A cDNA fragment of the cardiac
M3 receptor gene has also been isolated from the dog
heart. More recently, M3 receptors have also been de-
tected at the protein level with Western blotting from our
preliminary experiments. We have further found using
antibodies that M3 receptors are linked to the K+ chan-
nels via Gq proteins. Yet the physiological functions of
this cardiac M3 receptor and its coupled K+ channel were
unclear. The present study provided evidence indicating
that activation of the cardiac M3 receptor and its coupled
K+ channel may contribute significantly to the regulation
of HR and membrane repolarization. Slowing of HR can
be beneficial in many clinical settings such as myocar-
dial ischemia, arrhythmias, atrial fibrillation, etc. Short-

Fig. 7. M-receptor binding with [3H]-NMS to
homogenates from canine atrial tissues. (A)
Saturation binding. Shown are the specific and
nonspecific data averaged from four individual
preparations carried out in triplicate for each
experiment. Symbols are experimental data and
lines represent the fit with a one-site binding
model. (B) Displacement binding of [3H]-NMS
with choline (10 nM–10 mM) or 4DAMP (0.1
nM–100mM). Each point represents the mean ±
SEM from six experiments assayed in duplicate.
Curves are best fits of the experimental data to a
two-site binding model.
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ening of APD particularly the plateau phase could be
either arrhythmogenic (for re-entrant type of arrhyth-
mias) or antiarrhythmic (for early afterdepolarization),
depending on different situations. But decrease in Ca2+

entry may be caused indirectly by shortened APD, which
could lead to weakening of contraction and reduced oxy-
gen consumption. The fact that choline is able to abolish
the norepinephrine and Ca2+ induced ventricular tachy-
cardia (Podzuweit, 1982) may be related to its ability to
shorten APD. Choline is known to have a neuroprotec-
tive effect in situations of hypoxia and ischemia of the
brain. Whether the same protective effects are also ap-
plied to cardiac hypoxia and ischemia is unknown. Fur-
thermore, choline has been demonstrated to be able to
prevent occurrence of apoptosis (Albright et al., 1996)
and both choline and M-receptors play important role in
Alzheimer’s disease (Elble, Giacobini & Higgins, 1989).
It is not unreasonable to speculate that the effects of
choline in various tissues and systems as in the heart can
also be mediated by M3 receptors too. It has been found
that M3 receptors are present in various neuronal popu-
lations throughout the brain and also have their wide
distribution in the peripheral tissues (Buckley, Bonner &
Brann, 1988). Whether the M3 receptors in these tissues
also couple to K+ channels, as in the heart, remains un-
clear. Future studies are warranted to test these notions
and to clarify whether choline can affect the heart func-
tions in vivo.

Given that high concentrations of choline (0.1∼10
mM), relative to its physiological blood levels, are re-
quired to activate M3 receptors and the K+ current, cho-
line is unlikely an endogenous agonist of M3 receptors.
Nonetheless, choline should at least be considered an
effective pharmacological probe for studying the cardiac
M3 receptors and the novel K+ current.

This work was supported by the Medical Research Council of Canada,
the Heart and Stroke Foundation of Quebec, an Establishment Grant for
young investigators from the Fonds de Recherche en Sante de Quebec
awarded to Dr. Wang, and the Fonds de la Recherche de l’Institut de
Cardiologie de Montreal. Dr. Wang is a research scholar of the Heart
and Stroke Foundation of Canada.

The authors wish to thank XiaoFan Yang for excellent technical assis-
tance and Nathalie Ethier for her professional help with the radioligand
binding assay.

References

Akahane, K., Furukawa, Y., Karasawa, Y., Chiba, S. 1990. Muscarinic
receptor subtypes mediating negative chrono- and iontropic re-
sponses in isolated blood-perfused dog right atria.J. Auton. Phar-
macol.10:39–48

Albright, C.D., Liu, R., Bethea, T.C., Da Costa, K., Salganik, R.I.,
Zeisel, S.H. 1996. Choline deficiency induces apoptosis in SV40-
immortalized CWSV-1 rat hepatocytes in culture.FASEB. J.
10:510–516

Araujo, D.M., Lapchak, P.A., Quirion, R. 1991. Heterogeneous binding
of [3H]4-DAMP to muscarinic cholinergic sites in the rat brain:
evidence from membrane binding and autoradiographic studies.
Synapse9:165–176

Barlow, R.P., Shepherd, M.K. 1986. A further search for selective
antagonists at M2 muscarinic receptors.Br. J. Pharmacol.89:837–
843

Bonner, T.I., Buckley, N.J., Young, A.C., Brann, M.R. 1987. Identifi-
cation of a family of muscarinic acetylcholine receptor genes.Sci-
ence237:527–532

Buckley, N.J., Bonner, T.I., Brann, M.R. 1988. Localization of a family
of muscarinic receptor mRNAs in rat brain.J. Neurosci.8:4646–
4652

Drake, J., Glavinovic, M.I., Trifaro, J.M. 1992. Choline blockage of
currents through Ca2+-activated K+ channels in bovine chromaffin
cells.Neuroscience49:945–50

Eglen, R.M., Whiting, R.L. 1990. Heterogeneity of vascular muscarinic
receptors.J. Auton. Pharmacol.10:233–245

Elble, R., Giacobini, E., Higgins, C. 1989. Choline levels are increased
in cerebrospinal fluid of Alzheimer patients.Neurobiol. Aging.
10:45–50

Fermini, B., Nattel, S. 1994. Choline chloride activates time-dependent
and time-independent K+ currents in dog atrial myocytes.Am. J.
Physiol.266:C42–C51

Ford, A.P., Eglen, R.M., Whiting, R.L. 1992. Analysis of muscarinic
cholinoceptors mediating phosphoinositide hydrolysis in guinea pig
cardiac muscle.Eur. J. Pharmacol.225:105–112

Gabelt, B.T., Kaufman, P.L. 1992. Inhibition of outflow facility and
accommodative and miotic responses to pilocarpine in rhesus mon-
keys by muscarinic receptor subtype antagonists.J. Pharmacol.
Exp. Ther.263:1133–9

Gadbut, A.P., Galper, J.B. 1994. A novel M3 muscarinic acetylcholine
receptor is expressed in chick atrium and ventricle.J. Biol. Chem.
269:25823–25829

Goyal, R.K. 1989. Muscarinic receptor subtypes. Physiology and clini-
cal implications.N. Engl. J. Med.321:1022–1028

Hulme, E.C., Birdsall, N.J., Buckley, N.J. 1990. Muscarinic receptor
subtypes.Annu. Rev. Pharmacol. Toxicol.30:633–673

Lazareno, S., Birdsall, N.J.M. 1993. Pharmacological characterization
of acetylcholine-stimulated [35S]-GTP S binding mediated by hu-
man muscarinic m1-m4 receptors: antagonist studies.Br. J. Phar-
macol.109:1120–1127

Lazareno, S., Buckley, N.J., Roberts, F.F. 1990. Characterization of
muscarinic M4 binding sites in rabbit lung, chicken heart, and
NG108-15 cells.Mol. Pharmacol.38:805–815

McKinnon, L.A., Nathanson, N.M. 1995. Tissue-specific regulation of
muscarinic acetylcholine receptor expression during embryonic de-
velopment.J. Biol. Chem.270:20636–20642

Michel, A.D., Stefanich, E., Whiting, R.L. 1989. Direct labeling of rat
M3-muscarinic receptors by [3H]4-DAMP. Eur. J. Pharmacol.
166:459–466

Michel, A.D., Whiting, R.L. 1988. Methoctramine, a polymethylene
tetraamine, differentiates three subtypes of muscarinic receptor in
direct binding studies.Eur. J. Pharmacol.145:61–66

Mizushima, A., Uchida, S., Zhou, X.M., Kagiya, T., Yoshida, H. 1987.
Cardiac M2 receptors consist of two different types, both regulated
by GTP.Eur. J. Pharmacol.135:403–409

Mutschler, E., Moser, U., Wess, J., Lambrecht, G. 1995. Muscarinic
receptor subtypes-pharmacological, molecular biological and thera-
peutical aspects.Pharm. Acta. Helv.69:243–258

Peralta, E.G., Ashkenazi, A., Winslow, J.W., Smith, D.H., Ramachan-
dran, J., Capon, D.J. 1987. Distinct primary structures, ligand-
binding properties and tissue-specific expression of four human
muscarinic acetylcholine receptors.EMBO J6:3923–3929

63H. Shi et al.: Choline Modulation of Cardiac Electrical Properties



Podzuweit, T. 1982. Cyclic AMP arrhythmias. Inhibition by choline
esters.Adv. Myocardiol.3:193–8

Sharma, V.K., Colecraft, H.M., Rubin, L.E., Sheu, S.S. 1997. Does
mammalian heart contain only the M2 muscarinic receptor subtype?
Life Sci.60:1023–1029

Sharma, V.K., Colecraft, H.M., Wang, D.X., Levey, A.I., Grigorenko,
E.V., Yeh, H.H., Sheu, S.S. 1996. Molecular and functional iden-
tification of m1 muscarinic acetylcholine receptors in rat ventricular
myocytes.Circ. Res. 79:86–93

Shi, H., Wang, H., Wang, Z. 1998a. Identification and characterization
of multiple subtypes of muscarinic acetylcholine receptors and their
physiological functions in canine hearts.Mol. Pharmacol.55:(in
press)

Shi, H., Wang, H., Wang, Z. 1998b. Functional and molecular identi-
fication and characterization of cardiac M3 and M4 subtypes of
muscarinic acetylcholine receptors (mAChRs).Circulation98:I694

Shi, H., Wang, H., Wang, Z. 1998c.Choline is a selective agonist of M3
subtype of muscarinic acetylcholine receptors (mAChRs) in cardiac
myocytes.Can. J. Cardiol.14:144F

Sun, L.S., Huber, F., Robinson, R.B., Bilezikian, J.P., Steinberg, S.F.,
Vulliemoz, Y. 1996. Muscarinic receptor heterogeneity in neonatal
rat ventricular myocytes in culture.J. Cardiovasc. Pharmacol.
27:455–461

Tietje, K.M., Goldman, P.S., Nathanson, N.M. 1990. Cloning and func-
tional analysis of a gene encoding a novel muscarinic acetylcholine
receptor expressed in chick heart and brain.J. Biol. Chem.
265:2828–2834

Tietje, K.M., Nathanson, N.M. 1991. Embryonic chick heart expresses
multiple muscarinic acetylcholine receptor subtypes. Isolation and
characterization of a gene encoding a novel m2 muscarinic acetyl-
choline receptor with high affinity for pirenzepine.J. Biol. Chem.
266:17382–17387

van Zwieten, P.A., Doods, H.N. 1995. Muscarinic receptors and drugs
in cardiovascular medicine.Cardiovasc. Drugs Ther.9:159–167

Wang, Z., Fermini, B., Nattel, S. 1991. Repolarization differences be-
tween guinea pig atrial endocardium and epicardium — evidence
for a role of the transient outward current (Ito). Am. J. Physiol.
260:H1501–H1506

Wang, Z., Fermini, B., Nattel, S. 1993a. Mechanism of flecainide’s
rate-dependent actions on action potential duration in canine atrial
tissue.J. Pharmacol. Exp. Ther.267:575–581

Wang, Z., Fermini, B., Nattel, S. 1993b. Delayed rectifier outward
current and repolarization in human atrial myocytes.Circ. Res.
73:276–285

Wang, Z., Fermini, B., Nattel, S. 1994. Rapid and slow components of
delayed rectifier current in human atrial myocytes.Cardiovasc.
Res.28:1540–1546

Wang, Z., Pelletier, L.C., Talajic, M., Nattel, S. 1990. Effects of fle-
cainide and quinidine on human atrial action potentials: Role of
rate-dependence and comparison with guinea pig, rabbit, and dog
tissues.Circulation. 82:274–283

Wang, H., Shi, H., Wang, Z. 1998. Pilocarpine modulates heart func-
tions via activation of M3 subtype muscarinic acetylcholine recep-
tors and a novel K+ current.Can. J. Cardiol.14:144F

Watson, M., Yamamura, H.I., Roeske, W.R. 1983. A unique regulatory
profile and regional distribution of [3H] pirenzepine binding in the
rat provide evidence for distinct M1 and M2 muscarinic receptor
subtypes.Life Sci.32:3001–3011

Wess, J., Angeli, P., Melchiorre, C., Moser, U., Mutschler, E., Lam-
brecht, G. 1988. Methoctramine selectively blocks cardiac musca-
rinic M2 receptors in vivo.Naunyn Schmiedebergs Arch. Pharma-
col. 338:246–9

Yang, C.M., Yeh, H.M., Sung, T.C., Chen, F.F., Wang, Y.Y. 1992.
Characterization of muscarinic receptor subtypes in canine left ven-
tricular membranes.J. Recept. Res.12:427–449

Yue, L., Feng, J., Gaspo, R., Li, G.R., Wang, Z., Nattel, S. 1997. Ionic
remodeling underlying action potential changes in a canine model
of atrial fibrillation. Circ. Res.81:512–525

64 H. Shi et al.: Choline Modulation of Cardiac Electrical Properties


