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Abstract: We isolated mouse embryonic cardiomyocytes derived from timed-pregnant females at different periods and used patch-
clamp technique to investigate the muscarinic cholinergic modulation of pacemaker current I, in different developmental stages. In early
development stage (EDS), muscarinic agonist carbachol (CCh) significantly decreased the magnitude of the pacemaker current I, but had
no effect in late development stage (LDS). Forskolin (a direct adenylate cyclase activator) and IBMX (a non-selective phosphodi-
esterase inhibitor) increased I, in both EDS and LDS cells. Interestingly, although both forskolin and IBMX increased basal |, their
effects on CCh-inhibited I, were different. Forskolin did not reverse the inhibitory action of CCh until intermediate development stage
(IDS). In contrast, IBMX reversed the inhibitory action of CCh on I, in EDS but not in IDS. It is suggested that a decrease in
intracellular CAMP is a possible mechanism for CCh to modulate I, . During the EDS and IDS CCh controls the cytoplasmic CAMP level
by different pathways: In EDS, CCh modulates I, possibly by activating PDE which accelerates the breakdown of CAMP, but in IDS
possibly by inhibiting adenylate cyclase (AC) which then reduces the synthesis of CAMP.
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The pacemaker current |, is akind of hyperpolarization
activated nonselective inward cation current. In heart, I,
current has been detected mainly in the conductive system
such asfrog sinus venosug®, rabbit sino-atiral node?, rabhit
atrioventricular node? , and rabhit purkinjefiberg. It has
also been demonstrated in embryonic stem cell (ES-cell)
derived cardiomyocytes® and embryonic cardiomyo-
cytes¥. The pacemaker current |, seemsto beinvolvedin
the generation of the autorhythmicity in heart caused by
the spontaneous action potential generated in the sinus-
atrial node which spreads through the conductive system
and causes the heart to contract spontaneously and har-
moniouslyt”8.,

In the recent decade, the abnormally re-expression of
early embryonic genes? and |, in pathol ogically altered car-
diac myocytes has been extensively noted. In spontane-
oudly hypertensive rats, |, density was linearly rdated to
the severity of cardiac hypertrophy and was found to be
significantly larger than that in healthy control animalg™®.
Thus, it was suggested that the overexpression of I, might
contribute to the increased propensity of arrhythmiasin
hypertrophied rat ventricular myocardium™®. In human
ventricular myocytes of patients with end-stage heart
failure, a trend of |, density increase compared with the
non-failure controls was al so observed™.

Detailed regulatory mechanisms of | in adult cardiac
myocytes have been investigated. It iswell known that I,
is regulated by sympathetic and parasympathetic
neurotransmitters. Indeed, the B-adrenoceptor agonist iso-
prenaline (1SO) stimulates |, by shifting the activation curve
to more positive voltages whereas the vagal neurotrans-
mitter acetylchaline (ACh) inhibits I, by shifting the activa
tion curve to more negative potential 2. In adult cardiac
myocytes, |; regulation involves the modulation of adeny-
late cyclase activity!®4, the direct binding of CAMP1to |-
channel§*® as well as the phosphorylation of the channd's
via cCAMP-dependent pathway!®. In mouse embryonic
heart, however, the regulation of I, in cardiomyogensis
differs dramatically in early and terminal differentiation
stages. It has been reported that in early development stage
(EDY) intrinsic adenylate cyclase (AC) and phosphodi-
edterase (PDE) activitiesare high, whereas 3-adrenoceptors
are not yet functionally coupled with ACI*#8, So |SO can
merely increase the amplitude of |, in late development
stage (LDS) but not in EDS in mouse embryonic heart!®
and ES-cdll derived cardiomyocytes®. The simulatory ef-
fect of ISO on |, in LDS was mediated by phosphorylation
viathe cAM P-dependent protein kinase (PKA)P9, Musca
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rinic cholinergic modulation of I, in cardiomyogenesis is
gill obscure, however. It has been demonstrated that mus-
carinic agonist carbachol (CCh) inhibits I, current in early
stage of ES-cdll derived cardiomyocytes. In LDS, however,
CCh can not affect the current’™. The detailed mechanisms
of this phenomenon are not clear. In mouse embryonic
heart littleis known about the muscarinic cholinergic modu-
lationon ;.

In this experiment, we investigated the effects of mus-
carinic agonist CCh on [ current in different developmen-
tal stages of mouse embryonic heart, and studied the pos-
sible regulatory mechanisms of CCh in different develop-
mental stages.

1 MATERIALS AND METHODS

1.1 Cell isolation and culture

Pregnant mice of different devel opment stages were killed
by cervical didocation and embryos were removed quickly.
Then hearts were dissected from the embryos. And the
ventricular tissues were then placed in Eppendorf tubes
with enzyme-containing solution (1 mg/ml collagenase B,
Roche Molecular Biochemicals, Mannheimm, Germany)
to digest for 35~37 min a 37°C. Isolated cells were cul-
tured in glass culture dishes with sterile, gelatin-coated glass
cover dips containing 2~3 ml culture medium (see below
for composition) for 18~48 h before current recording. In
our study 8.5~11.5, 12.5~15.5 and 16.5~19.5 d after coi-
tus were considered as EDS, IDS and LDS respectively.

1.2 Solutions

Modified Tyrode' s solution was composed of (mmol/L):
NaCl 140, NaOH 2.3, KCl 5.4, CaCl, 1.8, MgCl, 1, Hepes
10, glucose 10, CdCl, 0.5, BaCl, 1,4-aminopyridine 2 (pH
was adjusted to 7.4 with NaOH). CdCl,, BaCl,, and 4-
aminopyridine was added to reduce theinterference of other
currents, i.e., slow inward calcium current, inward recti-
fier potassium current and transient outward current. Cul-
ture medium contained DMEM (Dulbecco’ s modified
Eagle’' s medium, Gibco), 20% fetal bovine serum. Pipette
solution was composed of (mmol/L): NaCl 10, potassium
aspartate 130, Na,ATP2, EGTA 1, MgCl, 2, Na,GTPO0.1,
Hepes 10 (pH was adjusted to 7.2 with KOH).

1.3 Electrophysiology

The glass cover dlipswith cultured cells were placed ina
temperature-controlled [(37+0.3)°C] recording chamber
mounted on the stage of an inverted microscope (Zeiss,
Germany) and continuously superfused with the modified
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Tyrode s solution by gravity at arate of 1 ml/min. Extra-
cellular application of drugs was performed by superfusing
cells with Tyrode' s solution containing the drugs.

In our investigation only single cells that are spontane-
ously beating were used. Experimental data shownin this
article were obtained using patch-clamp proceduresin con-
ventional whole-cell configuration®®. The cells were held
in voltage-clamp mode using an Axopatch 200-A amplifier
(Axon Instruments, CA, USA) driven by 1SO2 software
(MFK, Frankfurt, FRG). I, current was dlicited by a hy-
perpolarizing pulse to—110 mV (lasting for 3 000 ms) from
aholding potential of —=35 mV (200 ms, to inactive sodium
current). Patch pipettes were prepared from glass capil-
lary tubes (Liuhe Laboratory Apparatus Factory, Nanjing,
China) by means of atwo-step vertical puller (David K opf
Instruments, Germany) .The resistance was 2~3 MQ
when filled with the pipette solution. Data were collected
at asampling rate of 10 kHz, filtered at 3 kHz, stored on
hard disk and analyzed off-line using the 1SO2 analysis
software package.

1.4 Data analysis
The amplitude of |, was measured as the difference be-
tween the instantaneous current at the beginning of the
hyperpolarizing pulse and the steady-state current at the
end of hyperpolarization®. When substances were applied,
the instantaneous current amplitude in the presence of the
substance was taken as the reference value for the estima-
tion of I,. Data are presented as mean+SEM when
appropriate. Statistical analysis was performed using
Student’ s paired or unpaired t tests and values of P<0.05
were considered significant. Graphics and statistical data
analysis were carried out by ORIGIN 6.0 software
(Microcal).
1.5 Reagents
The following reagents were all purchased from Sigma:
CCh, forskalin, Hepes, isobutyl methyl-xanthine (IBM X),
and 4-aminopyridine. DMEM and fetal bovine serumwere
purchased from Gibco. Forskalin was dissolved in DM SO
(final DM SO concentration 0.01%), stored frozen at —20°C.
Aliquots were thawed immediately before use and diluted
in the bath solution to the concentration desired.

And other chemicals, if not stated, were all purchased
from Chinese reagent companies.

2 RESULTS

2.1 Effect of CChonl,in EDSand LDScells
Itiswdl established that muscarinic agonist inhibits I,1*2,

In ES-cdll derived cardiomyocytes, it is also reported that
CChinhibitsbasal I; in EDSbut notin LDS¥. Our study in
embryonic cardiomyocytes showed that CCh (umol/L) de-
pressed basal |; current by (30.40+£3.74)% [from
(399.78458.21) to (275.84+45.49) pA, P<0.05, n=25],
(19.61+4.47)% [from (369.28+34.14) to (298.89+38.56),
P<0.05 n=27] and (5.53+2.24)% [from (358.79+43.36)
t0 (339.25+46.34) pA, P>0.05, n=23] in EDS, IDS, and
LDS, respectively (Fig. 1B). So with heart deve opment,
the effect of CChon |, gradually diminished. Current traces
recorded from a typical EDS cell showed that CCh pro-
foundly inhibited I, (Fig. 1A). But CCh almost had no ef-
fecton I; in LDS (data not show).

2.2 Effect of forskolin and IBMX on |, current

In our experiment either forskolin (1 pmol/L) or IBMX
(50 pmal/L) enhanced the basal |, current in both EDS and
LDS.

Forskaolin (1 umoal/L) increased the amplitude of I, by
(28.34+2.56)% [from (403.92+73.56) to (519.04+62.74)
pA, P<0.01, n=18], and (27.16+7.14)% [from (347.64+
39.97) to (487.23 +69.81) pA, P<0.01, n=20] in EDS and
LDS cdls, respectively.

Similar with the effect of forskolin, IBMX (50 umoal/L)
also enhanced the amplitude of |, by (23.46x3.40)% [from
(385.67+62.78) to (478.39+53.96) pA, P<0.01, n=18] and
(21.53+2.18)% [from (364.31+£83.94) to (442.86+69.42)
pA, P<0.01, n=16] in EDS and LDS cdlls, respectively.
2.3 Effect of forskolin and IBM X on CCh-inhibited
[, current
To evaluate the effect of forskolin and IBMX on CCh-
inhibited I, current, forskolin or IBMX was administered
after I, current had been inhibited by CCh.

In EDS, administration of CCh (1 umol/L) inhibited the
current from (403.19+45.34) to (282.42+29.68) pA. Con-
sequent co-administration of forskalin (1 pumol/L) and CCh
(1 pmol/L) had no effect on the CCh-inhibited current,
only changed the current from (282.42+29.68) to
(290.59+29.74) pA, (P>0.05, n=21). In IDS, however,
forskalin (1 pmol/L) abolished the inhibitory action of CCh
on |;. After the current had been inhibited by CCh (1 umol/
L) from (371.14+35.34) to (296.95+18.21) pA, conse-
guent co-administration of forskolin (1 umoal/L) and CCh
(1 pmol/L) recovered the current to (356.59+37.58) pA
(P<0.05, Fig. 2C). Figure 2A and 2B illustrated the results
fromatypical EDSand IDS cdll, respectively.

Theaction of IBM X, however, was different from that
of forskolin. In EDS, after |, current had been inhibited by
CCh (1 pmol/L) from (381.30+£42.14) pA to (255.27+
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Fig.1. Effect of muscarinic agonist CCh on mouse embryonic cardiomyocytes. A: A typical result recorded from an individua EDS cell. Mark
1, 2, and 3 present control, application of CCh (1 pumol/L) and washout, respectively. B: Pooled data of the effect of CCh (1 pmoal/L). "P<0.05.

D ™
3 o = 3
4 & 1,4
1000 ms 1
B
1000 ms 1 1 000 ms
F
C == Conrol mm Conrol
zz1 CCh (1 pmol/L) wzz CCh (1 pmol/L)
m=m CCh (1 pmol/L)+Forskolin (1 umoliL) mm CCh (1 ymol/L1+IBMX (50 umol/L)
=18 =2
500 1 n=23 500 - " =2
. n=21 — .
< <
£ 400/ i = 4001 :
c c
o g
3 3001 3 300 :
5] 5 I
o 2001 g 2001 [
2 2
g2 1001 2 100 [
< <
L
0 ' 0 :
EDS IDS EDS DS

Fig.2. Different effects of forskolin (1umol/L) and IBMX (50 umol/L) on CCh-inhibited I; current in EDS and IDS. A-C: Effect of forskolin
(1 pmol/L) on CCh-inhibited I; current in EDS and IDS. A: Typical tracingsin an EDS cell. 1, control; 2, application of CCh (1 umol/L); 3,
superimposing forskolin (1 pmol/L) in the CCh (1 pmol/L) containing bath solution; 4, washout. B: Typical tracings in an IDS cell. 1,
control; 2, application of CCh (1 pmol/L); 3: superimposing forskolin (1 pmol/L) in the CCh (1 pmol/L) containing bath solution. C: Pooled
data of the effect of forskolin. "P<0.05. D-F: Effect of IBMX (1 umol/L) on CCh-inhibited I; current in EDS and IDS. D: Typical tracings
in an EDS cell. 1, control; 2, application of CCh (1 pmol/L); 3, superimposing IBMX (50 umol/L) in the CCh (1 umol/L) containing bath
solution; 4, washout. E: Typical tracingsin an IDS cell. 1, control; 2, application of CCh (1 umol/L); 3, superimposing IBMX (50 pmol/L)
in the CCh (1 umol/L) containing bath solution; 4, washout. F: Pooled data of the effect of IBMX. "P<0.05.
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38.76) pA, co-administration of CCh (1 umol/L) and IBMX
(50 pmol/L) recovered the current from (255.27+38.76)
to (360.84+26.14) pA, (P<0.05, n=18). In IDS, after I,
current had been inhibited from (368.73+41.19) to
(298.08+31.82) pA by CCh (1 pmoal/L), co-administration
of IBMX (50 pumol/L) and CCh (1 pmol/L) could not
recover the current, and changed the current from
(298.08+31.82) pA to (303.64+27.08) pA (P>0.05, Fig.
2F). Figure 2D and 2E illustrated the results from atypical
EDSand IDS cdl, respectively.

3 DISSCUSION

Regulation of the heart autorhythmicity by the sympathetic
and parasympathetic nervesisin part mediated by the ef-
fects of the transmitters they released on pacemaker cur-
rent |25, In canine Purkinjefibersit has been demonstrated
that, B-adrenergic stimulation increases |, by raising the
intracellular cAMP level§?3 and the eevation of CAMP can
activate the cAM P-dependent protein kinase (PKA) which
in turn activates the I, channel by protein phosphoryla-
tion®, In ES-cdl derived cardiomyocytes® and mouse
embryonic heart!® B-adrenergic agonist 1SO has also been
demongtrated to activate I, viaAC-cAMP-PK A pathway in
LDS. The muscarinic cholinergic effect on |, is paradoxical.
In rabbit sino-atrial node, Ach-induced |, depressionisdue
to theinhibition of AC, but this action of ACh is not medi-
ated via PDE*. In adult canine cardiac purkinjefibers CCh
can not inhibit I; directly, but only depresses adrenergic
agonist 1SO-enhanced |, current®. In ES-derived
cardiomyocytes CCh depresses |;in EDS but has no ef-
fectin LDS®.

Our study in embryonic cardiomyocytes indicates that
muscarinic agonist CCh can strongly inhibit I, current
[(34.4+3.74)%, n=25] in EDS. Compared with EDS, the
inhibitory effect of CCh becomes almost negligible
[(5.53+£2.24)%, n=23] in LDS. Theresultis partly inline
with the findings in ES-cell derived cardiomyocytes® in
which CCh has no effect on I; in LDS.

To study the possible regulatory mechanism of CCh on
I, wefirstly evaluated the effects of AC activator forskalin
and PDE inhibitor IBMX on ;. Inour study, either forskolin
or IBMX increased I, inboth EDS and LDS. These results
indicate that CAMP is involved in the modulation of |..

Althouth forskolin and IBMX have similar effect on I,
their effect on CCh-inhibited |, current are different. In
EDS forskalin had no effect on CCh-inhibited I; current,
but IBMX abolished the inhibitory effect of CCh on I,.
These results suggest that in EDS, CCh can inhibit |, via

enhancing the activity of PDE, since PDE inhibitor IBMX
can abolish CCh's effect on [, in this stage.

In IDS, however, forskalin antagonized the inhibitory
action of CCh on I, but IBMX had no effect on CCh-
inhibited I, in this stage. This suggests that in this develop-
mental stage CCh may inhibit I, by inhibiting the activity of
AC, because AC activator forskalin can antagonize thein-
hibitory of CCh on ;.

We conclude that cAM P-dependent pathway isinvolved
in the modulation of I, and muscarinc agonist CCh modu-
lates |, possibly via different signal transduction pathways
in EDS and IDS in mouse embryonic heart. In EDS, CCh
may depress I, mainly by modulating the activity of PDE.
In IDS, however, AC may be involved in the muscarinic
modulation of 1,
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