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Abstract b-adrenergic receptors (b-ARs) mediate the

positive inotropic effects of catecholamines by cAMP-de-

pendent phosphorylation of the L-type Ca2? channels

(LTCCs), which provide Ca2? for the initiation and regula-

tion of cell contraction. The overall effect of cAMP-modu-

lating agents on cardiac calcium current (ICa,L) and

contraction depends on the basal activity of LTCCs which, in

turn, depends on the basal activities of key enzymes involved

in the cAMP signaling cascade. Our current work is a com-

parative study demonstrating the differences in the basal

activities of b-ARs, adenylyl cyclase, phosphodiesterases,

phosphatases, and LTCCs in the frog and rat ventricular and

human atrial myocytes. The main conclusion is that the basal

ICa,L, and consequently the contractile function of the heart,

is secured from unnecessary elevation of its activity and

energy consumption at the several ‘‘checking-points’’ of

cAMP-dependent signaling cascade and the loading of these

‘‘checking-points’’ may vary in different species and tissues.
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Introduction

The cardiac L-type calcium current (ICa,L) plays a

determinant role in the initiation and development of

cardiac contraction [1, 2]. It is therefore crucial to

understand how its amplitude can be regulated. One of

the most common pathways for the modulation of ICa,L

amplitude is the b-adrenergic receptor (b-ARs)/cAMP

signaling cascade resulting in the phosphorylation of

L-type voltage-dependent Ca2? channels (LTCCs) by

the cAMP-dependent protein kinase A (PKA). The

major elements of the b-AR/cAMP signaling cascade

are the stimulatory Gs proteins, adenylyl cyclase (AC),

cAMP, phosphodiesterases (PDEs), PKA, and protein

phosphatases (PPs) [1]. The overall effect of cAMP-

modulating agents on cardiac ICa,L and contraction

depends on the basal activity of LTCCs which, in turn,

depends on the basal activities of key enzymes

involved in the cAMP signaling cascade. For instance,

activators of AC, such as b-adrenergic agonists or

forskolin, or inhibitors of PDE activity, such as

1-methyl 3-isobutyl xanthine (IBMX), lead to an

increase in intracellular cAMP concentration ([cAMP]i)

and to stimulation of ICa,L due to phosphorylation of

LTCCs, the extent of which depends on PKA and

PPase balance. Conversely, agents that inhibit or sus-

pend AC activity, such as muscarinic agonists or

inverse agonists of b-ARs, reduce [cAMP]i and inhibit

ICa,L. Basal level of [cAMP]i within the myocyte,

and in particular within the intracellular compartments

that regulate LTCC phosphorylation, determines a

‘‘basal’’ activity of LTCCs and a basal ICa,L amplitude

[3–5].

In the present study, we explored whether basal AC,

PDE, PKA, and PPase activities control the basal ampli-

tude of ICa,L in cardiac myocytes freshly isolated from

adult frog (FVM) and rat (RVM) ventricles and from

human atria (HAM). For that, we compared the effects of

acetylcholine (ACh), IBMX, PKI(15-22), and calyculin A

(Cal A) on basal ICa,L amplitude.
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Methods

Our investigation conforms to the European Community

guidelines for the care and use of animals (86/609/CEE,

CE Off J no. L358, December 18, 1986). The license for

the use of laboratory animals (No. 0122, 12-12-2004) was

received from the Lithuanian Food and Veterinary Service.

Protocols for obtaining human cardiac tissues were

approved by Kaunas Regional Bioethics Committee,

Lithuania (No. BE-12-18, 2006).

Frog ventricular myocytes

Hearts from frog (Rana esculenta) were enzymatically dis-

persed by a combination of collagenase (Yakult) and trypsin

(type XIII, Sigma) as described [6]. Frogs were killed by

decapitation, the spinal cord was destroyed with a steel rod,

and the heart was then excised. The isolated cells were stored

in storage Ringer solution, and kept at 4 �C.

Rat ventricular myocytes

Adult rat ventricular myocytes were obtained by retrograde

perfusion from hearts of male Wistar rats (160–180 g) as

previously described [7]. The myocytes were maintained at

37 �C until use.

Human atrial myocytes

Specimens of right atrial trabeculae were obtained from 15

patients (11 males and four females) undergoing heart

surgery for congenital defects, coronary artery diseases,

valve replacement, or heart transplantation at the Depart-

ment of Cardiothoracic and Vascular Surgery of the

Hospital of Lithuanian University of Health Sciences,

Kaunas, Lithuania. Most patients received a pharmaco-

logical pretreatment (Ca2?-channel blockers, digitalis, b-

AR antagonists, diuretics, ACE inhibitors, NO donors, and/

or antiarrhythmic drugs) that was stopped 24 h before

surgery. In addition, all patients received sedatives, anes-

thesia, and antibiotics. Dissociation of the cells was per-

formed immediately after surgery as described previously

[8]. The cell suspension was filtered, centrifuged, and the

pellet resuspended in Dulbecco’s minimal essential med-

ium supplemented with 10 % fetal calf serum, nonessential

amino acids, 1 nM insulin, and antibiotics (100 IU/ml

penicillin and 0.1 lg/ml streptomycin).

Solutions

For electrophysiology, the control external solution con-

tained (in mM): NaCl 107 for frog or 125 for rat and

human; HEPES 10; CsCl 20; NaHCO3 4; NaH2PO4 0.8;

MgCl2 1.8; CaCl2 1.8; D-glucose 5; sodium pyruvate 5;

tetrodotoxin 3 9 10-4 (for frog) or 6 9 10-3 (for rat and

human); pH 7.4 adjusted with NaOH. Patch electrodes

(0.6–1.5 MOhms) were filled with control internal solution

which contained (mM): CsCl 120 for frog or 138 for rat

and human; EGTA (acid form) 5; MgCl2 4; creatine

phosphate disodium salt 5; Na2ATP 3.1; Na2GTP 0.42;

CaCl2 0.062 (pCa 8.5); HEPES 10; pH 7.1 (frog) or 7.3 (rat

and human) adjusted with CsOH. Collagenase type 2 was

purchased from Worthington Biochemical Corporation.

Tetrodotoxin was from Latoxan; Cal A—from Gibco;

H89—from Calbiochem. All other drugs were from Sigma-

Aldrich.

Whole-cell current recording

The whole cell configuration of the patch-clamp technique

was used to record the high-threshold calcium current of

Ca2?-tolerant cardiac myocytes. In the routine protocols,

the cells were depolarized every 8 s from a holding

potential of -80 to 0 mV for 200 or 400 ms. In HAMs and

RVMs, the test pulse to 0 mV was preceded by a short pre-

pulse to -50 mV. The prepulse and/or the application of

TTX were used to eliminate fast sodium currents. K?

currents were blocked by replacing all K? ions with

intracellular and extracellular Cs?. Voltage-clamp pulses

were generated and currents recorded using a VP-500

patch-clamp amplifier (Bio-Logic, Claix, France). Visual-

Patch v1.30 computer software was used to control all

experimental parameters, cell stimulation, and current

recording. Control and drug-containing solutions were

applied to the exterior of the cell by placing the cell at the

opening of 300-lm-inner-diameter capillary tubes that flow

at a rate of about 50 ll/min. Changes in extracellular

solutions were automatically achieved using a rapid solu-

tion changer (RSC-200; Bio-Logic). All experiments were

done at room temperature (19–25 �C), and the temperature

did not vary by more than 1 �C in a given experiment.

Internal perfusion of myocytes

PKI(15-22), a peptide inhibitor of PKA, was delivered to

the interior of the cell using a pipette holder that permitted

the solution inside the patch pipette to be changed during

an experiment [9, 10]. A thin capillary, pulled from

0.3 mm i.d., 0.7 mm o.d., polyethylene catheter, was

inserted into the patch pipette to *0.5 mm of the tip. The

distal end of the capillary was placed into reservoirs with

control or PKI(15-22)-containing solutions. The pipette

solution was changed by applying negative pressure to the

pipette, which aspirated the solution from the capillary

with flow rate of *5 ll/min. The negative pressure was
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maintained throughout the experiment except while mov-

ing the capillary between reservoirs. We used pipettes with

resistances *1 MOhm, and the time to onset of the

PKI(15-22) effect was 2–3 min.

Statistical analysis

The maximal amplitude of whole-cell ICa,L was measured

as previously described [6]. Currents were not compen-

sated for capacitive and leak currents. On-line analysis of

the recordings was done for each membrane depolarization

to determine peak and steady-state current values. The

results are expressed as mean ± SEM. For statistical

evaluation, Student’s t test was used, and a difference was

considered statistically significant when p was\0.05.

Results

Control of basal ICa,L by the cAMP-dependent

cascade in FVMs

In FVMs, only b2-ARs are functionally coupled to ICa,L

[11], and stimulation of b2-ARs produces a strong increase

in ICa,L exclusively due to cAMP-PKA-dependent phos-

phorylation [10]. A total efficacy of b-AR stimulation of

ICa,L depends on the status of ICa,L in control conditions,

i.e., whether it is already preactivated by PKA, the activity

of which in turn depends on basal activity of other enzymes

of the signaling cascade. To verify the basal activity of AC,

we used acetylcholine (ACh), a muscarinic receptor agonist

that inhibits AC activity via the inhibitory Gi protein. ACh

had no effect on basal ICa,L in FVMs (n = 6), although it

produced a potent and concentration-dependent inhibition

of isoprenaline (ISO) stimulated ICa,L (Fig. 1a). The stim-

ulatory effect of ISO (1 lM) in different series of experi-

ments ranged from 4 to 9 times stimulation of ICa,L over

basal amplitude. ACh completely blocked the effect of ISO

(4 ± 11 % over basal; n = 4; p\ 0.005; Fig. 1b). The

effect of ACh was mimicked by PKI(15-22), a peptide

inhibitor of PKA (Fig. 1c). When internally perfused into

the myocyte, PKI(15-22) (20 lM) completely reversed

ISO-stimulated ICa,L to its basal level (Fig. 1d) (7 ± 8 %

over basal; n = 4; p\ 0.005). Thus, under basal condi-

tions, AC is either inactive or its activity is overcome by

the activity of PDEs and/or PPases. To distinguish between

these two hypotheses, we first used IBMX, a wide-spec-

trum nonselective PDE inhibitor. IBMX alone produced a

small but not significant stimulatory effect on basal ICa,L

(10 ± 7 % over basal; n = 6; Fig. 1e, f). However, when

ICa,L was initially prestimulated with a low concentration

of ISO (5 nM; 73 ± 22 % over basal; n = 4; p\ 0.05),

IBMX further increased ICa,L to a maximal stimulation of

762 ± 91 % above basal (n = 4; p\ 0.01; Fig. 1f). This

suggests that, under basal conditions, the activity of both

AC and PDEs is very low. Upon a submaximal stimulation

of the b-ARs, AC is turned on, cAMP is generated, and

PDE activity now limits the rise in cAMP concentration

and the activation of the cAMP/PKA cascade around

LTCCs.

Next, we used calyculin A (Cal A), an inhibitor of

PPase1 and PPase2A. In contrast to IBMX, Cal A

(100 nM) induced a nearly maximal stimulation of basal

ICa,L (665 ± 181 % over basal; n = 6; p\ 0.005;

Fig. 2a, d). This suggests that PKA phosphorylation of

LTCCs may occur at basal conditions but is too low to

increase ICa,L because it is counter-balanced by a high

PPase activity. Surprisingly, the stimulatory effect of Cal

A on basal ICa,L remained unchanged even when the cells

were pre-incubated during 10 min in 10 lM ACh to block

basal AC activity (635 ± 172 % over basal; n = 4;

p\ 0.05; Fig. 2b) suggesting that ACh is incapable to

completely inhibit cAMP synthesis, and even extremely

low concentrations of cAMP may be sufficient for sub-

stantial activation of PKA. Yet, a balance between cAMP-

dependent PKA phosphorylation and dephosphorylation

of LTCCs must exist at basal because when Cal A was

used at a subthreshold concentration (1 nM), which had

no effect on basal ICa,L per se, IBMX (which also had no

effect per se as shown above, Fig. 1) now produced a

strong stimulation of ICa,L (570 ± 122 % over basal;

n = 4; p\ 0.01; Fig. 2c, d). Altogether, these experi-

ments indicate that in FVMs basal AC and PKA activity

is strongly balanced by PDE and PPase activity, respec-

tively, so that basal ICa,L is carried by LTCCs that are not

phosphorylated by PKA.

Control of basal ICa,L by the cAMP-dependent

cascade in RVMs

Similar experiments were performed in RVMs. Unlike in

FVMs, b-AR stimulation in RVMs is due to both b1- and

b2-ARs, with a relative dominance of b1-ARs [12]. Both

receptors are coupled to AC and increase ICa,L via PKA-

dependent phosphorylation [10, 13]. Like in FVMs, ACh

had no effect on basal ICa,L amplitude in RVMs

(-9 ± 14 %; n = 5; Fig. 3a). This indicates that basal AC

activity is insufficient to stimulate LTCCs in RVMs. In

contrast to FVMs, in RVMs ACh only partially inhibited

the ICa,L response to ISO (-17 ± 5 %; n = 6; p\ 0.05;

Fig. 3a, c) [14]. As shown earlier [15], the effect of ISO

was completely blocked by 20 lM PKI(15-22) confirming

that ISO-stimulation of ICa,L was entirely due to PKA-de-

pendent phosphorylation (Fig. 3b, c; n = 4; p\ 0.01).

Unlike in FMVs, IBMX produced a strong stimulation

of basal ICa,L in RVMs (165 ± 21 % over basal; n = 6;
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p\ 0.01; Fig. 3d, f), which was comparable to the maxi-

mal effect of ISO since the addition of either ISO or for-

skolin on top of IBMX had no further effect (not shown).

This may indicate a larger basal AC activity in RVMs as

compared to FVMs. To examine the role of PPase activity,

RVMs were exposed to 100 nM Cal A. Like in FVMs, Cal

A produced a strong increase in basal ICa,L (Fig. 3e;

167 ± 62 %; n = 4), and the effect could be further

slightly enhanced by adding ISO (1 lM; 21 ± 7 % on top

of Cal A; n = 4; p\ 0.01; Fig. 3e, f). Altogether, these

experiments indicate that, similarly to FVMs, basal AC and

PKA activity in RVMs is strongly balanced by PDE and

PPase activity, so that basal ICa,L is carried by LTCCs

which are essentially not phosphorylated by PKA.

However, basal AC activity is higher in RVMs than in

FVMs, allowing the counterweight produced by PDE on

LTCC phosphorylation to be easily removed in RVMs by

PDE inhibition.

Control of basal ICa,L by the cAMP-dependent

cascade in HAMs

In the last series of experiments, we examined the control

of basal ICa,L by the cAMP/PKA cascade in HAMs. As

shown earlier, b-AR stimulation of ICa,L in HAMs is due to

b1-, b2- and b3-ARs which all produce a PKA-dependent

activation of the current [10, 16]. In contrast to FVMs and

RVMs, exposure of HAMs to ACh (10 lM) produced a

Fig. 1 Control of basal ICa,L by

b-AR-PKA signaling cascade in

FVMs. a During the periods

indicated by the horizontal

lines, the cell was exposed to

ACh or/and ISO. Each symbol

represents the peak amplitude of

ICa,L obtained by depolarizing

the cell every 8 s–0 mV over a

period of 200 ms from a holding

potential of -80 mV. The

current traces shown in the inset

were recorded at the times

indicated by the corresponding

letters on the main graphs.

b Bar graphs representing the

average effect of ISO, alone and

together with ACh, on ICa,L.

c After stimulation of ICa,L with

ISO, the intracellular solution

was changed to one containing

20 lM PKI(15-22), which

perfused the cell throughout the

rest of experiment. d Bar graphs

representing the average effect

of ISO, alone and together with

PKI(15-22), on ICa,L. e IBMX

(100 lM) alone has no effect

but remarkably potentiates the

ISO-preactivated ICa,L. f Bar
graphs representing the average

effects of IBMX and ISO, alone

and together, on ICa,L.

*p\ 0.05, **p\ 0.01,

***p\ 0.005, compared with

basal ICa,L or between indicated

groups
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clear inhibition of basal ICa,L (22 ± 8 % below basal;

n = 6; p\ 0.01; Fig. 4a, g). The effect was maximal,

because increasing the concentration of ACh to 100 lM

had no additional effect (not shown). However, the inhi-

bitory effect of ACh on basal ICa,L was observed only in 7

out of 11 patients (*64 %), without any clear correlation

with the patients’ clinical data. Addition of ACh on top of a

saturating concentration of ISO (1 lM), which by itself

increased ICa,L [twofold (245 ± 32 % of basal; n = 4;

p\ 0.005; Fig. 4g), completely abolished the ISO effect

(Fig. 4a, g). Moreover, ICa,L amplitude in ISO ? ACh was

below basal level (29 ± 11 % below basal; n = 4;

p\ 0.05; Fig. 4a, g), which shows that ACh abolished

both the ISO-stimulated and the basal activity of AC. The

effect of ACh on ISO-stimulated ICa,L was mimicked by

PKI(15-22) (20 lM) introduced into the myocyte through

the patch-pipette by internal perfusion (36 ± 12 % below

basal; n = 4; p\ 0.05; Fig. 4b, g). Since ICa,L in HAMs is

often subject to run-down and the effect of PKI(15-22) is

irreversible, additional experiments were performed using

H-89, a cell-permeable PKA inhibitor. As shown in

Fig. 4c, H-89 (10 lM) reversibly inhibited the basal ICa,L

(29 ± 7 % below basal; n = 4; p\ 0.01; Fig. 4g) as well

as ISO stimulated ICa,L (34 ± 7 % below basal; n = 4;

p\ 0.05; Fig. 4g), and the effects were similar to those of

ACh or PKI(15-22). These experiments indicate that in

HAMs, basal ICa,L is partly carried by PKA-phosphorylated

LTCCs, most likely because of a higher basal AC activity.

This was confirmed by the observation that either IBMX

(100 lM, Fig. 4d) or Cal A (100 nM, Fig. 4e) led to near

maximal stimulation of basal ICa,L, respectively to

224 ± 37 % (n = 5; p\ 0.005) and 276 ± 73 % (n = 4;

p\ 0.05) of basal level (Fig. 4g). In an attempt to under-

stand why basal AC activity is higher in HAMs, we

examined the possibility that b-ARs are constitutively

active in these cells by testing the effect of propranolol, an

inverse agonist of b-ARs [17]. As shown in Fig. 4f,

application of propranolol (1 lM) in HAMs produced an

inhibition of basal ICa,L which was of similar degree as the

effect of ACh (18 ± 4.9 % inhibition of basal; n = 5;

p\ 0.01; Fig. 4g). In many but not all HAMs, a transient

stimulation of ICa,L was observed upon ACh washout [18,

19], a phenomenon attributed to a rebound stimulation of

AC and PKA phosphorylation of LTCCs [19]. Accord-

ingly, adding propranolol during the rebound produced a

strong and reversible inhibitory effect of ICa,L (Fig. 4f).

Altogether, these experiments indicate that HAMs possess

a stronger basal AC activity than RVMs or FVMs, which is

at least partly due to agonist-independent activation of b-

ARs.

Fig. 2 The phosphatase

inhibitor calyculin A near

maximally stimulates basal ICa,L

in FVMs. a The cell was

exposed to high concentration

of Cal A (Cal A’, 100 nM) and

then to ISO (1 lM). b The

myocyte was superfused with

ACh (10 lM) to completely

inhibit AC activity and then to

high concentration of Cal A as

in a. c The myocyte was

superfused with low

concentration of Cal A (Cal A00,
1 nM) and then to IBMX

(100 lM). d Bar graphs

representing the average effects

of Cal A, alone and together

with ISO or IBMX, on ICa,L.

**p\ 0.01; ***p\ 0.005,

compared with basal ICa,L

J Physiol Sci (2016) 66:327–336 331

123



Discussion

The results of the current study can be summarized as

follows: (1) AC, PDE, PKA and PPases are active in

FVMs, RVMs and HAMs under basal conditions; (2) in

FVMs, the basal activity of AC can cause the substantial

stimulation of ICa,L only when PPases are inhibited. The

inhibition of PDEs also can cause the potentiation of ICa,L

but only in conditions when PPases are inhibited or AC is

prestimulated; (3) in RVMs, the basal activity of AC is

high but can induce cAMP-PKA-dependent stimulation of

ICa,L only after PDE or PPase inhibition. ACh only partially

inhibits the cAMP-PKA-dependent ICa,L stimulation; (4) in

HAMs, the basal AC activity is sufficient to overcome PDE

and PPase activities and maintain ICa,L significantly ele-

vated above basal (‘‘nonphosphorylated’’) level. AC acti-

vation may result from spontaneous activity of b-ARs in

patients with chronic heart failure. The basal PDE and

PPase activities are high, and inhibition of any of them

causes near maximal stimulation of ICa,L. These results are

summarized in Table 1. In addition, there was clear

difference in the extent of cAMP depended stimulation of

ICa,L between FVMs, RVMs and HAMs. This may be

explained by differences in the modes of excitation–con-

traction coupling in these species. In mammalian car-

diomyocytes, Ca2? ions for the activation of contractile

apparatus are mobilized from sarcoplasmic reticulum by

Ca2?-induced calcium release. In this way, strong con-

tractile response to b-adrenergic stimulation can be trig-

gered by relatively small increase in ICa,L. However, in frog

cardiomyocytes, where the sarcoplasmic reticulum is

poorly developed and lacks ryanodine channels [20] the

main source of Ca2? is L-type Ca2? channels, and, con-

sequently, for the induction of respective b-AR-dependent

contractile response much stronger increase in ICa,L

amplitude is required.

Our study demonstrates that a ‘‘basal’’ ICa,L may have

different meanings in different species and/or cardiac tis-

sues depending on the balance of basal activities of major

elements of the cascade: b-ARs, AC, PDE, PKA and

PPases. Each member of the cascade has several subtypes

or isoforms. Up to date, 3 subtypes of b-ARs have been

Fig. 3 Control of basal ICa,L by

b-AR-PKA signaling cascade in

RVMs. a ACh alone had no

effect on the basal ICa,L and

dose-dependently but

incompletely inhibited ISO-

stimulated ICa,L. b After

stimulation of ICa,L with ISO

(1 lM), the intracellular

solution was changed to one

containing 20 lM PKI(15-22),

and the current returned to basal

level. The dotted line indicates

spontaneous run-down. c Bar

graphs representing the average

effect of ACh alone and ISO,

alone or in the presence of

either ACh or PKI(15-22), on

ICa,L. IBMX (100 lM) (d) and

Cal A (100 nM) (e) near

maximally stimulate basal ICa,L.

When the myocyte was

superfused with Cal A and when

the current was at its maximal

stimulation, ISO (1 lM)

induced only a small additional

stimulation of ICa,L. The current

traces shown in d were recorded

at the times indicated by the

corresponding letters on the

main graphs. f Bar graphs
representing the average effect

of IBMX alone and Cal A, alone

or in presence of ISO, on ICa,L.

*p\ 0.05, **p\ 0.01,

compared with basal ICa,L or

between indicated groups
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found in the human heart. In addition to a cAMP-dependent

effect on ICa,L common to all three subtypes, b3-ARs may

be involved in the parallel inhibitory NO-dependent path-

way [21]. In our earlier study, we have demonstrated that

b3-AR agonists stimulated ICa,L in HAMs but had no effect

on it in FVMs and RVMs [16]. Longer exposure of these

receptors, but b3-AR, to the agonists causes negative

feedback due to beta-arrestin, PKA- or GPCR kinase-de-

pendent their desensitization [22–24]. Multiple single

nucleotide polymorphisms of all three b-AR subtypes may

also modify the signal transduction [25], particularly in

certain pathological conditions when density of b2- [26, 27]

and b3-ARs [28] in the heart may increase over 2–3 times.

The same may depend on a variety of GTP-binding protein

Fig. 4 Control of basal ICa,L by

b-AR-PKA signaling cascade in

HAMs. a The myocyte was

exposed to ACh (10 lM) alone

and again after stimulation of

ICa,L with ISO (1 lM). The

dotted line indicates

spontaneous run-down. The

current traces shown in the inset

were recorded at the times

indicated by the corresponding

letters on the main graphs.

b After stimulation of ICa,L with

ISO (1 lM), the intracellular

solution was changed to one

containing 20 lM PKI(15-22),

and the current was inhibited

below the control level. c H-89

(10 lM), a cell permeant

inhibitor of PKA, inhibited

basal ICa,L and prevented its

stimulation by ISO (1 lM).

d IBMX (100 lM) near

maximally stimulated basal

ICa,L. e The myocyte was

superfused with Cal A (100 nM)

and when the current amplitude

reached a steady-state, ISO

(1 lM) induced additional

stimulation of ICa,L.

f Propranolol (1 lM), an inverse

agonist of b-ARs, inhibited

basal ICa,L. g Bar graphs

summarizing the effects of all

compounds tested in a–f on

ICa,L. *p\ 0.05, **p\ 0.01,

***p\ 0.005, compared with

basal ICa,L
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isoforms expressed in different species [29]. Even though

these proteins, Gi and Gs, are the major regulators in

opposite manner of the activity of all known AC isoforms,

many other molecules such as Ca2?, calmodulin, calmod-

ulin kinases II and IV, protein kinase C, phosphatase 2B

and others may interfere, as well [30]. So far, 10 isoforms

of ACs have been identified (membrane-bound AC(1-9)

and soluble AC10) [31]. While AC5 and AC6 are the major

AC isoforms in the heart [32], other types, but AC1, in

smaller amounts also have been found in the heart of dif-

ferent species and, for instance, AC2, AC4, AC7 were not

sensitive to Gi [31] or even might be stimulated by bc
subunits of Gi, provided that Gs was also active [33]. This

observation can explain the surprisingly small effect of

ACh on ISO-stimulated ICa,L in RVMs. Alternatively, in

the conditions of completely inhibited ACs, ACh might

stimulate ICa,L through the stimulation of cGMP production

and inhibition of PDE3 or/and stimulation of M1 receptor-

phospholipase C–protein kinase C pathway (for review, see

[34]). In physiological conditions, at least 5 isoforms of

PDEs may contribute to ICa,L regulation: Ca2?-dependent

PDE1, cGMP-stimulated PDE2, cGMP-inhibited PDE3,

cAMP-dependent PDE4 and cGMP PDE5 [35], and pos-

sibly PDE8 [36]. In the heart of different species the

expression or domination of PDE isoforms may vary [7,

37–39]. Redistribution of PDE2 and PDE3 in the discrete

subcellular microdomains has been shown to occur in early

cardiac hypertrophy and may cause cGMP-dependent

augmentation of contractility [40]. Also, the intrinsic

activity of AC, PKA and PDEs is much higher in early than

in late developmental stage of the rodent heart [41, 42].

In addition to PPase1 and PPase2A, Ca2?-dependent

PPase2B and not well-described PPase2C may play a role

in the cascade [43]. The activities of PPases are regulated

by some kinases directly or by phosphorylation of phos-

phatase inhibitors I-1 [44], I-1PP2A, and I-2PP2A [45].

Compartmentation of cyclic nucleotides (for review, see [5,

46]), different AC isoforms, scaffolding, anchoring, and

other cytoskeleton proteins determine the cooperativity of

signaling molecules and efficacy of the cascade [47].

Spontaneous cAMP and Ca2? oscillations may occur

within microdomains containing exclusively Ca2?-in-

hibitable AC5 and AC6 [48] which may provide fine tuning

of b-AR stimulated ICa,L. Other regulators such as giant

sarcolemmal protein AHNAK [49] or as yet unidentified

ones interacting with channel subunits may also influence

the charge transfer through Ca2? channels. The activity of

Ca2? channels may be regulated not only by PKA but also

by protein kinases C and G, and tyrosine kinases [50, 51].

The participation of Src family non-receptor tyrosine

kinases may be important in determining the state of basal

ICa,L in HAMs of patients with atrial fibrillation [52].

Moreover, our recent paper [50] demonstrates that in

HAMs this kinase attenuates PKA-dependent stimulation

of ICa,L, a phenomenon we neither observed in FVMs nor

in RVMs. Finally, other so far not characterized protein

kinases such as protein kinase X, the activity of which in

control conditions the first was reported by Hartzell and

colleagues [53, 54], may play a role in different species.

In conclusion, our study demonstrates that in the resting

physiological conditions the basal ICa,L and consequently

the contractile function of the heart is secured from

unnecessary elevation of its activity and energy consump-

tion at the several ‘‘checking-points’’ of cAMP-dependent

signaling cascade including adrenergic receptors, Gs and Gi

proteins, ACs and PDEs, PKA and PPases. The loading of

these ‘‘checking-points’’ may vary in different species and

tissues. However, small transient disbalance at the single

point not necessary must cause the undesired stimulatory

effects due to a double and triple control at the following

steps.

Acknowledgments We thank Dr. Rodolphe Fischmeister for valu-

able discussions, Antanas Navalinskas for skillful technical assis-

tance, and Valeryia Mikalayeva for preparation of the cells. This work

was supported by an East–West cooperation grant from INSERM,

France.

Conflict of interest The authors declare no competing or financial

interests.

References

1. Bers DM (2002) Cardiac excitation-contraction coupling. Nature

415:198–205

2. Bodi I, Mikala G, Koch SE, Akhter SA, Schwartz A (2005) The

L-type calcium channel in the heart: the beat goes on. J Clin

Invest 115:3306–3317

3. Jurevicius J, Fischmeister R (1996) cAMP compartmentation is

responsible for a local activation of cardiac Ca2? channels by

beta-adrenergic agonists. Proc Natl Acad Sci USA 93:295–299

4. Iancu RV, Ramamurthy G, Warrier S, Nikolaev VO, Lohse MJ

et al (2008) Cytoplasmic cAMP concentrations in intact cardiac

myocytes. Am J Physiol Cell Physiol 295:C414–C422

5. Mika D, Leroy J, Vandecasteele G, Fischmeister R (2012) PDEs

create local domains of cAMP signaling. J Mol Cell Cardiol

52:323–329

6. Fischmeister R, Hartzell HC (1986) Mechanism of action of

acetylcholine on calcium current in single cells from frog ven-

tricle. J Physiol (London) 376:183–202

Table 1 The basal activities of major elements of b-AR-AC-PKA-

dependent signaling cascade

b-ARs ACs PDEs PKA PPases LTCCa

FVM - ± ± ? ? -

RVM - ? ? ? ? -

HAM ? ? ? ? ? ?

a indicates the elevation of ICa,L above basal level

‘‘-’’ no activity, ‘‘±’’ low activity, ‘‘?’’ high activity

334 J Physiol Sci (2016) 66:327–336

123



7. Verde I, Vandecasteele G, Lezoualc’h F, Fischmeister R (1999)

Characterization of the cyclic nucleotide phosphodiesterase sub-

types involved in the regulation of the L-type Ca2? current in rat

ventricular myocytes. Br J Pharmacol 127:65–74

8. Kirstein M, Rivet-Bastide M, Hatem S, Benardeau A, Mercadier

JJ et al (1995) Nitric oxide regulates the calcium current in iso-

lated human atrial myocytes. J Clin Invest 95:794–802

9. Fischmeister R, Hartzell HC (1987) Cyclic guanosine 30,50-
monophosphate regulates the calcium current in single cells from

frog ventricle. J Physiol (London) 387:453–472

10. Skeberdis VA, Jurevicius J, Fischmeister R (1997) Beta-2

adrenergic activation of L-type Ca2? current in cardiac myocytes.

J Pharmacol Exp Ther 283:452–461

11. Skeberdis VA, Jurevicius J, Fischmeister R (1997) Pharmaco-

logical characterization of the receptors involved in the beta-

adrenoceptor-mediated stimulation of the L-type Ca2? current in

frog ventricular myocytes. Br J Pharmacol 121:1277–1286

12. Kuznetsov V, Pak E, Robinson RB, Steinberg SF (1995) Beta

2-adrenergic receptor actions in neonatal and adult rat ventricular

myocytes. Circ Res 76:40–52

13. Xiao RP, Zhu W, Zheng M, Chakir K, Bond R et al (2004)

Subtype-specific beta-adrenoceptor signaling pathways in the

heart and their potential clinical implications. Trends Pharmacol

Sci 25:358–365

14. Abi-Gerges N, Tavernier B, Mebazaa A, Faivre V, Paqueron X

et al (1999) Sequential changes in autonomic regulation of car-

diac myocytes after in vivo endotoxin injection in rat. Am J

Respir Crit Care Med 160:1196–1204

15. Hartzell HC, Mery PF, Fischmeister R, Szabo G (1991) Sympa-

thetic regulation of cardiac calcium current is due exclusively to

cAMP-dependent phosphorylation. Nature 351:573–576

16. Skeberdis VA, Gendviliene V, Zablockaite D, Treinys R,

Macianskiene R et al (2008) beta3-adrenergic receptor activation

increases human atrial tissue contractility and stimulates the

L-type Ca2? current. J Clin Invest 118:3219–3227

17. Chidiac P, Hebert TE, Valiquette M, Dennis M, Bouvier M

(1994) Inverse agonist activity of beta-adrenergic antagonists.

Mol Pharmacol 45:490–499

18. Vandecasteele G, Eschenhagen T, Fischmeister R (1998) Role of

the NO-cGMP pathway in the muscarinic regulation of the L-type

Ca2? current in human atrial myocytes. J Physiol (London)

506(Pt 3):653–663

19. Bett GC, Dai S, Campbell DL (2002) Cholinergic modulation of

the basal L-type calcium current in ferret right ventricular myo-

cytes. J Physiol (London) 542:107–117

20. Tijskens P, Meissner G, Franzini-Armstrong C (2003) Location

of ryanodine and dihydropyridine receptors in frog myocardium.

Biophys J 84:1079–1092

21. Rozec B, Gauthier C (2006) beta3-adrenoceptors in the cardio-

vascular system: putative roles in human pathologies. Pharmacol

Ther 111:652–673

22. Seibold A, Williams B, Huang ZF, Friedman J, Moore RH et al

(2000) Localization of the sites mediating desensitization of the

beta(2)-adrenergic receptor by the GRK pathway. Mol Pharmacol

58:1162–1173

23. Rapacciuolo A, Suvarna S, Barki-Harrington L, Luttrell LM,

Cong M et al (2003) Protein kinase A and G protein-coupled

receptor kinase phosphorylation mediates beta-1 adrenergic

receptor endocytosis through different pathways. J Biol Chem

278:35403–35411

24. Patel PA, Tilley DG, Rockman HA (2009) Physiologic and car-

diac roles of beta-arrestins. J Mol Cell Cardiol 46:300–308

25. Small KM, McGraw DW, Liggett SB (2003) Pharmacology and

physiology of human adrenergic receptor polymorphisms. Ann

Review Pharmacol Toxicol 43:381–411

26. Brodde OE (1993) Beta-adrenoceptors in cardiac disease. Phar-

macol Ther 60:405–430

27. Farrukh HM, White M, Port JD, Handwerger D, Larrabee P et al

(1993) Up-regulation of beta 2-adrenergic receptors in previously

transplanted, denervated non-failing human hearts. J Am Coll

Cardiol 22:1902–1908

28. Moniotte S, Kobzik L, Feron O, Trochu JN, Gauthier C et al

(2001) Upregulation of beta(3)-adrenoceptors and altered con-

tractile response to inotropic amines in human failing myo-

cardium. Circulation 103:1649–1655

29. Wieland T, Herzig S (2006) Specificity and diversity in Gi/o-

mediated signaling: how the heart operates the RGS brake pedal.

Circ Res 98:585–586

30. Pavan B, Biondi C, Dalpiaz A (2009) Adenylyl cyclases as

innovative therapeutic goals. Drug Discov Today 14:982–991

31. Cooper DM (2003) Regulation and organization of adenylyl

cyclases and cAMP. Biochem J 375:517–529

32. Pierre S, Eschenhagen T, Geisslinger G, Scholich K (2009)

Capturing adenylyl cyclases as potential drug targets. Nat Rev

Drug Discov 8:321–335

33. Federman AD, Conklin BR, Schrader KA, Reed RR, Bourne HR

(1992) Hormonal stimulation of adenylyl cyclase through Gi-

protein beta gamma subunits. Nature 356:159–161

34. Mery PF, Abi-Gerges N, Vandecasteele G, Jurevicius J, Eschen-

hagen T et al (1997) Muscarinic regulation of the L-type calcium

current in isolated cardiac myocytes. Life Sci 60:1113–1120

35. Omori K, Kotera J (2007) Overview of PDEs and their regulation.

Circ Res 100:309–327

36. Patrucco E, Albergine MS, Santana LF, Beavo JA (2010) Phos-

phodiesterase 8A (PDE8A) regulates excitation-contraction cou-

pling in ventricular myocytes. J Mol Cell Cardiol 49:330–333

37. Rivet-Bastide M, Vandecasteele G, Hatem S, Verde I, Benardeau

A et al (1997) cGMP-stimulated cyclic nucleotide phosphodi-

esterase regulates the basal calcium current in human atrial

myocytes. J Clin Invest 99:2710–2718

38. Jurevicius J, Skeberdis VA, Fischmeister R (2003) Role of cyclic

nucleotide phosphodiesterase isoforms in cAMP compartmenta-

tion following beta2-adrenergic stimulation of ICa, L in frog

ventricular myocytes. J Physiol (London) 551:239–252

39. Guellich A, Mehel H, Fischmeister R (2014) Cyclic AMP syn-

thesis and hydrolysis in the normal and failing heart. Pflugers

Arch 466:1163–1175

40. Perera RK, Sprenger JU, Steinbrecher JH, Hubscher D, Lehnart

SE et al (2015) Microdomain switch of cGMP-regulated phos-

phodiesterases leads to ANP-induced augmentation of beta-

adrenoceptor-stimulated contractility in early cardiac hypertro-

phy. Circ Res 116:1304–1311

41. Maltsev VA, Ji GJ, Wobus AM, Fleischmann BK, Hescheler J

(1999) Establishment of beta-adrenergic modulation of L-type

Ca2? current in the early stages of cardiomyocyte development.

Circ Res 84:136–145

42. Yan X, Gao S, Tang M, Xi J, Gao L et al (2011) Adenylyl

cyclase/cAMP-PKA-mediated phosphorylation of basal L-type

Ca2? channels in mouse embryonic ventricular myocytes. Cell

Calcium 50:433–443

43. Shi Y (2009) Serine/threonine phosphatases: mechanism through

structure. Cell 139:468–484

44. Wittkopper K, Dobrev D, Eschenhagen T, El-Armouche A (2011)

Phosphatase-1 inhibitor-1 in physiological and pathological beta-

adrenoceptor signalling. Cardiovasc Res 91:392–401

45. Zolnierowicz S (2000) Type 2A protein phosphatase, the com-

plex regulator of numerous signaling pathways. Biochem Phar-

macol 60:1225–1235

46. Fischmeister R, Castro LR, Abi-Gerges A, Rochais F, Jurevicius

J et al (2006) Compartmentation of cyclic nucleotide signaling in

J Physiol Sci (2016) 66:327–336 335

123



the heart: the role of cyclic nucleotide phosphodiesterases. Circ

Res 99:816–828

47. Wong W, Scott JD (2004) AKAP signalling complexes: focal

points in space and time. Nature Rev Mol Cell Biol

5:959–970

48. Kamide T, Okumura S, Ghosh S, Shinoda Y, Mototani Y et al

(2015) Oscillation of cAMP and Ca2? in cardiac myocytes: a

systems biology approach. J Physiol Sci 65:195–200

49. Haase H (2007) Ahnak, a new player in beta-adrenergic regulation

of the cardiac L-type Ca2? channel. Cardiovasc Res 73:19–25

50. Bogdelis A, Treinys R, Stankevicius E, Jurevicius J, Skeberdis

VA (2011) Src family protein tyrosine kinases modulate L-type

calcium current in human atrial myocytes. Biochem Biophys Res

Commun 413:116–121

51. Van der Heyden MA, Wijnhoven TJ, Opthof T (2005) Molecular

aspects of adrenergic modulation of cardiac L-type Ca2? chan-

nels. Cardiovasc Res 65:28–39

52. Greiser M, Halaszovich CR, Frechen D, Boknik P, Ravens U et al

(2007) Pharmacological evidence for altered src kinase regulation

of ICa, L in patients with chronic atrial fibrillation. Naunyn-

Schmiedeberg’s Arch Pharmacol 375:383–392

53. Frace AM, Hartzell HC (1993) Opposite effects of phosphatase

inhibitors on L-type calcium and delayed rectifier currents in frog

cardiac myocytes. J Physiol (London) 472:305–326

54. Hartzell HC, Hirayama Y, Petit-Jacques J (1995) Effects of

protein phosphatase and kinase inhibitors on the cardiac L-type

Ca2? current suggest two sites are phosphorylated by protein

kinase A and another protein kinase. J Gen Physiol 106:393–414

336 J Physiol Sci (2016) 66:327–336

123


	Differences in the control of basal L-type Ca2+ current by the cyclic AMP signaling cascade in frog, rat, and human cardiac myocytes
	Abstract
	Introduction
	Methods
	Frog ventricular myocytes
	Rat ventricular myocytes
	Human atrial myocytes
	Solutions
	Whole-cell current recording
	Internal perfusion of myocytes
	Statistical analysis

	Results
	Control of basal ICa,L by the cAMP-dependent cascade in FVMs
	Control of basal ICa,L by the cAMP-dependent cascade in RVMs
	Control of basal ICa,L by the cAMP-dependent cascade in HAMs

	Discussion
	Acknowledgments
	References




