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In fetal mammalian heart, constitutive adenylyl cyclase/cyclic AMP-dependent protein kinase A (CAMP-
PKA)-mediated phosphorylation, independent of 3-adrenergic receptor stimulation, could under such
circumstances play an important role in sustaining the L-type calcium channel current (Ic,1 ) and regulat-
ing other PKA dependent phosphorylation targets. In this study, we investigated the regulation of L-type
Ca?* channel (LTCC) in murine embryonic ventricles. The data indicated a higher phosphorylation state of
LTCC atearly developmental stage (EDS, E9.5-E11.5) than late developmental stage (LDS,E16.5-E18.5). An
intrinsic adenylyl cyclase (AC) activity, PKA activity and basal cAMP concentration were obviously higher
at EDS than LDS. The cAMP increase in the presence of isobutylmethylxanthine (IBMX, nonselective phos-
phodiesterase inhibitor) was further augmented at LDS but not at EDS by chelation of intracellular Ca?*
with 1,2-bis(2-aminophenoxy )ethane-N,N,N’,N’-tetraacetic acid (BAPTA)-acetoxymethyl ester (BAPTA-
AM). Furthermore, Ic,; increased with time after patch rupture in LDS cardiomyocytes dialyzed with
pipette solution containing BAPTA whereas not at EDS. Thus we conclude that the high basal level of
LTCC phosphorylation is due to the high intrinsic PKA activity and the high intrinsic AC activity at EDS.
The latter is possibly owing to the little or no effect of Ca2* influx via LTCCs on AC activity, leading to the
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inability to inhibit AC.
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1. Introduction

Calcium influx through voltage-gated L-type calcium chan-
nels (LTCCs) is responsible for initiating excitation—-contraction
coupling in the heart [1-5]. L-type Ca®* current (I, ) is dynami-
cally regulated by the second messenger-activated protein kinases,
phosphatases, and G proteins [1,2,6,7]. Increased activity of LTCCs
owing to activation of 3-adrenergic receptors and phosphorylation
by cAMP-dependent protein kinase A (cCAMP-PKA) contributes to
the increase in beating rate and contractile force upon activation
of the sympathetic nervous system [1,2,6,8]. Because of the rela-
tive paucity of sarcoplasmic reticulum in embryonic cardiocytes,
Icay contributes proportionally more to the excitation-contraction
(EC coupling) in the embryo than in the adult [9,10]. Three dif-
ferent LTCCs, Cay1.1, Cay1.2, and Cay1.3, have been identified in
embryonic hearts [11-13]. Among these channels, Cay1.2 is the
predominantly expressed isoform in cardiomyocytes [12]. Cay1.2
consists of a central a-subunit (designated «;1.2), which forms
the ion-conducting pore, and the auxiliary subunits a5, -3, -3, and
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-v. Only a11.2, and none of the auxiliary subunits is required for
the PKA-mediated increase in channel activity [14]. ;1.2 embod-
ies six potential phosphorylation sites by PKA [15]. However, serine
1928 seems to be the only site that could be phosphorylated by PKA
[16-18].

Most previous studies have found that Ic;; densities increase
in the whole-cell-recording configuration during embryonic heart
development, little attention has been paid to single-channel prop-
erties of LTCCs. LTCCs are responsive to isoproterenol (ISO) and
8-bromo-cAMP (8-Br-cAMP) at late developmental stage (LDS)
but not at early developmental stage (EDS) [19-21]. Thus, it
is hypothesized that a phosphorylation-related mechanism is
responsible for the high activity of channels in EDS cardiomy-
ocytes. Despite recent advances in the understanding of the
cAMP-PKA-mediated phosphorylation of the LTCCs during embry-
onic development [21], it remains unclear as to whether cAMP-PKA
also sustains the basal Ic; . observed during cardiomyocyte devel-
opment in the absence of (-adrenergic receptor stimulation.
The regulation of cAMP pulsatile concentration is mediated by
two sets of enzymes, adenylate cyclases (AC) and phosphodi-
esterases (PDE) [22-24]. Although a reduction in PDE activity
could, in part, account for high levels of cAMP at EDS, recent
evidence suggests that basal PDE activity is not reduced in EDS


dx.doi.org/10.1016/j.ceca.2011.07.004
http://www.sciencedirect.com/science/journal/01434160
http://www.elsevier.com/locate/ceca
mailto:lianghuamin@hotmail.com
dx.doi.org/10.1016/j.ceca.2011.07.004

434 X. Yan et al. / Cell Calcium 50 (2011) 433-443

cardiomyocytes, but rather, appears to be elevated [21]. The previ-
ous study has proved indirectly that EDS cells are characterized
by high intrinsic AC activity in murine embryonic stem cell-
derived cardiomyocytes [21,25]. In cardiac myocytes where AC5
and AC6 are the most abundant isoforms, inhibition of AC activity
results primarily from the activation of LTCCs [26,27]. In addi-
tion, protein phosphatases are colocalized with LTCCs and can
also tonically regulate the phosphorylation status of the channel
to modulate I, [28-30]. Therefore, the constitutive mechanisms
that determine the basal levels of channel phosphorylation are
important determinants of I, regulation in embryonic cardio-
cytes.

Thus we aimed to investigate AC/cAMP-PKA-mediated phos-
phorylation of basal LTCCs in murine embryonic ventricles, and
found that the single-channel activity of LTCCs was substantially
higher in EDS than LDS cardiomyocytes. The profile of the enhanced
activity of channels at EDS closely resembled the effects of a cCAMP-
dependent stimulation. Besides, our results echoed the previous
research which suggested that LTCCs were responsive to ISO and
8-Br-cAMP at LDS but not at EDS [19-21]. The intrinsic PKA activ-
ity and basal cAMP concentration were obviously higher in EDS
than LDS cardiomyocytes. Moreover, EDS cells were characterized
by high intrinsic AC activity. The high intrinsic AC activity was pos-
sibly due to the little or no effect of Ca2* influx via LTCCs on AC
activity, leading to the inability to inhibit AC at EDS.

2. Materials and methods
2.1. Preparation of embryonic ventricular myocytes

Embryos were removed from pregnant female Kunming mice.
E9.5-E11.5 and E16.5-E18.5 embryos were taken as EDS and LDS,
respectively. Briefly, after embryos were harvested, hearts were
dissected and atria were separated from ventricles. Single ventric-
ular cardiomyocytes were obtained using enzymatic dissociation
procedures as described previously [31,32], then were plated on
sterile gelatin-coated glass cover slips, cultured in Dulbecco’s Mod-
ified Eagle’s Medium (DMEM, Gibco) containing 20% fetal bovine
serum and kept in the incubator for 24-48 h for electrophysiologi-
cal experiments.

2.2. Electrophysiology

Standard voltage clamp recordings were performed using the
classic patch-clamp technique. Current was recorded using an
EPC-10 amplifier/interface (HEKA Electronics, Lambrecht/Pfalz,
Germany). Glass coverslips with cardiomyocytes were transferred
to the temperature-controlled (37°C) recording chamber and
placed upon the stage of an inverted microscope (IX-70, Olympus
Optical Co., Japan). The cells were constantly superfused using a
gravitational perfusion system at a perfusion rate of about 2 ml/min
with experimental external solutions (in mM): 120 NaCl, 5 KClI,
2 CaCly, 20 tetraethylammonium-Cl, 1 MgCl, and 10 HEPES (pH
adjusted to 7.4 with TEA-OH). For whole-cell recordings, pipettes
resistances were in the range of 2-4 M2 when filled with intracel-
lular solution containing (in mM): 120 CsCl, 3 MgCl,, 5 MgATP, 10
EGTA and 5 HEPES (pH adjusted to 7.4 with CsOH). To avoid con-
tamination by Na* channels, TTX (Tetrodotoxin citrate, 15 pumol/L)
was administrated. In order to explore whether Ic,; was aug-
mented by 1,2-bis(2-aminophenoxy)ethane-N,N,N’,N’-tetraacetic
acid (BAPTA) in EDS and LDS cardiomyocytes, the pipette solution
was modified [33,34] as following (in mM): 50 mM CsCl, 51 mM
cesium aspartate, 2 mM MgCl,, 4 mM MgATP, 10 mM HEPES and
40 mM BAPTA (pH adjusted to 7.4 with CsOH). Whole-cell currents
were recorded using two-pulse protocols from a holding potential

of —80 mV to test potentials, following a 50 ms prepulse to —40 mV,
which was useful to inactivate T-type Ca?* current (Ic,1) [35,36].
The first was a standard I-V protocol for Ic, 1. Icar Was elicited by
300 ms pulses to different test potentials (—50 to +50 mV), and the
second was the single pulse to 0mV with a duration of 300 ms.
Single calcium channels were recorded in cell-attached configu-
ration of the patch-clamp technique (depolarizing test pulses of
150 ms durationat 1.67 Hz, holding potential —80 mV, test potential
+20mV). The shanks of pipettes with resistance of 7-10 M2 were
coated with Sylgard, and the tips were heat polished. The pipette
(extracellular) solution contained (in mM): 110 BaCl,, 10 HEPES,
0.03 TTX (pH adjusted to 7.4 with TEA-OH). The bath (intracellular)
solution contained (in mM) 25 KCI, 120 K-glutamate, 2 MgCl,, 10
HEPES, 2 EGTA, 10 dextrose, 1 CaCl,, 1 Na-ATP (pH adjusted to 7.4
with KOH). The calculated resting free [Ca%*] was ~50nM for the
solution with alow Ca%* concentration [37]. This high-K* bath solu-
tion made the cell membrane potential close to zero, thus allowing
accurate determination of the trans-patch potential. Capacitance
and series resistances were adjusted to obtain minimal contribu-
tion of the capacitive transients. A 60-80% compensation of the
series resistance was usually achieved without ringing. Currents
were filtered at 2 kHz, digitized at 10 kHz and stored on a computer
hard disk for analysis.

2.3. Western blot experiments

The CNC1 antibody used in these studies was an affinity
purified rabbit polyclonal antibody, raised against a peptide
covering residues 821-835 of a1.2 (America Basic Gene Asso-
ciate Bioscience, Inc). Anti-CH3P (Badrilla Ltd), a phosphospecific
antibody, was generated against a phosphopeptide (residues
1923-1932) that encompasses the PKA consensus site at serine
1928 as described [18]. Proteins were separated on 7.5% SDS-
polyacrylamide gels, blotted, and probed with antibodies by using
a chemiluminescence detection system. To quantitatively eval-
uate serine 1928 phosphorylation, blots were first probed with
Anti-CH3P antibody and subsequently with Anti-CNC1 antibody to
correct for variability in the amount of total Cay1.2.

2.4. Measurement of cytosolic cAMP concentration

The cAMP concentrations of myocytes were measured using the
method described by Narayan et al. [38] with a slight modifica-
tion. The cells were incubated with one of the test compounds in
Tyrode’s solution for 10 min then pelleted by centrifugation (1 min,
1000 x g) and the supernatant was discarded. Myocytes were lysed
in 500 pl of HCI (0.1 N, 10 min) and vortexed. The suspension was
centrifuged (4 min, 3000 x g), and the supernatant was assayed for
cAMP with ELISA kit (R&D Systems, MN). The pellet was solubilized
with 1N NaOH, and protein was assayed by the Lowry method.
Intracellular cAMP was expressed as picomoles per milligram of
protein.

2.5. Adenylyl cyclase assay

Adenylyl cyclase activity was measured as previously described
[39].Afinal[Ca2*]of 0.2 or 1 M at pH 7.4 and 30 °C was achieved by
adding to the assay buffer 0.7336 or 0.9332 mM CaCl,, respectively
[37]. At the end of the incubation the medium was extracted to
determine the cAMP as described above.

2.6. Data analysis
Whole-cell recordings were analyzed using PulseFit (V8.74,

HEKA). Single-channel recordings were analyzed using TAC+TACFit
(X4.0.9, Bruxton, Seattle, Washington, USA). Mostly, experiments
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Fig. 1. Basic characterization of the L-type Ca?* current (Ic,1.) in embryonic ventricular cardiomyocytes. The current-voltage (I-V) relationship of Ic,;. was determined by
applying test pulses (T, 300 ms) from —40mV to 0 mV in 10 mV increments at a frequency of 0.2 Hz. Pre-pulses from a HP of —80 mV to —40 mV (P, duration: 50 ms) together
with Tetrodotoxin (TTX, 15 wM) were applied to inactivate Na* currents (Ina). According to the previous studies, the prestep to —40 mV is useful to inactivate also T-type
Ca?* current (Icat) (A upper panel). (A) Representative [-V traces recorded from early (EDS, left panel) and late (LDS, right panel) development stage cardiomyocyte. (B)
Averaged I-V curves of peak Ic,; in EDS (n=14 cells from 4 hearts) and LDS cardiomyocytes (n =14 cells from 5 hearts). (C) Voltage dependence of Ic,; activation EDS and
LDS cardiomyocytes were fit with Boltzmann Equation G/Gmax =1/[1+exp(Vos — V)/k]. Vo5 at EDS (—6.58 +0.97 mV, n=12 cells from 4 hearts) was more negative (P<0.01)
than in LDS (1.22 +1.04 mV, n=12 cells from 4 hearts) cardiomyocytes. Slope factor of the activation curve (k) was not significantly different in the two groups (EDS versus
LDS: 5.81+£0.07 versus 6.08 £ 0.18). Asterisks indicate statistically significant differences.

with one single channel (i.e., no stacked openings above unitary
amplitude level) were analyzed in this study. Capacitance tran-
sients and leakage currents were nullified by off-line subtracting
fits of average blunt traces. Openings and closures were identi-
fied by the half-height criterion. The fraction of active sweeps
within a channel-containing patch (availability), the open probabil-
ity within active sweeps (open probability), and the peak value of
single-channel ensemble average currents (Ipea) were determined
as described [40]. In case of double- or triple-channel patches,
these parameters were corrected by the number of channels [41].
Time constants of open and closed-time histograms were estimated
by the maximum-likelihood method [42]. The data acquired from
western blot technique was quantified by determining the ratio
of the Anti-CH3P antibody to the Anti-CNC1 signal for each sam-
ple by blot densitometry using Quantity One software (Bio-Rad).
Data were presented as mean 4+ SEM. The statistical significance of
effects was evaluated by Student’s ¢ test or ANOVA where appro-
priate. A value of P<0.05 was considered statistically significant.

3. Results
3.1. Characteristics of the Icq; during development

As the basic characteristics of Ic, 1, Ica . densities, I-V curves and
voltage-dependence activation curves in EDS and LDS cardiomy-

ocytes were determined (Fig. 1). The average cell capacitance was
significantly smaller in cardiomyocytes derived from EDS than LDS
(P<0.05) (Table 1). As compared to LDS, at EDS a depolarization
to —30mV elicited a larger Ic,. (P<0.05) while the depolariz-
ing pulse to 0mV induced a smaller Ic;; (P<0.01) (Table 1). The
current-voltage relationships (I-V curves) (Fig. 1B) and the activa-
tion curves (Fig. 1C) of Ic, | obtained in EDS and LDS cardiomyocytes
demonstrated more details of the developmental changes in char-
acteristics of Ic,p. Both the threshold membrane potential for
activation of Ic, | and the potential of half-maximal activation (Vg 5)
at EDS were more negative than that at LDS (P<0.05) (Table 1).

3.2. Effects of ISO and 8-Br-cAMP on whole cell Ca®* current

Asseenin Fig. 2A, 1 wM ISO had only minor effects (+13.6 £+ 2.9%)
on Ic,; amplitude at EDS (n=12, P=NS), whereas it strongly stimu-
lated Ic, . at LDS (+76.4+4.2%, n=12, P<0.05). 1 wM ISO also led
to a shift of the voltage dependence of Ic,; activation to more
negative potentials at LDS (Fig. 2C, right panel), but had no sig-
nificant effect at EDS (Fig. 2C, left panel). After ISO treatment, there
were no significant differences in Vp 5 between these two groups
(Fig. 2C). Noteworthily, the voltage dependence of Ic,1 activation
was already set to the left at EDS under our basal conditions, and
after ISO exposure, there was no further shift. These results sug-
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Table 1

Basic characterization of the L-type Ca?* currents in EDS and LDS cardiomyocytes.
Parameter EDS n LDS n
Average cell capacitance (pF) 385+74 12 57.7 + 10.2° 14
Threshold membrane potential for activation (mV) —37.8 £ 3.46 10 -322+2.15 10
Potential of half-maximal activation (mV) —6.58 + 0.97 6 1.22 + 1.04° 8
Icap densities at test potential (—30 mV, pA/pF) -1.2+03 8 -04+02° 10
Icay densities at test potential (0 mV, pA/pF) -75+12 8 -132 424" 10

EDS cardiomyocytes were from 4 different embryonic hearts, and LDS cardiomyocytes were from 5 different embryonic hearts. Values are expressed as mean + SEM.

" P<0.05 versus EDS group.
™ P<0.01 versus EDS group.

gest that there was an equivalent level of LTCC phosphorylation
after ISO in all myocytes.

Likewise the LTCC activity in LDS but not EDS ventricular
myocytes was sensitive to intracellular application of 8-Br-cAMP
(Fig. 3A), a membrane permeable cAMP analogue that has previ-
ously been shown to enhance LTCC activity in the adult myocytes
[43]. 8-Br-cAMP caused a leftward shift of voltage-dependent acti-
vation curves at LDS but no significant shift at EDS (Fig. 3C). Thus

we hypothesize that the lack of ISO and 8-Br-cAMP effectson Ic, at
EDS might result from the high level of basal LTCC phosphorylation.

3.3. Effects of PKI and okadaic acid on Ca®* current
To investigate whether endogenous PKA played a role in sus-

taining basal Ic,1, myocytes were exposed to 15umol/L PKI, a
membrane-permeable, specific peptide inhibitor of the PKA cat-
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Fig. 2. Effects of 1 wmol/LISO on I,y in EDS (n =12 cells from 4 hearts) and LDS (n =12 cells from 5 hearts) cardiomyocytes. (A) Representative recordings of Ic, . (test potential
+0 mV) under control conditions and after application of ISO. (B) ISO increased I, at LDS but had little effect at EDS (Icaris0/Icarc at EDS versus LDS: 1.04 versus 1.51). (C)
ISO led to a leftward shift of the voltage dependence of Ic, | activation in LDS (change of Vy5 (d~): —8.5 mV; P<0.05) cardiomyocytes but no significant shift in EDS (change of
Vos (ds): —1.2mV; P=NS) cardiomyocytes. After exposure to ISO, V5 (d- ) was not significantly different in the two groups (EDS versus LDS: 2.3 & 0.3 versus 2.9 +£0.5mV)

(P=NS). *Significant increase in I, at these voltages (P<0.05).



X. Yan et al. / Cell Calcium 50 (2011) 433-443 437

B Test Potential (mv)

-60 - - 20 40 B0

—
(s
z
o
et
-l
i
i 4 o Control
-0 ¢ 8-Br-cAMP

GCaIGCa,maH

4 Control
o §-Br-cAMP
0.0+

.00 .80 -ED 40 20 0
Test Potential (mV)

2 40 0 80

Test Potential (mv)

-60 - B0

Basal L ¢4 (pApF)

*

< Control
* + §-Br-cAMP

« Control

& § Br-cAMP
0.0

0 40 e g0
Test Potential (mVY)

.00 .80 -60 40 20 O
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potential +0 mV) under control conditions and after application of 8-Br-cAMP. (B) 8-Br-cAMP increased I, significantly at LDS but had little effect at EDS (Icar.camp/IcaLc
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cardiomyocytes but no significant shift in EDS (change of Vo5 (d): —1.4 mV; P=NS) cardiomyocytes. After exposure to 8-Br-cAMP, V5 (d.,) was not significantly different
in the two groups (EDS versus LDS: 2.1 £ 0.4 versus 2.5 0.3 mV). *Significant increase in Ic, . at these voltages (P<0.05).

alytic subunit. PKI reversibly suppressed Ic,1, and the effects on
peak Ic, . was more significant at EDS than LDS (Fig. 4). In addition,
H-89 (6 wmol/L), another PKA inhibitor, inclusion in the pipette
solution resulted in an enhanced rundown of basal I, and dis-
played the a stronger inhibitory effect on peak Ic,; at EDS (data
not shown). Therefore, our results suggested a higher intrinsic
PKA activity at EDS than LDS. Unexpectedly, the protein phos-
phatases 1/2A (PP1/PP2A) inhibitor okadaic acid (OA) (10 p.mol/L)
increased Ic, 1 by 35.52 +2.93% at EDS (control: —7.32 + 0.46 pA/pF,
n=_8; 0OA: —9.92 +0.82 pA/pF, n=8, P<0.05) but increased Ic, only
by 17.11 £2.19% at LDS (control: —16.25 + 1.34 pA/pF, n=10; OA:
—19.03 +£2.44 pA/pF, n=10, P<0.05), which suggested a higher
PP1/PP2A activity at EDS than LDS.

3.4. Calcium-channel gating under basal conditions and effects of
8-Br-cAMP on LTCC gating

As expected, single-channel activity of LTCCs was substantially
higher in EDS than LDS cardiomyocytes, as illustrated by origi-

nal recordings (Fig. 5B) and by the corresponding open-time and
closed-time histograms (Fig. 5D). The larger ensemble average
current (Fig. 5C) was due to both the higher availability and the
higher open probability. The latter effect was caused predomi-
nantly by the shorter closed times (Fig. 5D). Details are listed
in Table 2, where a higher open probability of channels at EDS
was observed due to the shorter first latency, the longer mean
open time, and the shorter closed time (faster time constant of
the slow component). The unitary current amplitude i was similar
(P=NS) between the two groups. Importantly, single-channel con-
ductance, obtained by measuring the amplitudes of fully resolved
openings at +20 mV, was identical (P=NS) between channels from
EDS (23.6+£2.2pS, n=9) and LDS (23.54+1.8pS, n=11) cardiomy-
ocytes.

The higher baseline open probability and availability at EDS
could not be increased by stimulation of 8-Br-cAMP (Table 3). How-
ever, the experiments with cells from LDS cardiomyocytes showed
a strong increase in current (from 12+3t0 46 £+ 9fA,n=7; P<0.01)
(Table 3). This raises the idea that a phosphorylation-related
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Table 2
Comparison of single-channel properties of L-type calcium channels in EDS and LDS
cardiomyocytes.

Parameter EDS n LDS n

Open probability (%) 9.63 + 1.45 9 2.80 + 1.12" 12
Availability (%) 61.2 £ 4.2 11 33.6 + 2.7 12
Mean first latency (ms) 37.3 £ 3.57 8 497 + 4.48' 12
Mean open time (ms) 0.57 + 0.04 9 0.42 + 0.05 12
Topen (MS) 0.55 + 0.03 9 0.40 + 0.04° 12
Mean closed time (ms) 2.86 + 0.53 8 19.3 +4.71" 9
Tclosed fast (MS) 0.51 £+ 0.03 8 0.72 £+ 0.05 9
Tclosed slow (IMS) 13.57 £ 1.16 8 206+ 1.1 9
Fraction Tjosed fast 0.48 + 0.06 8 0.49 + 0.07 9
Amplitude (pA) —0.67 + 0.06 10 —0.65 + 0.05 11
Ipeak (fA) 275+ 9 10 140+ 6 11

Unitary single-channel amplitude, from amplitude histogram; for closed times and
latency analysis, only patches containing one single channel were used. The other
values were corrected for the number of channels present. EDS cardiomyocytes were
from 4 different embryonic hearts, and LDS cardiomyocytes were from 6 different
embryonic hearts. Values are expressed as mean & SEM.

" P<0.05 versus EDS group.

" P<0.01 versus EDS group.

Table 3
Effects of 8-Br-cAMP on single-channel behavior.

Parameter and group Control 8-Br-cAMP (1 mM) n
Open probability (%)

EDS 12.1 £ 247 14.5 +3.29

LDS 2.2+ 1.16 12.6 + 1.97" 11
Availability (%)

EDS 58.7 + 84 65.5 + 8.3

LDS 353 +£3.1 59.3 £ 5.5 11
Mean first latency (ms)

EDS 382 +55 349 £+ 6.1 7

LDS 513 £ 6.0 357 £+ 4.5 10
Mean open time (ms)

EDS 0.58 + 0.07 0.62 + 0.04 6

LDS 0.45 + 0.05 0.55 + 0.06 8
Topen (ms)

EDS 0.60 + 0.09 0.60 £ 0.11 6

LDS 0.44 + 0.07 0.52 + 0.08" 8
Mean closed time (ms)

EDS 297 £ 0.75 2.72 £ 0.83 6

LDS 17.9 £5.24 11.3 £ 4.85 9
Tclosed,fast (ms)

EDS 0.46 + 0.05 0.41 + 0.06 6

LDS 0.84 + 0.09 0.77 £+ 0.08 9
Tclosed,slow (ms)

EDS 9.81 + 1.23 9.54 + 147 6

LDS 18.6 + 1.54 14.3 + 1.60° 9
Amplitude (pA)

EDS —0.69 + 0.04 —0.67 + 0.05 5

LDS —0.67 + 0.05 —0.68 + 0.06 8
Ipeak (fA)

EDS 28+ 7 32+11 5

LDS 12+3 46+ 9" 7

Thirteen single-channel patches and 6 double-channel patches were recorded from
cells of 9 hearts, 4 EDS and 5 LDS hearts. Values are expressed as mean & SEM.

" P<0.05 versus control group.

" P<0.01 versus control group.

mechanism is responsible for the higher activity of channels in
cardiomyocytes derived from EDS as compared to LDS.

3.5. Effects of PKI and OA on LTCC gating

Our data showed that the peak current (Fig. 6A), the availabil-
ity (Fig. 6B) and the open probability (Fig. 6C) were significantly
decreased after PKI (15 pmol/L) was administrated. However, PKI
effects on the peak current (decreased by 55.7 +7.2%,P<0.01,n=6,
EDS; decreased by 26.7 +4.5%, P<0.05, n=8, LDS), the open prob-
ability (decreased by 54.44+7.6%, P<0.01, n=6, EDS; decreased by
40.2 £6.5%, P<0.05, n=8, LDS) and the availability (decreased by
53.0+£6.7%, P<0.05, n=6, EDS; decreased by 37.2 +5.8%, P<0.05,
n=38, LDS) were greater in myocytes at EDS than LDS (Fig. 6A-C).
Consistent with the whole cell recordings, OA (10 pwmol/L) exerted
greater effects at EDS than LDS on the peak current and the open
probability (Fig. 6 D and E). Availability, known to be regulated
by phosphatase 1 [44,45], also increased slightly in both groups
(Fig. 6F), indicating that there is no difference in phosphatase 1.

3.6. Phosphorylation of «11.2 during development

Phospho-specific antibody anti-CH3P against phosphorylated
serine 1928 was probed by immunoblotting analysis of Cay1.2
channels in fetal ventricular cardiomyocytes. The expression of
a1 1.2 increases with development (data not shown). To determine
whether this site was phosphorylated by stimulation of PKA in vivo,
ISO was used to activate PKA. After ISO treatment, there were no
significant differences in the level of phosphorylated serine 1928
between these two groups (Fig. 7A). However, the basal phospho-
rylation level of serine 1928 was obviously higher at EDS than LDS
(Fig. 7). Thus, phosphorylation of i1 1.2 on serine 1928 and, thereby,
channel activity, is significantly higher at EDS than LDS (Fig. 5B).
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3.7. cAMP concentration, AC activity and effects of Ca?* buffering

in ventricular cardiomyocytes with or without the application of
on Ca?* current

following drugs. The basal cAMP concentration was substantially
higher in EDS than LDS cardiomyocytes and was markedly sup-
To determine whether the cAMP concentration was higher at pressed by AC inhibitor MDL-12,330A (Fig. 8A, left panel). At EDS,
EDS as compared to LDS, we measured the cAMP concentration 400 p.mol/L MDL-12,330A produced a more profound decrease
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(52.9+6.2%, P<0.01) in the cAMP concentration than that at LDS
(25.7 £4.5% reduction) (P<0.05). The cAMP level was markedly
affected by PDE inhibitor IBMX. At EDS, 100 wmol/L IBMX had a
stronger effect on the cAMP concentration (about 3.5-fold) than
that at LDS (about 2.8-fold), suggesting a higher level of AC activity
(Fig. 8A, right panel).

Our results provide direct evidence, in whole cell lysates of intact
embryonic cardiomyocytes, of Ca2*-inhibited AC activity in the
absence of sucrose density cell fractioning. Following incubation of
whole cell lysates in Ca2*-free buffer containing EGTA, AC activity
was greatly decreased by incubation in the presence of Ca2* at con-
centrations that occur within the physiologic range in EDS and LDS
cells (Fig. 8C, left panel). Since the Ca%*-inhibitable isoforms AC5
and AC6 are the most abundant in the heart, BAPTA-AM was applied
to evaluate contribution of AC5 and AC6. The basal AC activity was
markedly enhanced at LDS but not at EDS by chelation of intra-
cellular Ca2* with BAPTA-AM (Fig. 8C, right panel). Furthermore,

A

— 250 kD
ISO - D GNP T TN

Anti-CH1923.1932P M MR S S i, — 290 KO

Anti-CNC1 WS S D D SRS

in the presence of IBMX, cAMP concentration further augmented
at LDS but not at EDS by application of BAPTA-AM (Fig. 8A, right
panel). Meanwhile, I, increased with time after dialyzed with
pipette solution containing BAPTA in LDS whereas not in EDS car-
diomyocytes (data not shown). As seen in Fig. 8B, 40 mM BAPTA
had only minor effects (+5.4 +2.4%) on Ic;; amplitude at EDS (n=7;
P=NS), whereas it strongly stimulated Ic,; at LDS (+39.3 +£6.2%,
n=7; P<0.05). This suggests that at EDS the high activity of LTCCs
is probably due to “Ca2* has little influence on AC activity”, and at
LDS the stimulation of Ic, . in BAPTA probably results from chela-
tion of Ca2* that disinhibits AC, leading to increase of a local cAMP
(Fig. 8A, right panel).

4. Discussion

In the present study, we investigated the regulation of LTCCs
in murine embryonic ventricles. The electrophysiological findings

B s
40 4
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LDS
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Fig. 7. Phosphorylation of serine 1928 in the a4 subunit of Cay1.2 channels in embryonic ventricular cardiomyocytes. (A) Immunoblotting to detect both basal and ISO-
induced phosphorylation of a1 1.2 on serine 1928. (B) Normalized basal phosphorylation of a1 1.2 on serine 1928 (normalized to a1 1.2) in EDS and LDS cardiomyocytes. Data

were obtained from 4 to 6 independent protein preparations. **P<0.01, EDS versus

LDS.
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and LDS cardiomyocytes.

together with our biochemical evidence demonstrated that a higher
phosphorylation state of LTCC at EDS as compared to LDS. The
whole-cell recordings provided three independent observations to
confirm this finding: (1) the leftward shift of Ic;; -V curves in EDS
cardiomyocytes under basal condition but unaffected Ic; -V curves
after ISO and 8-Br-cAMP application; (2) smaller effects of ISO and
8-Br-cAMP on I, at EDS; and (3) stronger effects of PKI, H-89
on peak I, in EDS cardiomyocytes. Cell-attached recordings also
provided three independent observations consistent with a higher
phosphorylation state of LTCC in EDS than LDS cardiomyocytes: (1)
the higher activity of channels at EDS under basal condition which

resembled the pattern of cAMP-dependent stimulation of cardiac
LTCCs known from animal experiments; (2) smaller effects of 8-Br-
cAMP on LTCC gating in EDS cardiomyocytes; and (3) greater effects
of PKI on LTCC gating at EDS.

The whole-cell current I is a function of both the number of func-
tional channels N and their individual properties i (single-channel
current amplitude), the open probability (popen, fraction of time
spent in the open state during active sweeps), and the availability
(factive, fraction of active sweeps per number of test pulses), where
I=N x i x popen X factive [40]. However, our cell-attached record-
ings showed the unitary current amplitude i was similar (P=NS)
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between channels from EDS and LDS cardiomyocytes. Therefore, I is
determined by alterations of N, Popen, OT factive- Although popen, and
factive Were substantially higher in EDS than LDS cardiomyocytes,
depolarization possibly activated more L-type calcium channels
(N), which was contributing to the higher I, | density at more depo-
larized potentials at LDS. It is reported that the increase of N mainly
contributes to the increase of Ic,; density during embryonic heart
development [20]. Therefore, at less depolarized potential larger
Icar was recorded owing to higher popen, and fcve. More depo-
larized potentials activated more L-type calcium channels in LDS
cardiomyocytes thus the whole cell current density was higher.

The whole-cell recordings suggested that a negative shift in the
voltage dependence of I, activation could be induced by a higher
basal level of LTCC phosphorylation in EDS than LDS cardiomy-
ocytes. This idea was consistent with the higher open probability of
single LTCCs at EDS, a behavior caused by channel phosphorylation.
In EDS cardiomyocytes, the high intrinsic activity of AC (Fig. 8A,
right panel and Fig. 8C) might contribute to the high cAMP level
(Fig. 8A, left panel) thereafter for the high PKA activity (Figs.4 and 6)
and the high basal LTCC activity.

As a PKA phosphorylation site, serine 1928 had important
implications regarding the study of phosphorylation-dependent
modulation of Cay1.2 [46,47]. The immunoblot analysis in the
present study provided direct evidence that the basal phosphory-
lation level of serine 1928 was obviously higher at EDS than LDS
(Fig. 7B).

EDS cells were characterized by a high intrinsic AC activity
(Fig. 8C), which was confirmed by the effect of MDL-12,330A, an
AC inhibitor (Fig. 8A, left panel). The high intrinsic AC activity could
relate to AC expression, or modulation by differences in resting Ca2*
and/or G-protein. In fact, previous studies have shown that the level
of AC6 mRNA decreased with age, paralleling the decline in the
functional activity of AC with age [48]. In the heart, an elevation
of Ca%* entry via LTCCs, rather than its release from intracellu-
lar stores, may mediate its inhibition of AC5 and AC6 and act as
a negative regulator of the receptor-mediated AC activity [49]. This
inhibition could provide a feedback in situations where cAMP pro-
motes opening of Ca2* channels, allowing fine control of cardiac
contraction in cardiac tissue where AC5 and AC6 predominate [50].
The Ca?* close to LTCC entry sites seems to be responsible for the
modulation of Ca2*-sensitive AC activity [33]. In contrast to LDS
cells and adult murine ventricular cardiomyocytes [33,34,50], the
low Ic,; density at EDS might allow less submembrane free Ca®*
concentration in the vicinity of the Ca2* channel pore (Casm?2*)
[51,52], thereby basal resting free Ca%* had little influence on AC
activity in EDS cells (Fig. 8B and C, right panel). Furthermore, it
had originally been observed that AC5, and AC6 were inhibited by
G; [53], which could mediated lowering of AC activity in LDS but
not EDS cardiomyocytes [25]. It may also account for the high AC
activity at EDS.

A high basal PDE activity in EDS cardiomyocytes has recently
been demonstrated [21]. The present results showed that both
CaZ*-inhibited AC activity and PDE activity (Fig. 8A, right panel)
regulate basal cAMP levels in EDS cardiomyocytes. A high basal AC
activity coupled to high PDE activity created continuous cAMP syn-
thesis and degradation. It has been proposed that restricting such
continuous cAMP production and degradation to subcellular com-
ponents would be an energetically efficient way to allow a system
(e.g. cyclic nucleotide-gated channels [54]) to respond rapidly to a
stimulus.

Surprisingly, both whole-cell and single-channel data indicated
high intrinsic phosphatase activity in EDS cardiomyocytes. And the
pattern of single channel gating and the strong effect of okadaic
acid on open probability at EDS indicated a great influence of
phosphatase 2A (PP2A) on LTCCs particularly. In cardiac tissues,
protein phosphatase 2A (PP2A) has been identified as one of the

major phosphatases associated with protein contraction machinery
[55,56]. It is reported that both PKA and PP2A are integral com-
ponents of the LTCC that determine the phosphorylation level of
serine 1928 and channel activity [57]. Phosphatases are often asso-
ciated with scaffold protein A kinase anchoring proteins (AKAPs),
which also anchor PKA holoenzymes [58]. Previous research has
shown that PP2A is activated by a cAMP/PKA-dependent pathway,
leading to dephosphorylation of Thr-75 [59]. The locally bound
PKA and phosphatase thus act together for tight regulation on
phosphorylation of substrates [60]. Under our conditions the basal
phosphorylation state of LTCCs is determined by activities of PKA
and phosphatases [57,61]. However, a high level of endogenous
PKA activity might outweigh the endogenous phosphatase activ-
ity, hence the basal level of LTCC phosphorylation is higher in
cardiomyocytes derived from EDS as compared to LDS.

Our study gives a novel insight into the mechanisms responsible
for PKA activity that exists in the absence of 3-adrenergic receptor
stimulation. This could be important in the context of heart failure,
where alterations in basal phosphorylation of LTCCs, perhaps due
to changes in phosphatase activity [40,62,63], could contribute to
the pathogenesis of the disease.
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