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A B S T R A C T

G Protein-activated K+ channels (GIRK) channels are inhibited by depletion of PtdIns(4,5)P2(PIP2), and/or
channel phosphorylation by proteinkinase C (PKC). By using FRET-based biosensors, expressed in HEK293 cells
or in atrial myocytes, we quantified receptor-specific Gq-coupled receptor (GqPCR) signalling on the level of
phospholipase C (PLC) activation by monitoring PIP2-depletion and diacylglycerol (DAG) formation.
Simultaneous voltage-clamp experiments on GIRK channel activity were performed as a functional readout for
Gq-coupled α1B- and ET-receptor-induced signalling. GqPCR-induced fast inhibition of GIRK channel activity is
mediated by depletion of PIP2, whereas phosphorylation of GIRK channels results in delayed, but effective GIRK
current inhibition.

We demonstrate a receptor-induced inhibitory component on GIRK activity that is independent of PIP2-de-
pletion, but attributed to the activation of Ca2+-dependent PKC isoforms. As a novel finding, we demonstrate
receptor-dependent differences in GIRK inhibition according to receptor-specific activation of the Ca2+-de-
pendent PKC isoforms PKCα and PKCβ. Pharmacological inhibition of PKCα, but not of PKCβ, abolishes GIRK
inhibition induced by stimulation of α1B-receptors. In contrast, ET-R-induced reduction of GIRK activity is
sensitive to pharmacological block of PKCβ, but not of PKCα. Coexpression of α1B-receptors (or ETB-R) and PKCα
(or PKCβ) in HEK 293 cells increased homologous receptor desensitization as indicated by a rapid decline of the
CKAR FRET signal monitoring receptor activity. These data suggest that receptor-species dependent differences
in PKC isoform activation regulate both GIRK channel activity and the strength of the receptor signal via a
negative feedback mechanism.

1. Introduction

Parasympathetic control of heart rate and cardiac excitability
comprises activation of G protein-activated inwardly rectifying K+

(GIRK) channels, mainly expressed in the supraventricular tissue.
Cardiac GIRK channels are activated by direct interaction of their
GIRK1/GIRK4 subunits with βγ subunits of heterotrimeric G proteins
upon agonist activation of appropriate Gi/o-coupled receptors, e.g. fol-
lowing stimulation of M2 muscarinic receptors by acetylcholine (ACh)
or purinergic A1-receptors by adenosine [1,2]. GIRK channel activity is
modulated by diverse signalling pathways downstream of Gs- [3] and
Gq-activation [4–9] resulting in either facilitation or inhibition of GIRK
currents. Acute and fast inhibition of GIRK channels by stimulation of
Gq-coupled receptors (GqPCRs) is mediated by the phospholipase C
(PLC)-catalyzed depletion of PtdIns(4,5)P2 (PIP2), which represents an
important cofactor for GIRK activation by Gβγ [2,7,10–12].

Furthermore, PLC activation results in IP3-mediated Ca2+ release

from internal stores and activation of multiple protein kinase C (PKC)
isoforms by the synergistic interaction of Ca2+ and diacylglycerol
(DAG). Subsequent phosphorylation of GIRK channels results in de-
layed, but robust inhibition of GIRK currents [10,13,14], probably by
reducing the PIP2-affinity of GIRK channels [10,15,16].

The canonical signalling pathway of activated Gαq subunits com-
prises hydrolysis of PIP2 and activation of PKC [17], both acting in
concert to inhibit GIRK channels. However, activation of different en-
dogenous Gq-coupled receptors in atrial myocytes induced receptor-
specific inhibition of GIRK currents with distinct efficacies and kinetics
of inhibition among the different agonists [2]. Thus the question arises,
whether receptor-dependent activation of signalling pathways down-
stream Gq contributes to receptor-specific modulation of GIRK activity.

Up to now, only few studies investigated receptor-specific modula-
tion of GIRK currents in terms of specific PKC isoform activation and/or
spatiotemporal dynamics of PIP2-depletion.

In recent studies, receptor-specific differences in the extent of atrial
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GIRK inhibition have been attributed to several factors that determine
the strength of PIP2-depletion during GqPCR stimulation and the in-
teraction of PIP2 with its molecular target [7,9,18]. These factors in-
clude receptor-dependent changes in the PIP2 concentration, restricted
mobility of PIP2 and compartmentalization of receptors and signalling
components downstream of Gq in microdomains.

Although other studies proposed that a sizable fraction of GIRK
current inhibition does not directly reflect PIP2-depletion, but might be
rather attributed to activation of PKC [4,11,13], little is known about
the recruitment of different PKC isoforms during receptor-stimulation
and their contribution to GIRK inhibition.

Receptor-dependent activation of PKC isoforms and subsequent
GIRK inhibition have been investigated in stably Kir3.1/3.2-transfected
HEK293 cells, demonstrating that activation of muscarinic M1 or M3

receptors specifically activated a Ca2+-independent PKC isoform, in
particular PKCδ [19,20]. Stimulation of α-adrenergic receptors in
neonatal rat atrial myocytes recruited (not further identified) Ca2+-
dependent PKC isoforms to the cell membrane, resulting in pronounced
inhibition of acetylcholine (ACh)-activated currents [21]. These di-
vergent results illustrate that the activation of a specific PKC isoform
and its contribution to GIRK channel modulation critically depends on
the cell type, the molecular composition of GIRK channels and the
GqPCR species.

The fact that multiple factors determine the spatial and temporal
specifity of isotype PKC activation (e.g. the cell type [22], the species of
Gq-coupled receptors [23,24] the kinetics of membrane translocation
[25] or of lipid binding to the membrane-targeting PKC domains [26]
and PKC scaffolding in microdomains [27]), might explain why func-
tional studies that address receptor-specific PKC signalling and their
regulation of GIRK activity in atrial cells are rare.

To obtain information about the PKC isotype interfering with GIRK
channel activity in the native environment of adult rat atrial myocytes,
we investigated receptor-specific activation of different PKC isoforms
during stimulation of distinct endogenous GqPCRs. Potential candidates
to analyze divergent signalling pathways downstream of Gq activation
are α-adrenergic and endothelin (ET)-receptors that induce strong in-
hibition of GIRK currents in atrial myocytes [2,5].

In the present study, by using a FRET-based biosensor that monitors
signalling events downstream of Gq activation and simultaneous whole-
cell recordings of GIRK currents, we identified a receptor-induced in-
hibitory component on GIRK activity that is independent of PIP2-de-
pletion, but is attributed to PKC activation.

By using selective pharmacological inhibitors of different PKC iso-
forms, we assigned receptor-dependent differences in GIRK inhibition
to receptor-specific activation of the Ca2+-dependent PKC isoforms
PKCα and PKCβ.

Furthermore, we point out that receptor-specific activation of a PKC
isoform increases homologous desensitization of α-adrenergic and en-
dothelin (ET)-receptors, thus shaping the spatiotemporal activation
pattern of Gq signalling components. As a novel finding, we provide
evidence that each receptor species was able to recruit a specific PKC
isoform. Dependent on this isoform, we observed differences in GIRK
channel regulation, suggesting receptor subtype specific negative
feedback mechanisms to shape individual GIRK channel responses.

2. Material and methods

2.1. Ethical approval

Rats were killed following protocols in accordance with the guide-
lines of the European Community (86/609/EEC) and approved by the
animal welfare officer of the Ruhr-University Bochum.

2.2. Molecular biology and cell culture

Experiments were performed in HEK 293 cells or in cultured rat

atrial myocytes. HEK 293 cells were grown in DMEM medium, sup-
plemented with glutamine (1%) and fetal calf serum (10%) and cul-
tured with penicillin/streptomycin using standard cell culture condi-
tions on 35 mm× 10 mm dishes (Falcon, Corning Inc., Durham, NC,
USA). All cell culture media and supplements were purchased from
Gibco.

HEK 293 cells were transfected using either polyethyleneimine (PEI)
or Lipofectamine (Invitrogen) according to the manufacturer's instruc-
tions. Prior to experiments, cells were seeded on sterile, poly-L-lysine-
coated glass cover slips and analyzed 48 h after transfections. HEK 293
cells were transiently transfected with cDNAs encoding for GPCRs and
the following FRET-biosensors (amount in μg per 35 mm culture-dish):
to express α1B-AR or endothelin receptor type B in HEK293 cells:
pCDNA3.1+[ADRA1B] (1 μg) or pCDNA3.1+[EDNRB] (1 μg) obtained
from the cDNA Resource Center, Bloomsberg, PA, USA.

To monitor the production of the second messenger diacylglycerol
(DAG): receptor species as indicated (1 μg) and the biosensor DAGR
(0.5), which reports conformational changes of a CFP/YFP-labelled
DAG-binding domain of protein kinase C (PKCβ2) [28]. DAGR was
kindly provided by Dr. Alexandra Newton (Addgene plasmid # 14865,
RRID:Addgene_14,865).

To monitor the breakdown of PIP2 as an assay for phospholipase C
(PLC) activation: receptor species as indicated (1 μg) and a PIP2 bio-
sensor (0.75) that is based on CFP- and YFP-labelled PH domains of
PLCδ1 [11]. In some experiments, cells were infected with Ad-Ci-VSP-
T2A-EYFP-PH-PLCδ1-P2A-ECFP-PH-PLCδ1 to express the fluorescence-
labelled PH-domains and the voltage-sensitive phosphoinositide phos-
phatase Ci-VSP simultaneously [11,29]. The tricistronic virus encoding
for Ci-VSP and the two PH-domains will be termed Ad-PIP2-tool.

To monitor the increase in [Ca2+]i: receptor species as indicated
(1 μg) and the Twitch-2B biosensor (0.25 μg) that has a calcium binding
motif based on the C-terminal domain of Opsanus tau TnC [30]. Twitch-
2B pcDNA3 was kindly provided by Dr. Oliver Griesbeck (Addgene
plasmid #49531, RRID:Addgene_49,531).

To monitor PKC activity: receptor species as indicated (1 μg) and the
CKAR biosensor (1 μg) [28] that contains a PKC substrate sequence
flanked by a flexible linker sequence. CKAR was a gift from Dr. Alex-
andra Newton (Addgene plasmid # 14860, RRID:Addgene_14,860).

For some experiments cells were co-transfected with 0.5 μg of a
plasmid encoding for wild type PKCα (WT-PKCα) or wild-type PKCβ1
(WT-PKCβ1) [31], kindly provided by Dr. Bernard Weinstein via Ad-
dgene (WT-PKCα # 21232 RRID:Addgene_21,232, WT-PKCβ1 #
Plasmid #16378, RRID:Addgene_16,378).

2.3. Fluorescence microscopy and imaging

All experiments were performed using single cells at ambient tem-
perature. Fluorescence was recorded using an inverted microscope
(Zeiss Axiovert 200, Carl Zeiss AG, Göttingen, Germany) equipped with
a Zeiss oil immersion objective (100 × /1.4), a Polychrome V illumi-
nation source and a photodiode-based dual emission photometry
system suitable for CFP/YFP-FRET (FEI Munich GmbH, Germany). For
FRET measurements, single cells were excited at 435 nm wavelength
with light pulses of variable duration (10 ms to 50 ms; frequency: 5 Hz)
to minimize photobleaching. Corresponding emitted fluorescence from
CFP (F480 or FCFP) or from YFP (F535 or FYFP) was acquired simulta-
neously and FRET was defined as ratio FYFP/FCFP. Fluorescent signals
were recorded and digitized using a commercial hardware/software
package (EPC10 amplifier with an integrated D/A board and
Patchmaster software, HEKA, HEKA Elektronik, Germany). Details on
optical filters and beam splitters of the setup are given in [11]. The
individual FRET were normalized to the initial ratio value before ago-
nist application (FRET/FRET0).
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2.4. Isolation and culture of atrial myocytes

Rats were killed with the following protocol in accordance with the
guidelines of the European Community (86/609/EEC) and approved by
the animal welfare officer of the Ruhr-University Bochum. WKY rats of
either sex (weight around 200 g) were anesthesized by intravenous
injection of urethane (1 g/kg). The chest was opened, the heart was
removed and mounted on the cannula of a Langendorff perfusion
system for coronary perfusion at constant flow. Isolated hearts were
perfused with a nominally Ca2+-free solution (mmol/L) (NaCl 140, KCl
5.4, MgCl2 1, HEPES 10, N-acetyl-cysteine 3, pyruvic acid 5, EGTA 1.25,
pH 7.4) for 10 min, then with enzyme solution (mmol/L) (NaCl 140,
KCl 5.4, MgCl2 1, HEPES 10, collagenase II (Worthington Biochemical
Corporation, NJ, USA) (1 mg/mL), protease type XIV (Sigma Aldrich,
München) (0.25 mg/mL), DNAse I (Sigma) (0.1 mg/mL), taurine
(Sigma) (0.625 mg/mL), 2,3-Butanedione monoxime (Sigma) (0.5 mg/
mL) for 15 min. Hearts were removed from the cannula, ventricles were
cut off and atria were mechanically dissected with fine forceps and
chopped into 1 mm3 chunks.

To isolate single cells, atrial tissue chunks were agitated using a
Pasteur pipette in enzyme solution for 30 min. Enzymatic activity was
disrupted by adding nominally Ca2+-free solution supplemented with
fatty acid free albumine (Sigma) (1 mg/mL) and taurine (1.25 mg/mL).
To avoid contracture of atrial myocytes during reintroduction of ex-
ternal Ca2+, [Ca2+]o in the supernatant solution was stepwise in-
creased to 2 mmol/L within 2 h by exchanging the supernatant solution
with a solution (mmol/L) (NaCl 140, KCl 5.4, MgCl2 1, HEPES 10,
pH 7.4) supplemented with 0.5 mmol/L, 1 mmol/L, 1.5 mmol/L and
2 mmol/L CaCl2.

Cells were plated at a low density (several hundred cells per 35 mm
dish) and cultured in FCS-free medium (HEPES-buffered M199, PAA
Laboratories, Pösching, Austria) supplemented with ITS (insulin/
transferrin/selenium), Gentamycin (1.4 μg/mL, Sigma Aldrich,
München) and Kanamycin (0.7 μg/mL, Sigma Aldrich). To express Ad-
Ci-VSP-T2A-EYFP-PH-PLCδ1-P2A-ECFP-PH-PLCδ1 (termed Ad-PIP2-
tool, [11]) cardiac cells were infected with Ad-PIP2-tool one day after
isolation and analyzed 48 h after infection. MOIs were adjusted to reach
an infection rate of 50% (assessed as EYFP-positive cells). Non-infected
myocytes were used experimentally from day 1 until day 6 after iso-
lation.

2.5. Solutions and chemicals

For FRET measurements an extracellular solution of the following
composition was used (mmol/L): NaCl 122, KCl 5.4, CaCl2 0.5, MgCl2
1.0, Hepes/NaOH 10.0, pH 7.4. For whole cell measurements of mem-
brane currents an extracellular solution of the following composition
was used (in mmol/L): NaCl 122, KCl 20, CaCl2 0.5 or concentration as
indicated, MgCl2 1.0, HEPES/NaOH 10.0 (pH 7.4). The pipette solution
contained (in mmol/L): K-aspartate 100, KCl 40, NaCl 5.0, MgCl2 2.0,
Na2ATP 5.0, EGTA 2.0, GTP 0.025, and HEPES/KOH 20.0 (pH 7.4)
indicated as “GTP”-pipette solution. In some experiments, EGTA was
substituted by BAPTA 5.0 mmol/L (termed as “GTP+ BAPTA”). The K+

reversal potential under this condition was calculated as −48 mV. In
some experiments, 0.5 mmol/L of the non-hydrolyzable GTP-analog
GTPγ-S was included in the pipette solution. Standard chemicals were
from Merck (Darmstadt, Germany). EGTA, HEPES, Guanosine 5′-tri-
phosphate sodium salt hydrate (GTP), Guanosine 5′-(γ-thio)-tripho-
sphate tetralithium salt (GTPγ-S), Na2ATP, Acetylcholine-chloride
(ACh), chelerythrine chloride and phenylephrine were from Sigma-
Aldrich (Taufkirchen, Germany). Endothelin-1, Gö6976 and
Ro32–0432 were obtained from Biomol, Hamburg, Germany.
Enzastaurin was from Bio-Techne, Wiesbaden, Germany.

2.6. Current measurement

Membrane currents were measured using whole-cell patch clamp.
Pipettes were fabricated from borosilicate glass and were filled with the
solution listed above (direct current resistance, 4–6 MΩ). Currents were
measured by means of a patch clamp amplifier (List LM/EPC 7,
Darmstadt, Germany). Atrial cells were voltage-clamped at a holding
potential of −90 mV, i.e. negative to the equilibrium potential for K+

(EK =−48 mV), resulting in inward K+ currents. Every 10 s, voltage
ramps (duration 500 ms) from −120 mV to +60 mV were applied to
assess stability of the recording conditions and to generate I/V curves
(membrane currents in response to depolarizing voltage ramps are
shown as upward deflections).

Signals were filtered (corner frequency, 1 kHz), digitally sampled at
1 kHz and stored on a computer equipped with a hardware/software
package (ISO2, MFK, Niedernhausen, Germany) for voltage control,
data acquisition and data analysis. Experiments were performed at
ambient temperature (23–26°C). Rapid exposure to solutions containing
agonists or inhibitors was performed by means of a custom-made so-
lenoid-operated flow system permitting a change of solution around an
individual cell with a half time of about 100 ms. For measurements cells
devoid of contact with neighboring cells were selected.

2.7. Statistical analysis

Statistical analysis was performed with the software
OriginPro2018b (OriginLab Corporation, Northampton, MA, USA,
RRID:SCR_014212). All data are presented as individual observations or
summarized data (mean ± S.E. of n cells). Student's t-Test was used to
compare the means between two groups if the data passed the Shapiro-
Wilk normality test and the equal variance test (Levene). P-values<
0.05 were considered statistically significant. If the data were not
distributed normally, the Mann-Whitney Rank Sum test was used.
Comparisons between multiple groups were performed using One-Way
ANOVA after testing normal distribution and equal variance. The Holm-
Sidak post-hoc test was assessed for statistical significance (p < 0.05).
In case that the assumption of homogeneity of variance between the
groups was violated in the ANOVA analysis, Kruskal-Wallis-Anova and
Dunn post hoc test were used. P-values< 0.05 were considered statis-
tically significant. In general, p-values< 0.05 were marked by an as-
terisk, p-values< 0.01 were marked by two asterisks and p-values<
0.001 were marked by three asterisks. To compare peak values of
GqPCR-induced FRET signals, peak data were measured within a frame
of 5 s (corresponding 25 data points) or 10 s (50 data points) and tested
for statistical significance by Student's t-Test or Mann-Whitney Rank
Sum test.

3. Results

3.1. Inhibition of atrial GIRK currents by various GqPCR agonists

To investigate the inhibitory effect of α-adrenergic and ET-receptor
stimulation on rat atrial IK(ACh), we used a double pulse protocol es-
tablished in a previous study on mouse atrial myocytes [2] with paired
application of acetylcholine in the presence and absence of specific
GqPCR agonists.

In rat atrial myoyctes, brief application of a saturating concentra-
tion of acetylcholine (10 μmol/L) induced a rapidly activating transient
inward current followed by acute desensitization (Fig. 1A ). Char-
acteristics of this IK(ACh) have been analyzed in detail previously, re-
spectively the rapid current decay after peak IK(ACh) and the typical
strong inward rectification of the background-subtracted current vol-
tage-relation (see also I/V curve in Fig. 2E ). Furthermore, the acute
current desensitization is instantaneously reversible as soon as current
deactivation upon washout of the agonist is complete [32]. In line with
these previous findings, the response to a second challenge by ACh was
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only slightly reduced by 4.6 ± 3.3% (mean ± S.E., n = 22, Fig. 1D).
To estimate the inhibitory potential of different GqPCR agonists, we

probed GIRK inhibition by coapplication of saturating concentrations of
phenylephrine (100 μmol/L) or endothelin (10 nmol/L) analogous to a
previous study [33]. As a rule, the peak IK(ACh) amplitude at the first
response to ACh was set as control (I1). GqPCR agonists were applied
3 min before the second application of ACh and the amplitude of this
second IK(ACh) in the continuous presence of an agonist (I2) was related
to I1 to quantify receptor-induced current inhibition.

In the presence of either phenylephrine or endothelin, the ampli-
tude of I2 was significantly reduced as compared to I2 in the absence of
both GqPCR agonists (compare Fig. 1A–C) with endothelin being more
efficient in inhibiting IK(ACh) (summarized data in Fig. 1D). In principle,
the signalling pathway of both α-adrenergic and endothelin ET-re-
ceptors results in PLCβ-catalyzed depletion of PIP2, IP3-mediated Ca2+

release from internal stores and PKC activation by Ca2+ and DAG (see
cartoon in Fig. 1E). Several mechanisms might account for the receptor-
specific efficiency of GIRK inhibition, including activation of different
branches of the Gαq-signalling pathway, different efficiencies in PIP2-
depletion or receptor-dependent activation of PKC-isoforms.

The data presented in Fig. 1 are in good agreement with an earlier
work [2], describing receptor-specific inhibition of adenosine-activated

GIRK currents in mouse atrial myocytes. However, since a very early
work on IK(ACh) modulation by GqCPRs postulated a phenylephrine-
induced activation of single muscarinic K+ channels recorded in the
cell-attached patch configuration [34], this experimental protocol
might underestimate the extent of GqPCR-induced GIRK inhibition due
to superimposition of activating and inhibitory effects on channel ac-
tivity.

To avoid superimposition of potentially activating and inhibitory
effects of GqPCR agonists, we aimed to investigate GqPCR effects on pre-
activated GIRK currents to isolate the inhibitory effect on IK(ACh).
However, activation of IK(ACh) by a long-lasting application of a satur-
ating ACh concentration (10 μmol/L) in the absence of GqPCR agonists
per se resulted in a current decay of about 20% (Fig. 2A and H). This
intrinsic current decay might be attributed to current and/or receptor
desensitization, but presumably interferes with GqPCR-induced GIRK
current inhibition.

To maintain a stable amplitude of GIRK channel current, myocytes
were continuously exposed to ACh and loaded with GTPγ-S (0.5 mmol/
L) via the patch pipette. Fig. 2B shows a representative current trace
from a native atrial cell to demonstrate the effect of GTPγ-S loading
which resulted in maximal and irreversible activation of GIRK channels.
Once activated, the current remained fairly constant for several minutes

Fig. 1. Inhibition of acetylcholine-ac-
tivated GIRK currents (IK(ACh)) by
phenylephrine and endothelin.
Representative current recordings of
ACh-activated (10 μmol/L) GIRK cur-
rents during paired ACh applications in
the presence (B, C) and absence
(A) of specific GqPCR agonists
([Ca2+]o = 2 mmol/L). The first re-
sponse to ACh in the absence of GqPCR
agonists (termed I1) was related to the
amplitude of IK(ACh) recorded 3 min
after application of phenylephrine
(Phe, 100 μmol/L, B) or endothelin
(ET-1, 10 nmol/L, C) (termed I2).
Dashed lines indicate zero current
level. Inset: Scheme of the experi-
mental protocol. D. Summarized data
of GIRK inhibition (mean ± S.E.) as
indicated by the reduction of I2 as
compared to I1. One-way ANOVA was
applied for group comparisons and
Student's t-Test (with Welch correction)
was used for pairwise comparisons. P-
values< 0.05 were considered statisti-
cally significant and marked by one
asterisk, p-values< 0.001 by three as-
terisks. n = number of experiments.
n.s. = not significant. E. Schematic il-
lustration of different GqPCR-induced
mechanisms of GIRK channel modula-
tion.
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of recording in the continuous presence of ACh (see also Fig. 2H). At the
end of each GTPγ-S experiment, GIRK channels were blocked by 1 mM
Ba2+ to assess stability of the patch recording.

Analogous to the protocol established in [2] and shown in Fig. 1 of
the present study, Gq-activating agonists and ACh were applied

simultaneously.
To evaluate if the initial Gi-induced GIRK activation is blunted by

simultaneous Gq-induced PIP2-depletion, we analyzed the current am-
plitude of the peak IK(ACh) in the presence and absence of GqPCR ago-
nists, but, as indicated in Fig. 2G, no significant differences in peak

(caption on next page)
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IK(ACh) were observed. However, coapplication of ACh and either Phe or
ET-1 resulted in a gradual inhibition of the pre-activated current to a
stable steady-state level (Fig. 2C,D), suggesting slower kinetics of GIRK
inhibition by Gq-induced signalling pathways than Gi-induced GIRK
activation. The current voltage-relations of the agonist-inhibited cur-
rent components were characterized by the typical strong inward rec-
tification of GIRK currents, i.e. a massive reduction in slope con-
ductance at voltages positive to the equilibrium potential for K+

(compare I/V curves in Fig. 2E), indicating that GqPCR activation in-
hibits GIRK channels itself rather than modulating other ion currents.

To quantify the extent of GIRK inhibition, we determined the quasi-
steady state amplitude (I0) that followed the rapid decay of peak IK(ACh)
and remained stable for at least 20 s and related the GqPCR-induced
current reduction (Iinhib) to this initial value. To evaluate if the ampli-
tude of I0 was reduced by a slowly developing Gq-induced PIP2-deple-
tion, we determined I0 in the presence and absence of GqPCR agonists.
However, as shown in Fig. 2F, no significant differences were detected.

In GTPγ-S-dialyzed atrial myocytes, 100 μmol/L phenylephrine
(Phe) and 10 nmol/L ET-1 caused an inhibition of IK(ACh) of about 52%
and 64% (see summarized data in Fig. 2H) compared to 38% for α1B-
AR- and 59% for ET-1-induced inhibition in the absence of GTPγ-S (see
Fig. 1D). The strong Phe- and ET-1- induced GIRK inhibition in the
presence of GTPγ-S is attributed to the persistent activation of Gq pro-
teins that results in long-lasting PLC activation with pronounced PIP2-
depletion and PKC activation. Furthermore, the persistent Gq activation
simultaneously activates both branches of Gq signalling pathways that
act synergistically to inhibit GIRK currents. As a consequence, receptor-
specific spatiotemporal differences in PIP2-depletion or PKC activation
are less pronounced in the presence of GTPγ-S.

To evaluate receptor-specific differences in PIP2-depletion or re-
ceptor-dependent activation of PKC-isoforms, we aimed to quantita-
tively analyze signalling events during α-adrenergic and ET-receptor
stimulation by means of FRET-based biosensors that monitor signalling
molecules downstream of Gq protein activation. These experiments
were performed in the absence of GTPγ-S to allow transient activation
of Gq-dependent pathways.

3.2. Analysis of α1B-adrenergic receptor- and ETB-receptor-induced
signalling pathways downstream of G protein activation in HEK 293 cells
and in atrial myocytes

To analyze receptor-dependent aspects of signalling downstream of
Gq, we analyzed the time-course of DAG formation in HEK cells ex-
pressing either α1B-adrenergic receptors (α1B-AR) or ETB-R and the
fluorescent biosensor DAGR which reports formation of DAG by an
increase in the FRET ratio [28] (see also scheme in Fig. 3E). The DAGR
biosensor has been established as a powerful tool for studying the ki-
netics of Gq-coupled receptor activity [28,35]. As reported previously,
the time course of DAG formation can be used to analyze the rate of

homologous receptor desensitization during agonist exposure [35] and
to evaluate receptor-specific differences in receptor activity [24].

The representative recordings in Fig. 3C and D show the effects of
GqPCR-stimulation on DAG production during application of pheny-
lephrine or ET-1. Activation of α1B-receptors and ETB receptors caused a
rapid increase in FRET ratio, reflecting activation of PLC and formation
of DAG at the plasma membrane, followed by a decrease of DAG for-
mation during receptor stimulation.

The time course of DAG formation is determined by the specific
activation of heterologously expressed α1B-receptors and ETB receptors.
In agreement with this notion, application of Phe or ET-1 in the absence
of heterologously expressed receptors (-α1B-R/DAGR, -ETB−/DAGR)
did not result in DAG formation, thus excluding background activation
of endogenous receptors (Fig. 3A and B). Both the onset (measured as
t½, Fig. 3I) and the amplitude of the ET-1-induced DAG signal (see
asterisks in Fig. 3D) were significantly different from the Phe-induced
DAG signal. The decay of the GqPCR-induced DAG signal reflects in-
trinsic receptor properties such as the duration of receptor activity. The
summarized data in Fig. 3J, expressed as the ratio FRET30s after peak/
FRETpeak, indicate a 34% reduction of the DAG signal during α1B-AR
stimulation. In contrast, during stimulation of ETB-receptor, we ob-
served only a decline in DAG of about 20%. As recently reported [24],
receptor-dependent differences in the time course of DAG reduction
reflect receptor-specific differences in homologous receptor desensiti-
zation and represent a mechanism of effector modulation, e.g. by con-
trolling the duration of PIP2-depletion and/or the recruitment of dif-
ferent PKC isoforms.

To investigate whether α1B- and ETB-specific differences in receptor
activity were also evident at the level of PLC activation, we analyzed
GqPCR-induced PIP2-depletion in HEK cells by utilizing a biosensor that
reports the depletion of membrane PIP2 with a decrease in FRET ratio
[11] (see also scheme in Fig. 3H). As illustrated in the summarized
FRET recordings in Fig. 3F and G, stimulation of α1B-receptors or ETB
receptors caused a decrease in FRET ratio, indicating membrane PIP2-
depletion. Both α1B-AR- and ETB-mediated PIP2-depletion showed a
biphasic time course: During agonist application, the FRET signal
slowly decreased for about 50 s, followed by a slight decay. The rates of
the initial FRET decrease (evaluated by t½, Fig. 3I) were almost iden-
tical for both agonists. Furthermore, the summarized FRET30s after peak/
FRETpeak ratios in Fig. 3J indicate similar rates of the subsequent FRET
decay. During activation of α1B-receptors, the PIP2-FRET signal de-
clined by about 23% as compared to 19% during stimulation of ETB
receptors. Although we found no significant differences in the time
course of GqPCR-induced PIP2-depletion (Fig. 3I and J), stimulation of
ETB receptors resulted in pronounced PIP2-depletion as indicated by the
larger decrease of the FRET signal as compared to the α1B-AR-induced
signal. Statistical analysis of the peak values of GqPCR-induced PIP2-
depletion indicated that ET-1-induced PIP2-depletion was significantly
different from Phe-induced FRET signals (marked by asterisks in

Fig. 2. Inhibition of GTPγ-S-activated GIRK currents during stimulation of atrial α1-adrenergic or ET- receptors.
A. Representative recording of ACh-activated (10 μmol/L) GIRK currents measured with a GTP (25 μmol/L)-containing pipette solution. Inset: Scheme of the ex-
perimental protocol. B. Recording of GTPγ-S (0.5 mmol/L)-activated GIRK currents in the continuous presence of ACh. 1 mmol/L Ba2+ was applied at the end of the
experiment to assess stability of the patch recording. C/D. Representative GTPγ-S-activated GIRK currents during coapplication of ACh and either Phe (100 μmol/L)
or ET-1 (10 nmol/L). E. I/V curves of atrial GIRK currents obtained by subtraction of voltage ramp-induced changes of current in the presence and absence of ACh
(10−5 mol/L) (left panel, corresponding lower case letters b- a in Fig. 2A or of the Phe-inhibited current (middle panel, corresponding a - b in Fig. 2C) or of the ET-1-
inhibited current (right panel, corresponding lower case letters a – b in Fig. 2D).
F. Summarized data indicating amplitude of I0 in the presence and absence of GqPCR agonists. Steady-state amplitude (I0) was defined as a period of ≥20 s of stable
membrane current following peak IK(ACh). Multiple group comparisons were assessed with Kruskal-Wallis ANOVA and Dunn post-hoc test. n.s. = not significant.
G. Summarized data indicating peak IK(ACh) amplitude in the presence and absence of GqPCR agonists. Multiple group comparisons were assessed with One-way
ANOVA and Holm-Sidak post hoc test. n.s = not significant.
H. Summarized data indicating GIRK current decay by various agonists. Current decay was quantified by relating the GIRK amplitude at the end of agonist appli-
cation (Iinhib) to the initial steady-state amplitude of ACh-activated GIRK current (I0, highlighted in grey) as indicated by the dashed lines and arrows in A – D. Means
of data obtained with GTP-containing pipette solution and with GTPγ-S were compared by Student's t-Test, multiple group comparison were performed by One-way
ANOVA and Holm-Sidak test. P-values< 0.05 were considered statistically significant and marked by an asterisk, p-values< 0.001 were marked by three asterisks.
Number (n) of experiments is indicated throughout. n.s = not significant.
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Fig. 3. Activation of signalling pathways downstream Gq by α1B-receptor and ETB-receptors in HEK 293 cells.
Summarized FRET-recordings (mean ± S.E.) from -α1B-receptor/DAGR- (A), +α1B-receptor/DAGR- (C), -ETB-receptor/DAGR- (B) or + ETB-receptor/DAGR- (D)
expressing HEK 293 cells, monitoring DAG formation during application of 10 μmol/L Phe or 100 nmol/L ET-1 (0.5 mmol/L [Ca2+]o was present throughout).
Student's t-Test was used to compare peak values of Phe-and ET-1-induced DAG signals (peak data were measured within a frame of 10 s as indicated by grey boxes,
corresponding 50 data points). P < 0.01 was indicated by the asterisks in D.
E: Scheme of a FRET biosensor for DAG production. Activation of PLC results in DAG formation and translocation of the DAG binding domains to the plasma
membrane, resulting in an increase of the FRET ratio.
F.G. Summarized FRET-recordings from α1B-receptor/PIP2-biosensor- (F) or ETB-receptor/ PIP2-biosensor- (G) expressing HEK 293 cells, monitoring PLC activation
during application (duration 120 s) of 10 μmol/L Phe or 100 nmol/L ET-1. For comparing the amplitudes of Phe- and ET-1 induced PIP2-depletion, peak data were
measured within a frame of 10 s as indicated by the grey boxes (corresponding 50 data points) and evaluated by the Mann-Whitney Rank Sum test. P < 0.01 was
indicated by the asterisks in G.
H. Scheme of a FRET biosensor monitoring the activation of PLC and subsequent PIP2-depletion. Hydrolysis of PIP2 causes translocation of the fluorescent protein-
tagged PIP2 binding domains (pleckstrin homology domains) from the membrane, resulting in a decrease of the FRET ratio.
I. Summarized data evaluating the rates of DAG formation and PIP2-depletion (half times, t½). Significance was tested with Student's t-Test. P-value<0.05 was
considered statistically significant and marked by an asterisk. n.s. not significant.
J. Summarized data of the decay of DAG formation or decline of PIP2 reduction during agonist application (determined by the ratio FRET30s after peak/FRETpeak).
Student's t-Test was used for comparing α1B-DAGR and EDNRB-DAGR, Mann-Whitney Rank Sum test for comparing α1B-PIP2 and EDNRB-PIP2. P-value<0.05 was
considered statistically significant and marked by an asterisk. Number (n) of experiments is indicated throughout.
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Fig. 3G).
It is tempting to speculate that the different amplitudes of Phe- and

ET-1-induced FRET signals are attributed to the prolonged activity of
ETB-receptors as compared to the activity of α1B-receptors.
Alternatively, discrepancies in the number of activated α1B- and ETB-
receptors or differences in receptor expression levels might account for
the different extent of GqPCR-induced DAG formation and PIP2-deple-
tion. Thus, evaluating the amplitude of FRET signals might be in-
sufficient to assess receptor-specific differences in downstream Gq sig-
nalling. However, as recently described [24], the time course of FRET
responses is rather independent of receptor expression levels and re-
flects intrinsic receptor properties such as the rate of desensitization
during agonist exposure. In line with these findings, the different time
courses of DAG decay during stimulation of α1B- and ETB-receptors
(Fig. 3J) indicate receptor-specific differences in receptor activity that
might result in different kinetics of Gq signalling and receptor-depen-
dent modulation of effectors.

To evaluate if receptor-dependent differences in receptor activity
determine the extent of α1B- and ET-receptor-induced PIP2-depletion in
the native environment of atrial cells, we monitored GqPCR-induced
dynamic changes in membrane PIP2 by means of a FRET biosensor. To
correlate the time course of PIP2-depletion to GIRK inhibition, we
performed simultaneous patch-clamp experiments to monitor GIRK
activity and FRET recordings in atrial myocytes coexpressing the vol-
tage-sensitive phosphatase Ci-VSP and the PIP2 biosensor (termed Ad-
PIP2-tool, see scheme in Fig. 4F). The voltage-sensitive phosphoinosi-
tide phosphatase Ci-VSP, originally cloned from Ciona intestinalis [29],
consists of a voltage sensor domain with homology to subunits of vol-
tage-activated K+ (Kv) channels and a phosphatase domain sharing
homology to the phospholipid-phosphatase PTEN that depho-
sphorylates PI(3,4,5)P3 and PI(4,5)P2 [29,36]. The phosphatase activity
of Ci-VSP can be switched on and off in a graded manner by depolar-
ization/repolarization, resulting in rapid and reversible changes in
membrane PIP2 without activating PLC-mediated downstream signal-
ling pathways. By infecting atrial myocytes with the Ad-PIP2-tool (an
adenovirus based on a tricistronic shuttle vector containing the cDNAs
for Ci-VSP and two fluorescent PH-domains (ECFP-PH-PLCδ1 and EYFP-
PH-PLCδ1 [11]), changes in membrane PIP2 induced by activation of
Ci-VSP and by stimulation of GqPCRs can be monitored simultaneously.

Fig. 4A compares ACh-activated GIRK current traces from a native
myocyte (left trace) and a myocyte infected with the Ad-PIP2-tool (right
trace), reflecting the change in membrane current caused by a step
depolarization from the holding potential of −90 mV to +60 mV (4 s).
This depolarization resulted in an instantaneous outward current that
rapidly declined due to the block by intracellular polyamines and
Mg2+. Upon repolarization, the baseline current level was reached
quasi instantaneously in native cells, due to the rapid kinetics of the
Mg2+/polyamine unblock. In Ad-PIP2-tool-infected myocytes, Ci-VSP-
induced PIP2-depletion resulted in a strong reduction of the inward
current (see arrow), which slowly recovered (see dashed lines).

Simultaneous changes in PIP2 levels (indicated as the FRET ratio of
the PIP2 biosensor) and corresponding changes in GTPγ-S-activated
GIRK currents during a step depolarization from −90 mV to +60 mV
(4 s) are traced in Fig. 4B to illustrate that the time courses of PIP2
depletion/resynthesis matched the inhibition and recovery of GIRK
currents (labelled “a” in both traces). Further details on the kinetics of
modulating cardiac GIRK channel activity by PIP2-depletion/replen-
ishment have been analyzed in detail in a previous study [11].

Fig. 4C and D show representative experiments in which effects of
Ci-VSP-activation and activation of endogenous α1-AR or endothelin
receptors on GIRK activity and PIP2-depletion were compared. Analo-
gous to Fig. 4B, the Ci-VSP-induced signals reflecting instantaneous
GIRK current inhibition matched the changes in FRET ratio. Application
of Phe (100 μmol/L, C) or ET-1 (10 nmol/L, D) caused an additional
decrease in the FRET ratio paralleled by further inhibition of the GTPγ-
S activated GIRK current. Although the onset of PIP2 depletion might

display slight cell-to-cell variations, the time course of the initial FRET
decrease was not significantly different between Phe- and ET-1-induced
PIP2-depletion (Phe: t½ = 83.1 ± 7.6 s, n = 12; ET-1:
t½ = 88.7 ± 8.2 s, n = 15 (mean ± S.E). Data were compared with
Mann-Whitney Rank Sum test. No significant differences were de-
tected).

To quantify the extent of GIRK inhibition by GqPCR agonists, we
measured GIRK current amplitudes immediately before and at the end
of the agonist application. This current difference is indicated in Fig. 4C
and D (upper traces) by the dotted lines and the red arrows referring to
Iinhib. The fraction of agonist-inhibited GIRK current (Iinhib) was related
to the amplitude of the GTPγ-S-induced GIRK current before application
of agonists (termed I0 and indicated by the black arrows in Fig. 4C,D).
The extent of GqPCR-induced PIP2-depletion was analyzed by relating
the agonist-induced change in FRET ratio at the end of agonist appli-
cation (dotted lines and red arrows in Fig. 4C,D, lower traces) to the
maximal Ci-VSP-induced PIP2-depletion (black arrows). Data summar-
izing the extent of GqPCR-induced GIRK current inhibition and PIP2-
depletion are shown in Fig. 4E. These data indicate that endogenous
atrial α1-AR and endothelin receptors have similar efficiencies of in-
ducing PIP2-depletion. Obviously, receptor-specific differences in α1B-
AR- or ET-receptor induced GIRK inhibition in rat atrial myocytes (see
Fig. 1) are not attributable to receptor species-dependent modulation of
membrane PIP2. Since stimulation of GqPCRs activates both branches of
downstream Gq signalling pathways, the question arises if receptors-
specific activation of PKC determines the receptor-dependent extent of
GIRK inhibition.

3.3. GqPCR-independent GIRK inhibition by PKC activation

To address the contribution of PKC activation to GIRK inhibition, we
analyzed the modulation of GTPγ-S-induced GIRK currents by the PKC
activator Phorbol 12-myristate 13-acetate (PMA) and simultaneously
monitored membrane PIP2 in Ad-PIP2-tool infected myocytes.
Concomitantly, we monitored signalling-independent changes in
membrane PIP2 during activation of Ci-VSP. Exposure to PMA
(200 nmol/L) resulted in a gradual decline of the GTPγ-S-activated
current to a steady-state level (Fig. 5A, upper trace) which was not
accompanied by a simultaneous change in membrane PIP2. Voltage
activation of Ci-VSP in the presence of PMA caused additional inhibi-
tion of current, paralleled by a change in the FRET trace, ruling out that
a reduction in sensitivity of the biosensor accounts for the loss in cor-
relation between membrane PIP2 and current inhibition during PMA
application (Fig. 5A, lower trace and summarized data in Fig. 5C). This
clearly suggests that a sizable fraction of GIRK current inhibition by
activation of the Gq/PLC pathway does not directly reflect depletion of
PIP2, but depends on PKC activation.

Consistent with these results, pharmacological block of PKC by the
nonspecific PKC inhibitor chelerythrine (0.5 μmol/L, incubation for
1 h) almost completely abolished PMA-induced GIRK inhibition
(Fig. 5B). As shown in the representative current trace in Fig. 5B and in
the summarized data in Fig. 5C, chelerythrine in the absence of PMA
had no effect on GTPγ-S-activated GIRK currents, thus excluding a
putative nonspecific interference with GIRK channels. However, in the
continuous presence of chelerythrine, GIRK inhibition by PMA was
markedly diminished (Fig. 5B and C). The quantitatively minor effects
of direct PKC activation on GIRK activity (about 30% inhibition,
Fig. 5C) as compared to the pronounced inhibitory effects of GqPCR
agonists (about 50% inhibition, Fig. 4E) might be expected if only one
branch of downstream Gq signalling pathways (here PKC) is activated.
Accordingly, neither treatment with PMA nor chelethyrine induced a
detectable depletion of membrane PIP2. Importantly, the presence of
both substances did not affect the dynamics of the PIP2 pool, as acti-
vation of Ci-VSP caused robust PIP2-depletion and subsequent changes
in the FRET response of the PIP2 biosensor.

A. Niemeyer, et al. Cellular Signalling 64 (2019) 109418

8



3.4. Contribution of PKC isoforms to α1B-AR- and ET-R-induced GIRK
inhibition

Both conventional PKC isoforms (cPKCs, Ca2+- and DAG-dependent)
and novel PKC isoforms (nPKCs, DAG-dependent, but Ca2+-in-
dependent) are downstream effectors of Gq-coupled receptor signalling

pathways, but their contribution to GIRK channel modulation is still
controversial [19,20,37]. We focused our interest on a possible con-
tribution of cPKCs to GIRK channel modulation since a recent study
described the inhibitory effect of PKCα, PKCβ1 and PKCβ2 on IK(ACh) in
inside-out cell free patches [37]. Since GIRK channels are vulnerable to
signal-independent, direct inhibition by a wide range of substances, e.g.

(caption on next page)

A. Niemeyer, et al. Cellular Signalling 64 (2019) 109418

9



[38–40], we tested all pharmacological PKC inhibitors in terms of their
ability to induce nonspecific effects on GIRK activity. As a rule, GTPγ-S-
activated currents were monitored during long-lasting application of
ACh (10 μmol/L) in the presence and absence of different PKC in-
hibitors. As indicated by the summarized data in Fig. 6C,F and I , all
PKC inhibitors used in the present study are devoid of nonspecific in-
hibitory effects. In general, atrial myocytes were incubated for 2 h with
the respective PKC inhibitors which were also present in the recording
solutions throughout the experiments.

In a first series of experiments, we incubated atrial myocytes with
the PKC inhibitor Gö6976, which inhibits the cPKC isoforms PKCα and
PKCβI with an IC50 of 2.3 nmol/L and 6.2 nmol/L without affecting the
activity of PKCδ even at high concentrations in the micromolar range
[41]. Thus, this inhibitor provides a reliable pharmacological tool to
disrupt the activity of cPKCs and to dissect the contribution of cPKC
isoforms to GIRK modulation.

Analogous to the experiments shown in Fig. 2C, coapplication of
Phe (100 μmol/L) and ACh (10 μmol/L) resulted in pronounced in-
hibition of GTPγ-S activated GIRK currents (Fig. 6A), which was sig-
nificantly reduced in the presence of 10 nmol/L Gö6976 (Fig. 6B and
summarized data in Fig. 6C). Since Gö6976 in a concentration of
10 nmol/L may partially inhibit PKCβ1 and PKCβ2, we investigated
Phe-induced GIRK modulation in the presence of the PKC inhibitor
Ro32–0432, that preferentially inhibits PKCα (IC50 = 9 nmol/L) over
PKCβ (IC50 = 28 nmol/L [42]). In the continuous presence of Ro32-
0432 (15 nmol/L), GIRK inhibition during stimulation of α-adrenergic
receptors was further impeded (Fig. 6E,F). To evaluate the contribution
of the Ca2+-dependent PKC isoforms PKCβ1 and PKCβ2 to GIRK in-
hibition, we decided to use the PKC blocker Enzastaurine that selec-
tively inhibits PKCβ with an IC50 of 6 nmol/L as compared to 39 nmol/L
for inhibition of PKCα [43]. Interestingly, inhibition of PKCβ by
10 nmol/L Enzastaurine did not affect the α-adrenergic-induced in-
hibition of GTPγ-S-activated GIRK currents (Fig. 6G-I), supporting the
notion that α1-receptor-specific activation of PKCα, but not of PKCβ,
contributes to GIRK modulation.

Analogous experiments were performed during coapplication of ET-
1 (10 nmol/L) and ACh (10 μmol/L) in the presence and absence of
PKCα and PKCβ inhibitors (Fig. 7). The representative current record-
ings in Fig. 7B and E indicate that pharmacological block of PKCα did
not impede ET-1-induced GIRK inhibition (see also summarized data in
Fig. 7C and F), but that selective inhibition of PKCβ almost abolished
ET-1-induced GIRK current decay (Fig. 7H and summarized data in
Fig. 7I).

The data presented so far strongly support the notion that α-adre-
nergic and ET-receptors modulate atrial GIRK channels by receptor-
specific activation of different Ca2+-dependent PKC isoforms rather
than by receptor-dependent differences in membrane PIP2 depletion.

3.5. PKC inhibition reduces the decline of DAG formation in HEK cells
expressing α1B- or ETB-receptors

The question arises if receptor-specific recruitment of different PKC
isoforms during GqPCR stimulation might also modify the kinetics of
signalling molecule formation downstream of Gq, e.g. by exerting a
feedback regulation of receptor function.

To address this, we analyzed the α1B-AR function by monitoring
DAG formation with the DAGR-FRET biosensor in the presence and
absence of different PKC inhibitors (Fig. 8). In these set of experiments,
the duration of agonist application was prolonged to 180 s analogous to
the experiments shown in Figs. 6 and 7. We determined the α1B-AR-
induced DAG signal as the ratio FRET60s after peak/FRETpeak and ob-
served a decline in the presence of Phe (10 μmol/L) by about 37% (see
Fig. 8A and summarized data in Fig. 8G,H). Specific inhibition of PKCα
with Gö6976 (10 nmol/L) reduced the decay of DAG formation (to
12%) and significantly prolonged the DAG signal during stimulation of
α1B-receptors, indicating a reduction of homologous α1B-AR-densensi-
tization in the continuous presence of phenylephrine (Fig. 8C,H). Ac-
tivation of α1B-receptors in the presence of the PKCβ inhibitor En-
zastaurin (10 nmol/L) resulted in DAG formation that rapidly declined
to a similar rate as compared to control conditions (compare Fig. 8A
and E, see also summarized data in Fig. 8H), suggesting that activation
of PKCβ has a minor feedback effect on receptor activity.

As described above (see Fig. 3J), the decline of the DAG signal
(determined as the ratio FRET30s after peak/FRETpeak) during stimulation
of ETB-receptors was slower as compared to the rate of DAG decline
during α1B-AR-activation, thus reflecting receptor-dependent differ-
ences in acute receptor desensitization. Similar results were observed
for the decline of α1B-AR- and ET-1-induced DAG signals during long-
lasting agonist exposure (> 120 s), indicating different ratios of
FRET60s after peak/FRETpeak (see Fig. 8G and H).

During pharmacological inhibition of PKCβ by Enzastaurin, the
decay of the DAG signal during ETB-receptor stimulation was sig-
nificantly prolonged and the ratio FRET60s after peak/FRETpeak decreased
from 22% to 9% (compare Fig. 8B and F), suggesting relevant con-
tribution of PKCβ activation to the time course of ETB-receptor-induced
signalling. In contrast, pharmacological disruption of PKCα activity by
Gö6976 did not prolong the decline of the ET-1-induced DAG signal,
but instead, increased the DAG decay (Fig. 8D and I). The data pre-
sented so far suggest, that receptor-specific activation of different PKC
isoforms has a dual role in either modulating activity of GIRK channels
and in regulating receptor activity as monitored by the time course of
GqPCR-induced signalling pathways.

3.6. Chelation of intracellular calcium by BAPTA prolongs DAG signals and
enhances GqPCR-induced GIRK inhibition

Since an increase in [Ca2+]i is a prerequisite for the activation of
Ca2+-dependent PKC isoforms, receptor-dependent differences in the

Fig. 4. Reducing membrane PIP2 by voltage-dependent activation of Ci-VSP or by GqPCR stimulation inhibits atrial GIRK channels.
A. Representative current recordings of ACh-activated (10 μmol/L) GIRK currents in native (left trace, n = 5) or Ad-PIP2-tool-infected atrial myocytes (right trace,
n = 7). Note that activation of Ci-VSP (by a test pulse from −90 mV to +60 mV for 4 s) instantaneously inhibited IK(ACh) (indicated by the arrow). B. Simultaneous
patch-clamp and FRET recordings of GTPγ-S-activated GIRK currents during activation of Ci-VSP. Note that the PIP2 depletion/resynthesis and GIRK current
inhibition/recovery had the same time course (indicated by lower case “a“).
Representative patch-clamp and FRET recordings of GTPγ-S-activated GIRK currents in Ad-PIP2-tool-transfected atrial cells during application of Phe (C, 100 μmol/L)
or ET-1 (D, 10 nmol/L). Dotted lines and red arrows indicate the level of Phe/ET-1-induced reduction in GIRK amplitude (upper traces) or reduction in membrane
PIP2 (lower traces) at the end of agonist application as compared to the GIRK current in the absence of GqPCR agonists or to the maximal Ci-VSP-induced PIP2-
depletion (−90 mV to +60 mV for 8 s) (black arrows). Membrane currents in response to depolarizing voltage ramps are shown as upward deflections.
E. Summarized data of GqPCR-induced GIRK inhibition and PIP2-reduction. Agonist-induced current inhibition was determined by evaluating GIRK amplitudes before
(I0) and at the end of agonist application (Iinhib). PIP2-reduction was evaluated by relating the agonist-induced decrease of the FRET ratio (indicated by red arrows in
the lower traces of C and D) to the maximal Ci-VSP-induced decrease of the FRET ratio (black arrows, lower traces in C and D). Significance was tested by Student's t-
Test. n.s. not significant.
F. Scheme of the Ad-PIP2-tool monitoring PIP2-depletion during activation of Ci-VSP. The phosphatase activity of Ci-VSP is activated upon depolarization (indicated
by +ΔV) and depletes membrane PIP2 without activating PLC-mediated downstream signalling pathways.
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time course or amplitude of GqPCR-induced [Ca2+]i transients might
induce recruitment of different cPKC isoforms during stimulation of
α1B-AR or ET-receptors. In a first series of experiments, we monitored
the GqPCR-induced increase in [Ca2+]i in HEK 293 cells coexpressing
either α1B-AR or ETB-R and the FRET biosensor Twitch-2B. The Twitch-
2B biosensor has a minimal calcium binding motif based on the C-
terminal domain of Opsanus tau Troponin C which is framed by a donor
and an acceptor fluorescent protein and responds to Ca2+-binding with
an increase of the FRET ratio [30].

As depicted in the summarized FRET recordings in Fig. 9A and B ,
activation of α1B-AR- or ETB-R-induced a rapid increase of the FRET
signal (reflecting the rise in [Ca2+]i) that rapidly declined in the pre-
sence of agonists. The decline of [Ca2+]i-transients during stimulation
of α1B-AR and ETB-R had almost identical time courses as quantified by
the ratio FRET30s after peak/FRETpeak (see Fig. 9Ca), indicating similar
time courses of Ca2+ extrusion and sarcolemmal Ca2+ removal. How-
ever, we observed receptor-species dependent differences in the time
course to reach peak [Ca2+]i as indicated by the half time
t½ = 12.4 ± 2.8 s during α1B-AR activation and t½ = 6.5 ± 0.7 s,
mean ± S.E.) during ETB-R stimulation (Fig. 9Cb). Furthermore, the
amplitude of the ET-1-induced FRET signal was significantly larger than
the Phe-induced signal (Fig. 9A and B, indicated by asterisks in 9B).
Given the large dynamic range of Twitch-2B and its linear response
properties [30], these differences in the amplitude of the FRET signal
might reflect receptor-specific efficiencies for raising [Ca2+]i.

The effect of receptor-species dependent recruitment of cPKCs on
both GIRK activity and homologous receptor desensitization should be
impeded by preventing the GqPCR-induced rise in [Ca2+]i. To evaluate
GqPCR-induced GIRK inhibition under conditions that bypass the acti-
vation of cPKCs, we supplemented the pipette solution with the Ca2+-
chelator BAPTA (5 mmol/L) and measured the amplitude of ACh-acti-
vated GIRK currents in the presence of Phe or ET-1. As compared to the
experiments recorded under control conditions (with GTP in the pipette
solution, see Fig. 9D and G), GIRK inhibition during application of Phe
or ET-1 was significantly increased in cells loaded with BAPTA (Fig. 9E
and H). From the summarized data in Fig. 9F and I that show GqPCR-
induced GIRK inhibition under different recording conditions it is evi-
dent that both GTPγ-S and BAPTA augment the inhibitory effect during
α1B-AR- or ET-R activation.

At first sight, the pronounced GIRK current inhibition in the pre-
sence of BAPTA seems to be in conflict with the idea that activation of
Ca2+-dependent PKC isoforms significantly contribute to GIRK inhibi-
tion. Chelation of intracellular calcium should prevent the activation of
cPKCs and reduce the extent of GIRK inhibition. On the other hand, the
absence of cPKC activation might attenuate homologous receptor de-
sensitization, thus resulting in prolonged receptor activity with pro-
nounced PIP2-depletion.

To monitor homologous desensitization of α1B-AR activity in the
presence of different pipette solutions, we transfected HEK 293 cells
with α1B-AR and DAGR and subsequently monitored the time course of
DA G formation and DAG decay. We dialyzed α1B-AR/DAGR-co-
transfected HEK cells with a GTP (25 μmol/L)-containing pipette solu-
tion or with GTPγ-S (0.5 mmol/L) or with the Ca2+ chelator BAPTA
(5 mmol/L) via the patch pipette and measured the time course of DAG
decay in the presence of 10 μmol/L Phe. The traces in Fig. 9J represent
the summarized and normalized FRET signals obtained under different
recording conditions. As depicted in Fig. 9J, loading the cell with GTPγ-
S or buffering the increase in [Ca2+]i with BAPTA abolished the acute
phase of DAG decline and prolonged Phe-induced DAG formation.

Prolonged DAG signals in the presence of GTPγ-S should be attrib-
uted to persistent activation of G proteins and signalling pathways
downstream of Gq, notably PLC activation. As a consequence, the sus-
tained DAG formation in the presence of GTPγ-S impedes the typically
rapid decay of DAG production that is attributed to the rapidly de-
sensitizing activity of α1B-ARs.

In the presence of BAPTA in the pipette solution, Phe-induced DAG

Fig. 5. PIP2-independent GIRK inhibition is induced by PKC activation.
A/B. Representative patch-clamp and FRET recordings of GIRK currents and
membrane PIP2 in Ad-PIP2-tool-infected atrial cells. A. Application of the direct
PKC activator PMA (200 nmol/L) inhibited GIRK channel activity but failed to
induce PIP2-depletion. B. GIRK inhibition was reduced in the presence of the
nonspecific PKC inhibitor chelerythrine (0.5 μmol/L, incubation for 1 h). C.
Summarized data of GIRK inhibition in the presence of chelerythrine or PMA
and during coapplication of chelerythrine and PMA. Significance (p < 0.01)
between multiple groups was tested by One-way ANOVA and Holm-Sidak post-
hoc test and marked by asterisks.n.s. not significant. Number (n) of experiments
as indicated.
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formation did not significantly decline in the presence of agonist,
confirming our previous observation that inhibition of cPKCs elimi-
nated acute desensitization of α1B-ARs (see Fig. 8). Sustained α1B-AR
activity in the presence of BAPTA prolongs PLC activation and aug-
ments membrane PIP2-depletion, thus resulting in pronounced GIRK
inhibition despite disruption of cPKC activation.

However, the activity of diacylglycerol kinases (DGK) that degrade
DAG to phosphatidic acid (PA) in a reaction that terminates DAG-based

signals, is also regulated by intracellular calcium (for review see [44]).
Therefore, it is conceivable that intracellular Ca2+ chelation by BAPTA
impedes DGK activity. As a consequence, reduced DAG degradation
should result in prolongation of the DAG FRET signals.

In agreement with the data shown in Fig. 8, we attribute the pro-
longed DAG signal in the presence of BAPTA to the absence of cPKC
activation rather than to impaired DAG degradation. These data de-
monstrated prolongation of DAG signals by pharmacological inhibition

Fig. 6. Selective block of PKCα reduces Phe-induced GIRK inhibition.
A/B. Membrane recordings of GTPγ-S-activated GIRK currents during coapplication of Phe (100 μmol/L) and ACh (10 μmol/L) in the presence (B) and absence (A) of
Gö6976 (10 nmol/L, 2 h incubation time). Gö6976 was present throughout the experiment. As a rule, atrial myocytes were incubated for 2 h and PKC inhibitors were
present in the recording solution.
C. Summarized data of GIRK inhibition during application of ACh (10 μmol/L) alone or during coapplication of Phe and ACh in the presence and absence of Gö6976.
Statistical significance was tested with the Mann-Whitney test (ACh +/− Gö) or Student's t-Test (Phe + ACh in the presence and absence of Gö). Significance of
p < 0.05 is marked by an asterisk. n.s. not significant.
D/E. Recordings of GTPγ-S-activated GIRK currents during coapplication of Phe (100 μmol/L) and ACh (10 μmol/L) in the presence (E) and absence (D) of the
specific PKCα inhibitor Ro32–0432 (15 nmol/L). F. Summarized data of GIRK inhibition in the presence and absence of Ro32–0432. Statistical significance was tested
with Student's t-Test. Significance of p < 0.05 is marked by an asterisk. n.s. not significant. G/H. Recordings of GTPγ-S-activated GIRK currents during coapplication
of Phe (100 μmol/L) and ACh (10 μmol/L) in the presence (H) and absence (G) of the specific PKCβ inhibitor Enzastaurin (10 nmol/L). I. Summarized data of GIRK
inhibition in the presence and absence of Enzastaurin. Statistical significance was tested with unpaired Student's t-Test. n.s. not significant. Number (n) of ex-
periments is indicated throughout.
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of specific cPKC isoforms (Fig. 8C and F), indicating a significant con-
tribution of Ca2+-dependent PKCs to homologous receptor desensiti-
zation.

Assuming that the absence of cPKC activation eliminates homo-
logous desensitization of GqPCRs, it is tempting to speculate that
overexpression of specific cPKC isoforms augments receptor-specific
desensitization. To corroborate the important contribution of cPKCs to
receptor desensitization, we probed α1B-R and ETB-receptor activity in
the presence and absence of heterologously expressed PKC isoforms.

3.7. Expression of Ca2+-dependent PKC isoforms augments receptor-
specific desensitization in HEK293 cells

As shown in Figs. 6 and 7 of the present study, we dissected α1B-AR-
and ET-R-specific activation of different cPKC isoforms by using phar-
macological inhibitors specific for PKCα or PKCβ that selectively im-
peded GIRK inhibition.

To address the contribution of these specific PKC isoforms to re-
ceptor activity and homologous desensitization, we aimed to monitor
GqPCR activity by means of a genetically encoded FRET-based bio-
sensor that directly reports PKC activity (CKAR) [26,28]. The time
course of the CKAR FRET signal is determined by phosphorylation of
the CKAR substrate sequence and subsequently by phosphatase-de-
pendent dephosphorylation of the substrate sequence [28]. Since PKC
activity has been shown to critically depend on the GqPCR-induced
increase in [Ca2+]i and DAG formation [26], receptor-dependent dif-
ferences in the activation of signalling pathways downstream of Gq

should result in distinct receptor-specific time courses of the CKAR
signal.

We analyzed PKC activity in HEK293 cells coexpressing α1B-AR or
ETB-R and CKAR to monitor receptor-specific differences during GqPCR
activation. Fig. 10A and B illustrate the summarized FRET recordings of
PKC activity during receptor stimulation with Phe and ET-1. The CKAR
FRET signal is displayed as the ratio FYFP/FCFP, thus a decrease of the

Fig. 7. Inhibition of PKCβ impedes ET-1-induced GIRK inhibition.
A/B. Whole cell patch-clamp recordings of GTPγ-S-activated GIRK currents during coapplication of ET-1 (10 nmol/L) and ACh (10 μmol/L) in the presence (B) and
absence (A) of Gö6976 (50 nmol/L). C. Summarized data of GIRK inhibition in the presence and absence of Gö6976. Statistical significance between the means of two
groups was evaluated with Student's t-Test (C,I and F(ACh ± Ro32–0432) and Mann-Whitney test (F, ET-1 + ACh ± Ro32–0432)). Significance of p < 0.05 is
marked by an asterisk. Number (n) of experiments as indicated. n.s. not significant. D/E. Recordings of GTPγ-S-activated GIRK currents during coapplication of ET-1
and ACh in the presence (E) and absence (D) of Ro32–0432 (15 nmol/L) and summarized data of GIRK inhibition in the presence and absence of Ro32–0432 (F). G/H.
Recordings of GTPγ-S-activated GIRK currents during coapplication of ET-1 (10 nM) and ACh (10 μM) in the presence (H) and absence (G) of the specific PKCβ
inhibitor Enzastaurin (10 nmol/L) and summarized data of GIRK inhibition in the presence and absence of Enzastaurin (I).
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FRET signal corresponds to phosphorylation of the biosensor. The
corresponding CKAR dynamics in α1B-AR-expressing cells and ETB-R
transfected HEK cells display similar onset kinetics as quantified by the
half times of FRET decrease during receptor stimulation

(t½ = 36.8 ± 1.9 s during activation of α1B-receptors and
t½ = 31.6 ± 2.02 s during ETB-R-stimulation, Fig. 10G and H, left-
most bars). In the continuous presence of agonists, the CKAR signal
decreased to a peak amplitude that was stable for at least 15 s

(caption on next page)
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(indicated by dotted lines in Fig. 10A and B) and then slowly declined
to basal levels. To quantify the FRET decline, we evaluated the ratio
FRET30s after peak/FRETpeak (see summarized data in Fig. 10I and J) and
obtained similar values in α1B-AR/CKAR- and ETB-R/CKAR-expressing
cells (about 20%, see leftmost bars in Fig. 10I and J).

Coexpression of PKCα or PKCβ1 in α1B-AR/CKAR- or ETB-R/CKAR-
expressing HEK cells accelerated the initial decrease of the CKAR re-
sponse during agonist application (Fig. 10C–F) maybe as a result of
higher total PKC expression (see also summarized data in Fig. 10G and
H).

However, the decline of the CKAR signal during sustained agonist
application (> 100 s) was significantly accelerated upon coexpression
of cPKCs, depending on the GqPCR species and cPKC isoform (see
summarized data in Fig. 10I and J). The decay of the Phe-induced CKAR
signal was increased with coexpression of PKCα, but not with PKCβ1
(Fig. 10C,E) whereas the CKAR signal in ETB-R/CKAR-expressing HEK
cells rapidly declined upon coexpression of PKCβ1, but not of PKCα
(Fig. 10D,F).

Since the time course of the CKAR signal is related to receptor-
specific formation of signalling molecules downstream of Gq, differ-
ences in the onset and decay of the signal should be directly related to
distinct receptor activity. The initial onset of the CKAR signal has been
attributed to an increase in [Ca2+]i whereas the late phase of the PKC
response depends on sustained DAG production [26]. Since the dura-
tion of the CKAR signal is controlled by the DAG turnover, increased
receptor desensitization that confines the formation of DAG should
reduce the duration of the FRET signal.

Thus, the receptor-specific and cPKC isoform-dependent modulation
of the CKAR FRET signal indicates the feedback modulation of receptor
activity and homologous desensitization of GqPCR receptors. From the
experiments presented above, we can conclude that homologous de-
sensitization of α1B-AR is increased by PKCα whereas PKCβ1 augments
desensitization of ETB-R, suggesting a novel role of receptor-specific
activation of different cPKC isoforms in regulating receptor activity.

4. Discussion

In the present study, we investigated receptor-specific signalling of
α-adrenergic and endothelin ET-receptors as paradigmatic Gq-coupled
receptors that have been shown to modulate cardiac function by strong
inhibition of atrial GIRK currents [2,5]. By investigating the activity of
atrial GIRK channels as effector proteins of Gi/o- and Gq-induced sig-
nalling pathways, we were able to elucidate receptor-specific coupling
of endogenous α1-AR and ET-receptors to specific cPKC isoforms and to
evaluate the efficiency of GqPCR agonists to inhibit GIRK currents.
Furthermore, the data presented in this study suggest a novel role of
receptor-specific activation of different cPKC isoforms in regulating
both effector and receptor activity via a negative feedback mechanism
that augments homologous receptor desensitization.

We focused our interest on the downstream Gq signalling of α-
adrenergic and endothelin ET-receptors since these receptors exhibit
some interesting intrinsic characteristics that might account for dif-
ferent receptor-specific spatiotemporal signalling. As confirmed in a

recent study [24], rapid densitization of α1B-adrenergic receptors (α1B-
AR) modulates effector activity (therein IKs) by restricting the spatio-
temporal activation of downstream Gq signalling components, more
precisely, by controlling PIP2-reduction and recruitment of different
PKC isoforms, thus resulting in different modes of fine-tuning of IKs
activity. Furthermore, this study provided evidence that Ca2+-depen-
dent PKCs contribute to homologous α1B-AR-desensitization since in-
hibition of cPKCs abolished α1B-AR-desensitization.

An intrinsic feature of endothelin receptors is the stimulation-in-
duced receptor recruitment to caveolae and the formation of ET-re-
ceptors /GIRK channel signalling complexes in these microdomains [9].
ET-receptor specific effects on GIRK activity critically depend on the
restricted diffusion of PIP2 and on the confined PIP2-depletion in close
proximity to the colocalized ET-receptor/GIRK channels. It is con-
ceivable that the final spatial control of PIP2-signalling during activa-
tion of ET-receptors might account for the marked GIRK inhibition in
the present study as compared to α1B-induced GIRK inhibition (see
Fig. 1). However, several lines of evidence support our idea that α1B-
and ET-receptor-specific differences in GIRK inhibition are based pri-
marily on specific recruitment of cPKC isoforms rather than on re-
ceptor-specific control of PIP2-depletion.

First, as indicated by the data in Fig. 4, endogenous atrial α1-AR and
endothelin receptors have similar efficiencies of inducing membrane
PIP2-depletion. Second, we observed significant receptor-specific re-
duction of GqPCR-induced GIRK inhibition by using selective pharma-
cological blockers of different cPKC-isoforms demonstrating activation
of PKCα during stimulation of α1-AR (Fig. 6) and activation of PKCβ
isoforms during ET-receptor-stimulation (Fig. 7).

Inhibition of one branch of the signalling pathway downstream of
Gq by pharmacological disruption of PKC activity should unmask the
contribution of PLC activation and PIP2-depletion to GIRK inhibition.
However, we did not observe any receptor-specific differences in the
extent of GIRK inhibition in the presence of Ro32–0432 or Enzastaurin
(compare Fig. 6F, Phe/ACh + Ro32–0432 and Fig. 7I, ET-1/ACh
+ Enzastaurin). These experiments exclude receptor-dependent differ-
ences in membrane PIP2-depletion as the underlying mechanism of
receptor-specific GIRK inhibition in rat atrial myocytes.

As described in the introduction, only few studies investigated re-
ceptor-specific PKC signalling and subsequent regulation of GIRK
channel activity. In hippocampal CA1 neurons, receptor-specific in-
hibition of neuronal GIRK channels comprises muscarinic receptor-in-
duced activation of the PLC/PKC signalling pathway but activation of
the phospholipase A2/arachidonic acid pathway during stimulation of
metabotropic glutamate receptors (mGluR [8]). This receptor-specific
crosstalk between GqPCRs and neuronal GIRK channels is not directly
applicable with the idea of receptor-specific spatial organization of
signalling components, since in this study inhibition of neuronal GIRK
channels is attributed to the activation of different signalling pathways
[8].

The contribution of different PKC isoforms to GIRK channel activity
has been investigated in atrial myocytes derived from untreated and
atrial tachypaced dogs [37]. This study demonstrated GIRK inhibition
by conventional Ca2+-dependent PKC isoforms (cPKCs) and GIRK

Fig. 8. Inhibition of Ca2+-dependent PKC isoforms prolongs receptor-induced DAG signals in HEK293 cells.
A.C. Summarized FRET-recordings from α1B-AR-expressing HEK 293 cells cotransfected with DAGR in the presence or absence (A) of Gö6976 (C) or Enzastaurin (E)
(each 10 nmol/L, incubation time 2 h, inhibitors were present used throughout the experiment). Note that the decay of the DAG signal during stimulation of α1B-AR
(Phe 10 μmol/L, application time 180 s) was reduced by Gö6976, but not by Enzastaurin.
B,D,F. FRET-recordings from ETB-R-expressing HEK 293 cells cotransfected with DAGR in the presence (D,F) or absence (B) of Gö6976 or Enzastaurin (same
concentrations and recording conditions as in C and E). G. Summarized data comparing DAG decline during Phe and ET-1 application defined as the ratio FRET60safter
peak/FRETpeak(corresponding leftmost bars in H and I). Significance was tested with Student's test. P-value less than< 0.05 was marked by an asterisk. H.
Summarized data comparing DAG decline during Phe application defined as the ratio FRET60s after peak/FRETpeak. Multiple group comparisons were assessed with
One-way ANOVA and Holm-Sidak post hoc test. P-value less than<0.05 was marked by an asterisk.
I. Summarized data comparing DAG decline defined as the ratio FRET60s after peak/FRETpeak during application of ET-1 (100 nmol/L). Multiple group comparisons
were assessed with Kruskal-Wallis ANOVA and Dunn post hoc test. P-values< 0.05 were considered statistically significant and marked by asterisks. n.s. = not
significant. Number (n) of experiments is indicated throughout.
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Fig. 9. Chelation of intracellular Ca2+ augments Phe- and ET-1-induced inhibition of GIRK currents.
A.B. Summarized FRET recordings monitoring the increase in [Ca2+]iin α1B-AR or ETB-R and Twitch-2B cotransfected HEK cells during agonist application (Phe
10 μmol/L, ET-1100 nmol/L). Mean peak data within a time frame of 5 s (corresponding 25 data points), indicated by grey boxes, were compared by Student's t-Test.
P < 0.001 was marked by asterisks. C(a). Summarized data evaluating the decline of the FRET signal in the presence of GqPCR agonists as indicated by the ratio
FRET30 after peak/FRETpeak. Mann-Whitney test was used to evaluate significant differences between two groups. n.s. not significant. C(b). Summarized data evaluating
the half time (t½) of the increase in FRET during application of Phe or ET-1. Significance was tested by the Mann-Whitney test and p < 0.05 is marked by an
asterisk. D,G. Representative current recordings of ACh-activated (10 μmol/L) GIRK currents in the presence of phenylephrine (100 μmol/L, D) or ET-1 (10 nmol/L,
G) recorded with the standard pipette solution (“GTP”) E,H. Representative GIRK currents during coapplication of ACh and phenylephrine or endothelin (same
concentrations as in D and G). Cells were dialyzed with a pipette solution containing 5 mmol/L BAPTA (“GTP + BAPTA”).
F,I. Summarized data indicating GIRK inhibition by Phe or ET-1 under different recording conditions. Inhibition was quantified as indicated by the arrows in D-H.
One-way ANOVA and Holm-Sidak test were used for multiple group comparisons. Significance of p < 0.05 is marked by an asterisk, p < 0.01 by two and p < 0.01
by three asterisks. J. Summarized FRET recordings (mean values) in HEK 293 cells cotransfected with α1B-AR and DAGR to monitor DAG formation in the presence of
1 μmol/L Phe. Cells were dialyzed with different pipette solutions as indicated.
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activation by novel (Ca2+-independent) PKC isoforms (nPKCs) in both
control and in ATR (atrial tachycardia-induced remodeling) myocytes.
By comparing the PKC isoform expression in control versus ATR car-
diomyocytes, a significant reduction in the expression level of the cPKC
isoform PKCα was found, whereas the expression of other PKC isoforms
(PKCβ1,PKCδ,PKCε) in ATR cardiomyocytes was unchanged. However,
immunoblot experiments on separated cytosolic and membrane frac-
tions indicated that the relative expression of the nPKC isoform PKCε in
the membrane fraction was significantly increased in ATR cells,
pointing to translocation of PKCε from the cytosol to the cell mem-
brane. The authors conclude that atrial tachycardia is associated with
increased constitutive GIRK currents according to downregulation of
cPKCs and increased membrane localization of nPKCs, thus shifting the
balance of PKC effects towards enhanced GIRK activity [37].

By using specific pharmacological tools (Figs. 6 and 7), we were
able to dissect the contribution of different PKC isoforms to α1B-AR- and
ET-R-induced effector modulation, supporting the notion that cPKCs
rather than nPKCs contribute to inhibition of GIRK channel activity in
native atrial myocytes.

It was beyond the scope of the present study to elucidate the mo-
lecular mechanism of cPKC-induced GIRK inhibition with regard to
either PKC-induced reduction of GIRK affinity to PIP2 [10,15,16] or to

direct contribution of phosphorylated GIRK residues to channel gating
as described recently for Kir.3.2 channels [14]. Furthermore since PKC
activation is concomitant with PIP2-hydrolysis, it is difficult to dissect
PKC effects versus PIP2-depletion and to determine a receptor-specific
hierarchy of GqPCR-induced channel regulation. The experiments
shown in Fig. 5 suggest a quantitatively minor effect of direct PKC
activation by PMA on GIRK activity (Fig. 5C) as compared to the pro-
nounced inhibitory effects of GqPCR agonists (Fig. 4E), suggesting that
both branches of downstream Gq signalling pathways need to be acti-
vated to exert maximal channel inhibition.

However, we attribute the different efficiencies of α1-AR and ET-R
to induce GIRK inhibition (see Fig. 1) to receptor-specific differences in
homologous desensitization that controls the duration and the specifi-
city of PKC activation. As indicated by the FRET measurements with the
biosensor DAGR (Fig. 3) which is a reliable tool to study the time course
of GqPCR desensitization by dynamic DAG formation [35], we were
able to correlate the time courses of the α1B-AR- and ET-R-induced DAG
signals to different rates of receptor desensitization. Prolonged DAG
formation and the significantly slower decay of the DAG signal during
ET-R stimulation should result in sustained PKC activation whereas the
corresponding DAG dynamics during α1B-AR activation showed a more
rapid decline during agonist application thus limiting downstream PKC

Fig. 10. Modulation of GqPCR-induced CKAR signals in HEK293 cells by coexpression of specific cPKC isoforms.
A.B. FRET recordings from α1B-AR/CKAR- (A) or ETB-R/CKAR expressing HEK293 cells (B) during application of Phe (120 s, 10 μmol/L) or ET-1 (100 nmol/L).
Recordings are illustrated as mean values± S.E. Peak amplitudes of FRET signals are indicated by dotted lines. C.D. Summarized FRET recordings from α1B-AR/
CKAR- (C) or ETB-R/CKAR expressing HEK293 cells (D) cotransfected with WT-PKCα in the presence of Phe and ET-1 (same concentrations as in A and B). E.F.
Summarized FRET recordings from α1B-AR/CKAR- (E) or ETB-R/CKAR expressing HEK293 cells (F) cotransfected with WT-PKCβ1 in the presence of Phe and ET-1
(same concentrations as in A and B). G.H. Summarized data comparing the onset kinetics (half times, t½) of FRET signals in α1B-AR/CKAR- and ETB-R/CKAR-
expressing cells (corresponding Fig. 10A–F). Kruskal-Wallis ANOVA and Dunn post-hoc test were applied for group comparisons. Student's t-Test was used for
comparing t½ of α1B-AR and ETB-R-induced CKAR signals without coexpression of PKCs (see leftmost bars in G and H, indicated by the grey line). I.J. Summarized
data comparing the decline of the CKAR signal during agonist application (determined by the ratio FRET30s after peak/FRETpeak). One-way ANOVA and Holm-Sidak test
were used for multiple group comparisons. P-values< 0.05 were considered significant and marked by one asterisk, p < 0.01 by two asterisks and p < 0.001 by
three asteriks. n.s. not significant. Number (n) of experiments is indicated throughout.
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activation. Receptor-dependent differences in spatiotemporal activation
of downstream Gq signalling components are also evident from the data
shown in Fig. 10, reporting PKC activation with the FRET biosensor
CKAR.

Although in a previous study the FRET-reporter system CKAR has
been suspected to be saturated by small amounts of DAG thus impeding
the investigation of receptor-specific efficiencies of PKC activation [45],
we frequently observed receptor-species-dependent differences in the
time course and amplitude of the CKAR signal (Fig. 10A and B). Since
the late phase of the CKAR response depends on sustained DAG pro-
duction [26], pronounced PKC activation during ET-receptor activation
is compatible with prolonged DAG formation according to delayed ET
receptor desensitization. However, since the CKAR sensor is phos-
phorylated by all conventional and novel protein kinase C isozymes
tested [46], it is not applicable to report the activation of specific PKC
isoforms during α1B-AR and ET-R-induced signalling.

Several lines of evidence support the idea that receptor-specific
activation of either PKCα and PKCβ modulates the duration of receptor
activity and as a consequence the time course of the CKAR signal.

Receptor activity, as monitored by DAG formation, was significantly
prolonged in the presence of the Ca2+-chelator BAPTA (Fig. 9J),
pointing out a contribution of Ca2+-dependent effector proteins to
homologous receptor desensitization. Considering the fact that chela-
tion of intracellular Ca2+ with BAPTA inhibits a variety of Ca2+-de-
pendent signalling pathways and effector proteins, prolongation of DAG
signals might also be induced by impaired activity of diacylglycerol
kinases (DGKs). However, we attribute the prolonged DAG signal in the
presence of BAPTA to the absence of cPKC activation rather than to
impeded DAG degradation. This notion is supported by the experiments
shown in Fig. 8, indicating that pharmacological inhibition of specific
cPKC isoforms determines the time course of GqPCR-induced DAG sig-
nals. More precisely, pharmacological inhibition of PKCα eliminated
desensitization of α1B-ARs and prolonged DAG formation (Fig. 8C)
whereas inhibition of PKCβ significantly reduced homologous de-
sensitization of ETB-receptors (Fig. 8F).

In line with the modulation of homologous receptor activity by
specific cPKCs, we observed that coexpression of PKCα abbreviated the
CKAR signal resulting from confined formation of signalling molecules
downstream of α1B-AR activation. Analogous results were obtained
during ETB-R stimulation in PKCβ1/CKAR expressing cells, confirming
that receptor-dependent cPKC activation delimits the duration of its
own receptor signal.

The question arises which cellular mechanisms account for the re-
ceptor-specific recruitment of PKCα and PKCβ. By comparing the Ca2+-
stoichiometry [47] and the Ca2+-dependence of membrane binding of
different PKC-C2 domains as a prerequisite of PKC activation [48],
several studies came to the conclusion that PKCα is more sensitive to
small changes of cytosolic [Ca2+] ([Ca2+]½= 1.4 μmol/L [47] than
other cPKC isoforms. Therefore, during small [Ca2+]i transients, PKCα
is expected to dock more efficiently to the plasma membrane than PKCβ
[48]. In contrast, the C2 domain of PKCβ is activated at higher [Ca2+]
([Ca2+]½= 5 μmol/L [47] but responds more efficiently to smaller
fractional changes in [Ca2+]i than PKCα. A recent study investigated
the translocation of GFP(green fluorescent protein)-tagged cPKC isoforms
to the membrane of HEK293 cells and described some interesting dif-
ferences in the time courses of PKCα and PKCβ translocation/dis-
sociation [49]. During stimulation of α1-AR with Phe (100 μmol/L),
both PKCα and PKCβ rapidly translocated to the cell membrane. In the
continuous presence of Phe, PKCα gradually returned to the cytosol
whereas PKCβ resides at the plasma membrane.

These differences in the spatio-temporal dynamics of cPKC isoform
translocation might elucidate the mechanism of receptor-specific PKCα
and PKCβ activation in the present study. Although the experimental
tools used in the present study are not appropriate to quantify the in-
tracellular Ca2+ concentration, we are confident that the novel Ca2+-
biosensor Twitch-2B with its high dynamic range [30] provides a

reliable tool to monitor GqPCR-induced increases in [Ca2+]i with high
temporal resolution. As shown in Fig. 9, the Twitch-2B sensor reported
receptor-specific differences in the onset and amplitude of GqPCR-in-
duced [Ca2+]i transients that might account for different temporal ac-
tivation of PKCα and PKCβ. According to the high Ca2+ affinity of
PKCα, the relatively small increase in [Ca2+]i during stimulation of
α1B-ARs might be sufficient to activate PKCα whereas activation of
PKCβ with its low Ca2+-affinity requires a pronounced increase in
[Ca2+]i as observed during ET-receptor stimulation.

The receptor-specific activation of PKCα and PKCβ and the feedback
modulation of GqPCR activity investigated in the present study, may
account for some differences in the GqPCR-induced modulation of
cardiac physiology. Activation of α1B-receptors induces positive in-
otropic and chronotropic effects in mouse atrium [50] which is com-
patible with IP3-induced Ca2+-release and GIRK inhibition. Accord-
ingly, the endothelin-1-mediated inhibition of IK(ACh), which is
predominantly mediated by ETA receptors, but also partially by ETB-
receptors, has been accounted for positive chronotropic effects of en-
dothelin in rabbit atrial myocytes [51]. However, the extent of GIRK
inhibition during α1B-AR- and ET-R activation was significantly dif-
ferent in mouse atrial myocytes with moderate inhibitory effects of
phenylephrine and pronounced GIRK inhibition by ET-1 [7]. These
differences were attributed to receptor-dependent differences in local
PIP2-depletion that might account for receptor-specific GIRK inhibition
[18].

We have evidence that the rapid α1B-AR-desensitization delimits the
duration of the receptor signal thus confining the activation of down-
stream Gq pathways. Pronounced GIRK inhibition during ET-receptor
activation corresponds to the long-lasting ET-receptor activity and slow
homologous receptor desensitization.

Apart from short-term inotropic effects of α1-AR and ET-R stimu-
lation, activation of both receptors has been shown to contribute to
cardiac hypertrophy, cardiomyopathy and cardiac remodeling (for re-
views see [52] and references therein, [53]). To the best of our
knowledge there are no studies that investigate the specific contribu-
tion of α1B-induced PKCα activation and ET-R-induced activation of
PKCβ to cardiac pathophysiology. Since the activation profile of in-
dividual PKC isoenzymes during GqPCR stimulation is receptor-depen-
dent and varies among species ([54] and references therein), the con-
tribution of specific PKC isoforms to the pathophysiology of heart
failure and cardiac hypertrophy is discussed controversially. Several
studies demonstrated a significant contribution of either PKCα [55] or
PKCβ1 [56] to the pathogenesis of heart failure, others postulated a
dominant role of PKCβII and PKCε activation (e.g [57] for review see
[58]. Further conflicting results were reported for the activation of PKC
isoforms in the human heart and its contribution to heart failure. In-
creased activity of PKCα, PKCβ1 and PKCβ2 was reported in left ven-
tricles of human hearts [56], but specific activation of the (novel)
nPKCs ε and δ during stimulation of endothelin and α-adrenergic re-
ceptors in human atria [54].

Although signalling specificity during GqPCR-activation is required
for the specialized functions of different PKC isoforms in sometimes
divergent downstream signalling pathways, the specific contribution of
α1B-induced PKCα- and ET-R-induced PKCβ activation to cardiac pa-
thophysiology remains to be elucidated.

5. Conclusions

Apart from PIP2-depletion as the underlying mechanism of GIRK-
inhibition in rat atrial myocytes upon activation of Gq-coupled re-
ceptors, we demonstrate a component of receptor-induced GIRK in-
hibition that is attributed to the activation of Ca2+-dependent PKC
isoforms (cPKC). Pharmacological block of specific cPKC isoforms sig-
nificantly reduced receptor-species dependent GIRK inhibition, sup-
porting the notion that receptor-specific activation of the cPKC isoforms
PKCα (by α1-ARs) and PKCβ (by ET-Rs) accounts for receptor-
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dependent differences in GIRK inhibition. Furthermore, we attribute the
different efficacies of α1-AR and ET-R to induce GIRK inhibition to
receptor-specific differences in homologous receptor desensitization
that controls the duration and the specificity of PKC activation. The
recruitment of different cPKC isoforms exerts a negative feedback on
homologous receptor activity thus limiting the strength and duration of
the receptor signal and as a consequence the efficiency of GIRK in-
hibition.
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