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Abstract

The G protein-coupled estrogen receptor 1 (GPER) produces cardioprotective effects. However, 

the underlying mechanisms are not well understood. We aimed to investigate the role of GPER in 

β adrenoceptor-mediated cardiac contraction and myocardial signaling. In anesthetized animals, 

intrajugular administration of isoproterenol produces a rapid and sustained rise in left ventricular 

pressure (LVP) and increases ectopic contractions. Administration of the GPER agonist G-1 

during the plateau phase of isoproterenol-induced LVP increase rapidly restores LVP to baseline 

levels and reduces the frequency of ectopic contractions. In freshly isolated cardiomyocytes, 

isoproterenol potentiates electrically induced peak currents of L-type Ca2+ channels (LTCC) and 

increases the potential sensitivity of their inactivation. Coadministration of G-1 prevents 

isoproterenol-induced potentiation of peak LTCC currents and makes channels more sensitive to 

being inactivated compared to isoproterenol alone. Isoproterenol treatment of cardiomyocytes 

without electrical stimulation triggers slow-rising Ca2+ signals that are inhibited by the β1AR 

antagonist metoprolol but not by β2AR antagonist ICI-118551. G-1 pretreatment dose-dependently 

suppresses isoproterenol-induced total Ca2+ signals and the amplitude and frequency of the 

intrinsic Ca2+ oscillatory deflections. Pretreatment with the GPER antagonist G-36 produces 

opposite effects, dose-dependently increasing these signals. ISO promotes robust phosphorylation 

of Cav1.2 channels at Ser1928. G-1 pretreatment inhibits isoproterenol-stimulated phosphorylation 

of Cav1.2 at Ser1928, while G-36 pretreatment enhances this signal. Our data indicate that GPER 
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functions as an intrinsic component of β1AR signaling to moderate myocardial Ca2+ dynamics and 

contraction.

Graphical Abstract

Keywords

β1 adrenoceptor; GPER; Contraction; Calcium; Cav1.2 channel

1. Introduction

Sympathetic nerve activities are essential for normal cardiac functions. Excessive and 

prolonged sympathetic activation, however, promotes pathological ventricular remodeling. 

Measures to control sympathetic responses thus constitute an important component of the 

management of heart failure [1]. The β1 adrenoceptor (β1AR) is the predominant adrenergic 

receptor in the heart. Physiologically, β1AR activation potentiates electrically induced Ca2+ 

current through L-type voltage-dependent Ca2+ channels (ICa,L), thereby enhancing 

myocardial contractility [2]. β1AR activation also facilitates SR Ca2+ release via increase in 

ICa,L trigger [3]. Mechanistically, most of these effects result from cAMP-dependent protein 

kinase A (PKA) activation; β1AR-mediated PKA activation promotes phosphorylation of 

Cav1.2 channels, where Ser1928 is frequently recognized as a target site [4, 5].

While the effects of β1AR activation in the heart are relatively well understood, regulatory 

inputs of β1AR activity are not entirely clear, notably in the context of estrogen biology. 

Following menopause, the incidence of cardiac dysfunction in women increases [6, 7]. 

These changes are largely attributed to loss of cardioprotective effects of 17β-estradiol (E2). 

However, mechanisms whereby E2 protects cardiac functions are not well understood. This 

is partially due to the existence of three estrogen receptors (ERs) with distinct and complex 

actions, including ERα, ERβ and the G protein-coupled estrogen receptor 1 (GPER, a.k.a. 

GPR30). ERβ is not expressed in the heart, yet the vascular effects of its deletion cause 

hypertension and indirectly lead to alterations in myocardial intercalated discs, gap junctions 

and nuclear structure.[8] Following ischemia and reperfusion, ERα−/− hearts show lower 

coronary flow, greater Ca2+ accumulation, less nitrite production, and enhanced interstitial 

edema and contraction bands [9], consistent with ERα expression in cardiomyocytes [10]. 

However, deletion of both ERα and ERβ does not affect E2-induced inhibition of voltage-

dependent Ca2+ influx and contraction in cardiomyocytes [11]. These findings indicate that 

ERα and ERβ are not fully responsible for the effects of E2 on cardiac function and suggest 

that another receptor is involved. GPER is an estrogen-sensitive 7-pass transmembrane 
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receptor [12, 13] and is implicated in many cardiovascular functions [14, 15]. GPER 

deletion leads to reduced myocardial contractility and increased left ventricular (LV) end-

diastolic pressure [16]. Cardiomyocyte-specific deletion of GPER causes ventricular 

dysfunction and adverse remodeling [17]. In the vasculature, GPER promotes eNOS activity 

via various mechanisms [18-20] and protects from atherosclerosis [21].

Despite numerous implications of GPER in cardiovascular function, the impact of its activity 

on βAR-mediated myocardial functions is unclear. In this study, we tested the hypothesis 

that GPER directly regulates βAR-mediated changes in cardiac contractility and myocardial 

Ca2+ dynamics. Effects of acute alterations in GPER activity were examined on 

isoproterenol (ISO)-stimulated activities in living hearts and Ca2+ signaling in freshly 

isolated cardiomyocytes. The results indicate that GPER activity is an intrinsic component 

of β1AR-mediated signaling in the myocardium.

2. Methods and Materials

2.1. Measurement of left ventricular pressure

Sprague-Dawley female rats (170-207 g body weight) were anesthetized with inhaled 2-3% 

isoflurane (Phoenix Mfr. for Clipper Distributing Company, LLC, St. Joseph, MO). The 

ventral region of the neck was shaved for a midline longitudinal incision. After exposure of 

the left jugular vein, a saline-filled polyethylene catheter was inserted and secured with ties 

for experimental agent infusion. The catheter was connected to a 2-way stopcock attached to 

a syringe. The right common carotid artery was then isolated, through which a pressure-

transducer catheter (SPR-320, Millar Instruments, Houston, TX) was advanced into the LV. 

Pressure measurements were coupled to a bridge amp connected to a PowerLab 8/35 (AD 

Instruments, Colorado Springs, CO) for signal acquisition. Signals were digitized and 

analyzed using LabChart 8 software (AD Instruments). After stabilization and baseline 

recording, ISO (1 μg/g. Millipore Sigma, Burlington, MA) was administered IV and the 

response was recorded. GPER agonist G-1 (1 μg/g, Cayman Chemical, Ann Arbor, MI) was 

administered IV during the plateau phase of ISO-induced increase in LVP. Heart rate, LVP 

(mmHg), and LVP change over time dP/dt (mmHg/s) were monitored using the LabChart 

software. The animals’ body temperature was maintained throughout the experimental 

duration using a heated platform. All animal experiments were approved by Des Moines 

University Institutional Animal Care and Use Committee.

2.2. Isolation of primary murine cardiomyocytes (PMCMs)

Male mice 8 – 16 weeks of age were used for solation of cardiomyocytes according to a 

protocol described by Ackers-Johnson and colleagues [22]. Briefly, mice were sacrificed by 

cervical dislocation, followed by incision of the chest. The descending aorta and vena cava 

were severed, followed by injection of ethylenediaminetetra-acetic acid (EDTA) buffer (in 

mM: 130 NaCl, 5 KCl, 0.5 NaH2PO4, 10 HEPES, 10 glucose, 10 butanedione monoxime 

(BDM, Millipore-Sigma, St. Louis, MO), 10 taurine, 5 EDTA, pH 7.8) into the right 

ventricle to chelate Ca2+, which stops contraction and prevents coagulation. The ascending 

aorta was then clamped and cut above the clamp to remove the heart. The clamped heart was 

submerged in EDTA buffer, while the LV received injection of this buffer to further prevent 
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coagulation and contraction. The heart was next submerged in perfusion buffer (in mM: 130 

NaCl, 5 KCl, 0.5 NaH2PO4, 10 HEPES, 10 glucose, 10 BDM, 1 MgCl2, pH 7.8), which was 

also injected into the LV to remove the EDTA buffer. The heart was then submerged in and 

injected with pre-warmed collagenase buffer [in mM: 0.5 collagenase 2, 0.5 collagenase 4 

(Worthington Biochemical Corp., Lakewood, NJ), 0.05 protease XIV (Millipore Sigma, 

Burlington, MA)]. After sufficient digestion, the atria were removed, the ventricles were 

submerged in new collagenase buffer and were gently teased apart, followed by trituration 

with a cut pipet tip. Stop buffer (perfusion buffer plus 5% fetal bovine serum) was then 

added to stop further digestion by collagenases, and the pieces were gently triturated again. 

The cell suspension was next passed through a 100-μm pore size strainer, followed by 

washing with an additional volume of stop buffer. Cells were settled by gravity, followed by 

successive resuspension in three Ca2+-reintroduction buffers [containing 75, 50 and 25 vol% 

perfusion buffer and 25, 50 and 75 vol% culture media [M-199 medium, 0.1% bovine serum 

albumin, 10 mM BDM, 1X ITS-Plus media supplement (R&D Systems, Minneapolis, MN)], 

respectively, yielding final CaCl2 concentrations of 0.34, 0.68, and 1.02 mM, respectively] 

to allow the medium to return to physiological Ca2+ levels. PMCMs were seeded onto 

laminin (Corning, Tewksbury, MA)-coated culture dishes or #1.5 cover glass in pre-warmed 

plating media (5% fetal bovine serum, 10 mM BDM in M-199 medium). After an hour, the 

plating media was replaced with culture media to reduce ionic fluctuations and the PMCMs 

were then ready for experimentation. The myocardial nature of the isolated cells was 

confirmed by typical rod-shaped morphology and cardiac troponin T immunofluorescence 

(mouse monoclonal antibody 00/07-T19-C11, Advanced Immunochemical Inc., Long 

Beach, CA).

2.3. Cell electrophysiology

Freshly isolated PMCMs were plated onto 15-mm circular coverslips and maintained at 

37°C before recordings. For whole-cell patch clamp recordings, coverslips were transferred 

to a submerged recording chamber at room temperature perfused (2 ml/min) by oxygenated 

(95% O2/5% CO2) artificial cerebral spinal fluid (aCSF) containing (in mM): 140 NaCl, 10 

CsCl, 10 glucose, 10 HEPES, 1.0 MgCl2, with 1.8 BaCl2 substituted for CaCl2, and 10 2,3-

butanedione monoxime (BDM) adjusted to pH 7.4 with NaOH. Patch electrodes were filled 

with an internal solution containing (in mM): 140 CsCl, 10 HEPES, 2 MgCl2, 5 NaATP, 0.6 

NaGTP, 10 EGTA, and 2.0 QX314, and had an open tip resistance of 3-6Ω. Inclusion criteria 

for analysis were that access resistance and baseline holding currents did not change over 

20% throughout the experimental duration. Data were acquired at 2 kHz with an Axon 700B 

patch-clamp amplifier (Axon Instruments, Sunnyvale, USA), digitized using a Digidata 

1550B (Axon Instruments) and analyzed offline using Clampex software (Molecular 

Devices, San Jose, USA). Recording protocols were similar to those previously reported 

[23]. Briefly, current-voltage (IV) relationships were recorded in voltage-clamp mode using 

stepwise depolarization of membrane potentials every 20s (−50 mV baseline, 10-mV steps). 

Inactivation measures were conducted using a two-pulse gapped protocol (−40 mV 

baseline), where a conditioning prepulse (−80mV to +10mV) was followed by a return to 

baseline (−40 mV, 10 ms), followed by a stepped depolarization (0 mV, 250 ms) at 10 s 

intervals.

Whitcomb et al. Page 4

Biochem Pharmacol. Author manuscript; available in PMC 2021 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.4. Measurement of intracellular Ca2+ concentration

Two-four hours after isolation, PMCMs were loaded with 5 μM fura-2/AM (Thermo Fisher 

Scientific, Waltham, MA) in culture media at 37°C for 30 min. Fura-2/AM was then 

completely removed, followed by a 15-minute equilibration period in modified Tyrode’s 

buffer (composition in mM: 150 NaCl, 2.7 KCl, 1.2 KH2PO4, 1.2 MgSO4, 10 HEPES, 1.5 

CaCl2, pH 7.4) before the beginning of experiment. The imaging system and measurement 

procedures were described previously [24]. All ratio values were derived from individual 

fura-2 fluorescence intensities at 510 nm in response to excitation at 340 and 380 nm, after 

subtraction of no-cell zone background time course obtained in each experiment. To 

calculate free Ca2+ levels in individual cells, Rmax values were obtained in all cells by 

addition of 10 μM ionomycin (Cayman Chemical, Ann Arbor, MI) and 10 mM CaCl2 at the 

end of every time course. Rmin values were calculated from Rbasal values in individual cells 

using equations described earlier [24]. To compare the effects of treatments, integrated areas 

under the curve (AUCs) were calculated for the entire time courses of changes in Ca2+ 

concentration for individual cells. Average AUC values from all cells were used for 

statistical analysis.

2.5. Molecular Biology

The fragment representing murine Cav1.2 a.a. 1887-1905 sequence 

LRSASLGRRASFHLECLKR was PCR amplified, incorporating a BamHI restriction site to 

the N terminus and XbaI site following a stop codon at the C terminus. The primers 

(IDTDNA, Coraville, IA) were: 

CATTGGATCCCTTCGCTCTGCCTCTCTAGGTCGAAGGGCCTCCTTC (forward), and 

CGCGCTCTAGATTATCGCTTTAGACATTCCAGATGGAAGGAGGCCCTTCG (reverse). 

Similar procedure was carried out for fragment LRSASLGAAAAFHLECLKR with the 

primers: CAATGGATCCCTTCGCTCTGCCTCTCTAGGTGCTGCAGCCGCTTTCCA 

(forward), and 

CACGTCTAGATTATCGCTTTAGACATTCCAGATGGAAAGCGGCTGCAG (reverse). 

The fragments were subsequently inserted downstream of an EYFP in place of calmodulin 

(CaM) in a pcDNA3.1 plasmid encoding EYFP-CaM (a gift from Dr. Anthony Persechini, 

University of Missouri-Kansas City). All constructs were verified by DNA sequencing.

2.6. Cell line culture and transfection

Human embryonic kidney (HEK) 293 cells were purchased from AddexBio (T0011001, 

initial passage 10) and cultured in DMEM medium with 10% fetal bovine serum and 1% 

penicillin/streptomycin in 90% humidified condition with 5% CO2 at 37°C. Transfection 

was carried out as described previously [25].

2.7. Immunoblotting

Immunoblotting was carried out as described previously [25]. After treatment, PMCMs were 

lysed, and protein content of lysate was measured in triplicate using the BCA assay (Thermo 

Fisher Scientific, Waltham, MA). Equal amounts of total proteins were loaded for Western 

blotting. Following SDS-PAGE, membranes were stained with Ponceau-S to verify equal 

total protein loading. After washing of membranes, Cav1.2 phosphorylation at Ser1928 was 
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immunoblotted using a polyclonal rabbit phosphospecific antibody (PA5-64748, 

ThermoFisher Scientific, Waltham, MA). Relative densitometric values of phosphorylation 

at Ser1928 Cav1.2 were corrected for total protein loading Ponceau-S staining using the 

corresponding densitometric values of the entire protein lanes. Densitometric analysis was 

done using Image Lab 5.2.1 software (Bio-Rad, Hercules, CA).

2.8. Statistical analysis

Data were normally distributed and show means ± S.D. Statistical analysis was done using 

Student’s t-test or one-way ANOVA. Tukey post-hoc tests were subsequently applied where 

appropriate, across all possible group comparisons. Statistical significance was determined 

as p < 0.05. Group sizes were estimated prior to experiments by effect size calculations and 

previous experimental outcomes. All p values obtained are indicated on figures or figure 

legends where appropriate. Statistical analysis was conducted using GraphPad Prism 8.0 

(San Diego, CA) software.

3. Results

3.1. GPER activation inhibits ISO-induced changes in LVP, heart rate and ectopic 
contractions

GPER is equally expressed in cardiovascular tissues between male and female rats [26] and 

between premenopausal women and age-matched men [27]. To assess how GPER activity 

acutely affects βAR-mediated cardiac contraction/relaxation, we tested the effect of the 

GPER agonist G-1 on isoproterenol-induced changes in left ventricular pressure in female 

anesthetized rats. An intraventricular catheter was introduced via the aortic arch. After 

catheter stabilization, LVP was monitored for 10 minutes with two 1.0-ml flushes of 0.9% 

saline for baseline recording. Baseline LVP was stable at 100/0 mmHg. ISO injection rapidly 

increased LVSP from 100 ± 5 to 165 ± 3 mmHg within 1-2 min and maintained it around 

150 ± 8 mmHg over a prolonged period. LVDP was reduced from 10 ± 5 to 5 ± 3 mmHg. 

Injection of GPER agonist G-1 (1 μg/g) during the sustained phase of ISO-induced LVP 

increase rapidly reduced LVSP to 95 ± 5 mmHg, which slowly rose to and remained at 105 

± 5 mmHg for an extended period (Fig. 1A). Figures 1B-D show 1-sec intervals of regular 

(without ectopic contractions) pressure tracing (upper panels) and rate of LV pressure 

change (dp/dt, lower panels) at baseline (B), after ISO injection (C), and after G-1 injection 

(D). ISO increased the rates of pressure change during the later phase of LV ejection (Fig. 

1C). G-1 injection restored both the peak LVP and the rate of LVP rise in the presence of 

ISO to baseline levels (Fig. 1D).

ISO injection significantly increased heart rate from a basal value of 336 ± 1 bpm to 352 

± 0.5 bpm. Injection of G-1 during the plateau phase of ISO-induced LVP increases 

significantly reduced heart rate to 304 ± 0.3 bpm. ISO also caused a significant increase in 

the number of ectopic contractions. Figures 2A-C show 5-sec intervals of LVP recordings at 

baseline, after ISO injection, and after G-1 injection, respectively. ISO significantly 

increased the number of ectopic contractions 3-fold from baseline. Injection of G-1 virtually 

abolished this effect (Fig. 2D).
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3.2. Effect of GPER activation on ISO-induced L-type Ca2+ channel activities

To begin examining the mechanisms underlying the observed effects of GPER activation on 

βAR-mediated potentiation of cardiac contraction/relaxation, we freshly isolated primary 

murine cardiomyocytes and tested the effects of GPER agonist G-1 on ISO-induced 

potentiation of L-type Ca2+ channel activities. Figure 3A shows typical cardiomyocyte 

morphology in bright-field image (left) and cardiac troponin T immunofluorescence (right) 

of freshly isolated PMCMs. Figure 3B shows representative LTCC-mediated current 

responses in response to various clamped voltages in PMCMs under control condition, in the 

presence of ISO or ISO plus G-1. LTCC-mediated current responses were significantly 

potentiated after bath application of 1 μM and 10 μM ISO. Increasing the ISO concentration 

from 1 μM to 10 μM did not produce significant enhancement in peak amplitudes (Fig. 3C) 

nor did further increase in concentration to 50 μM (not shown). However, increasing ISO 

concentration to 10 μM broadened the range of membrane potentials that produced 

significant increases in peak amplitude from control values (Figure 3C at −20 mV, +20 mV) 

as compared to 1 μM ISO. ISO induced a modest leftward shift in the membrane potential 

that triggered maximal responses. To test the effect of GPER activation on LTCC activities 

stimulated by ISO, we co-applied 1 μM G-1 (Kd for GPER = 11 nM, [28]) with 10 μM ISO. 

G-1 significantly attenuated ISO-induced increases in response amplitudes across a wide 

range of membrane holding potentials, such that 1 μM G-1 + 10 μM ISO did not differ from 

control responses at any potential measured. Interestingly, G-1 inhibition of peak amplitudes 

also occurred at holding potentials not significantly increased by ISO alone (−30 mV) (Fig. 

3D).

The observed effects of ISO on peak amplitude could be due to changes in channel 

inactivation following activity. To test this, we used an established steady state inactivation 

protocol [23]. As expected, more robust responses at the test pulse were seen following 

prolonged holding at hyperpolarized potentials compared to those at more depolarized 

potentials, as reflected by decreased fraction of remaining current (I/Imax) with more 

depolarized prepulse potentials (Fig. 3E). ISO treatment shifted the SS-inactivation curve 

downward in a concentration- and prepulse potential-dependent manner (Fig. 3E). Given 

that peak amplitudes were increased at similar holding potentials (Fig. 3C), this suggests that 

current transfer is increased at more hyperpolarized potentials leading to decreased 

responses during the test pulse. Interestingly, 1 μM ISO induced significant inactivation 

across a wider range of holding potentials than 10 μM ISO but did not differ in magnitude 

from 10 μM ISO at any prepulse potential (Fig. 3E). Surprisingly, G-1 co-application 

induced a membrane potential-dependent downward shift in SS-inactivation curves in 

comparison to 10 μM ISO and no treatment control cells (Fig. 3F).

3.3. Effects of GPER activation on ISO-induced Ca2+ signals in PMCMs

While the data above indicate a role of GPER in dynamically regulating acute cardiac β 
adrenergic responses, we reasoned that a response produced by a βAR agonist without 

electrical stimulation of the cells would present a parameter more direct to βAR activation. 

Administration of ISO (1 μM) to the extracellular medium in the absence of voltage 

clamping induced a slow increase in intracellular Ca2+ that started ~50s after ISO addition, 

with small oscillations during the sustained phase (Fig. 4A). ISO did not trigger any Ca2+ 
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signals in the absence of extracellular Ca2+ (not shown), indicating that the signal observed 

is due to entry of extracellular Ca2+. Pretreatment for 15 minutes with 100 μM metoprolol, a 

specific β1AR antagonist (Ki = 47 nM, [29]) completely prevented the ISO-induced Ca2+ 

signal while the β2AR specific antagonist 1 μM ICI-118551, a specific β2-AR antagonist (Ki 

= 0.7 nM, [29]) did not have an effect (Fig. 4A). This indicates that the ISO-induced Ca2+ 

signal mainly represents activation of β1AR in PMCMs. To examine the effect of GPER 

activation on β1AR-mediated Ca2+ signals, PMCMs were pretreated for 15 minutes with 

various doses of G-1 for 15 minutes before ISO was added. This caused dose-dependent 

inhibition of the ISO-induced Ca2+ signals (Fig. 4B). To quantitate the signals, integrated 

areas under the curve of the entire Ca2+ signal time courses were generated (Fig. 4C). 

Comparisons of the AUC values clearly demonstrated a dose-dependent inhibitory effect of 

GPER activation on β1AR-mcdiatcd Ca2+ signals in PMCMs (Fig. 4D).

The time courses of the Ca2+ signals induced by ISO in cells treated with of G-1 display 

apparent decreases in the Ca2+ oscillations. To assess this effect in detail, we obtained the 

first derivative of Ca2+ values (dCa2+/dt) in the entire time courses of the Ca2+ signals. 

dCa2+/dt tracing represents positive and negative deflections of the Ca2+ signals, and these 

alterations, when sufficiently large, are predicted to contribute to changes in contraction. 

Pretreatment of PMCMs with G-1 appears to produce a dose-dependent suppression of 

dCa2+/dt values (Fig. 5A-D). To compare these changes, AUC values were obtained for both 

the positive and negative deflections of all dCa2+/dt time courses, which clearly 

demonstrates dose-dependent inhibition of ISO-induced Ca2+ oscillations in PMCMs (Fig. 

5E). To assess the effects of G-1 on the frequency of Ca2+ oscillations, absolute dCa2+/dt 

values greater than 50 nM/s were counted and compared among doses of G-1, as significant 

Ca2+-troponin T binding begins at 50 nM Ca2+ and is predicted to trigger myocardial 

contraction.[30] This revealed that G-1 reduced the frequency of ISO-induced Ca2+ 

oscillations exceeding 50 nM/s (Fig. 5F).

3.4. Effects of GPER inhibition on ISO-induced Ca2+ signals in PMCMs.

The G-1 data suggest involvement of GPER in β1AR-mediated signaling in PMCMs. We 

reasoned that if GPER activity is constitutively involved in β1AR-mediated signaling, then 

its inhibition should affect ISO-induced Ca2+ signals. PMCMs were pretreated with various 

doses of the specific GPER antagonist G-36 (Ki = 112 nM,[31]) for 15 minutes before ISO 

addition. G-36 pretreatment increased the total Ca2+ signal induced by 1 μM ISO in PMCMs 

(Fig. 6A). AUC analysis clearly showed significant dose-dependent stimulatory effects of 

G-36 on β1AR-mediated total Ca2+ signal (Fig. 6B). To assess the effects of GPER 

inhibition on the Ca2+ oscillations, similar procedures as in Fig. 5 were performed. The data 

showed a clear dose-dependent increases in the amplitude of the ISO-induced Ca2+ 

oscillations (Fig. 6C-F). Integration AUC analyses of both the positive and negative 

deflections of the oscillations showed clear dose-dependent stimulatory effects (Fig. 6G). 

Similarly, the frequency of Ca2+ oscillations with speed > 50 nM/s was also increased dose-

dependently by G-36 treatment (Fig. 6F).
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3.5. Effects of GPER activity on ISO-induced phosphorylation of Cav1.2.

The results so far indicate a possibility that GPER activity is an intrinsic component in 

β1AR-mediated signaling in cardiomyocytes, with GPER agonism and antagonism exerting 

opposing effects on ISO-induced Ca2+ signals. A key signaling event following activation of 

β1AR is the activation of protein kinase A (PKA). We tested the idea that changes in ISO-

stimulated Ca2+ signals caused by alterations in GPER activity were associated with changes 

in PKA-dependent phosphorylation of L-type Ca2+ channels in cardiomyocytes. Ser1928 on 

Cav1.2 is robustly phosphorylated by PKA [4, 32]. To assess phosphorylation at this site, we 

utilized an anti-phosphoSer1928 Cav1.2 polyclonal antibody (Cat. # PA5-64748, 

ThermoFisher Scientific, Waltham, MA). According to the manufacturer, this antibody was 

purified by affinity chromatography using the phosphopeptide 

LRSASLGRRApSFHLECLKR: non-phospho specific antibodies were removed by 

chromatography using non-phosphorylated peptide; and manufacturer’s specificity studies 

included phosphopeptide competition, which completely inhibited antibody binding in 

Western blot analysis while the non-phosphorylated peptide had no effect on antibody 

binding. To further verify this antibody, we generated fusions between enhanced yellow 

fluorescent protein (EYFP) and the murine sequence fragment that corresponds to its epitope 

(a.a. 1887-1905) with wild-type sequence or one in which R1894, R1895 and S1897 have 

been substituted with a non-phosphorylatable alanine residue. A common phosphorylation 

motif for protein kinase A is RR-X-S/T [33], in which the arginine residues are important for 

guiding the kinase towards the phosphorylatable serine/threonine. This motif is present in 

the Cav1.2 phospho antibody epitope, in which S1897 represents the phosphorylatable serine 

that corresponds with S1928 in the human sequence. In mock-transfected human embryonic 

kidney (HEK) 293 cells, treatment with 10 μM isoproterenol did not promote any signal 

recognized by this antibody. In cells overexpressing the EYFP-Cav1.2(1887-1905) fusion, 

we detected basal signal at ~30 kDa, corresponding to the size of the fusions expressed, 

which was enhanced by treatment with 10 μM ISO (Fig. 7A, left lower panel). However, in 

cells overexpressing the fusion with the R1894A/R1895A/S1897A substitutions, there were 

no detectible signals in basal condition or following treatment with 10 μM ISO (Fig. 7A, left 

lower panel). Probing of the same samples with an anti-GFP antibody (Cat#ab6673, Abcam, 

Cambridge, MA) showed equal expression of the fusions (Fig. 7A, right lower panel); 

Ponceau S staining of the membrane demonstrated equal loading across conditions (Fig. 7A, 

upper panels). Additionally, pilot studies indicated that 10 μM ISO triggers Ca2+ signals in 

HEK293 cells, suggesting the presence of functional of β-ARs in these cells (data not 

shown). Using this anti-phospho Ser1928 Cav1.2 antibody, in basal conditions, we observed 

no detectible phosphorylation at Ser1928 in PMCMs. Treatment with 1 μM ISO induced 

robust phosphorylation here. Pretreatment for 15 minutes with increasing doses of G-1 

before ISO application dose-dependently suppressed this increase (Fig. 7B). In turn, 

pretreatment with G-36 dose-dependently enhanced ISO-induced phosphorylation at 

Ser1928 (Fig. 7C).

Discussion

17β-estradiol has been shown to produce negative inotropic and chronotropic effects in 

isolated hearts unstimulated or stimulated with ISO [34, 35]. However, the roles of specific 
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estrogen receptors in myocardial contraction stimulated by β adrenoceptor activity are 

unclear. In this work, we provide evidence from several experimental paradigms that GPER 

activity is intrinsically involved in β1AR-mediated signaling and contraction of the 

myocardium. First, we show that GPER activation blocks ISO-induced increases in 

myocardial contraction and ectopic contractions in live animals, prevents ISO-induced 

potentiation of electrically evoked LTCC activities, and reduces β1AR-stimulated Ca2+ 

signals and phosphorylation of Cav1.2 in freshly isolated cardiomyocytes. Our observations 

that G-1 quickly restores ISO-induced increases in LVP, heart rate and ectopic contractions 

to baseline levels provide the first evidence that GPER activation can quickly reverse cardiac 

β adrenergic response. This is supported by earlier observations that E2-induced inhibition 

of contraction in ISO-stimulated heart is not inhibited by tamoxifen [35], an ERα/ERβ 
antagonist that is now known to be a GPER agonist [36].

Effects of E2 on LTCC activities have been well studied due to the important role of these 

channels in myocardial contraction. Overall, there is consensus that estrogens inhibit ICa,L. 

Indeed, E2 reduces peak inward Ca2+ current and delays channel recovery from inactivation 

[37]; the phytoestrogen resveratrol inhibits electrically stimulated Ca2+ transients and cell 

shortening [38]; and electrically simulated Ca2+ transients are larger in cardiomyocytes from 

ovariectomized mice compared to those from sham female mice [39]. Nevertheless, identity 

of the specific estrogen receptor responsible for these effects has been elusive. Our results 

that GPER activation inhibits βAR-mediated potentiation of ICa,L and channel inactivation 

indicate that GPER mediates the previously observed effects of E2 on LTCC activities. This 

conclusion is further supported by observations that genetic deletion of ERα and ERβ does 

not affect the inhibitory effect of E2 on ICa,L and that there is no difference in steady-state 

inactivation curves between WT, ERα−/− and ERβ−/− ventricular cardiomyocytes [11].

Our data further implicate GPER as an intrinsic component of β1AR signaling in 

cardiomyocytes, acting as a clamp of β1AR-mediated PKA activity. Several lines of 

evidence support this conclusion. First, GPER agonism suppresses ISO-stimulated total 

Ca2+ signal, Ca2+ oscillation amplitude and frequency, while GPER antagonism exert 

opposite effects, enhancing all these signals. The Ca2+ signal produced by ISO without 

electrical activation provides a direct parameter for β adrenoceptor activity. Our data show 

that this signal is associated mainly with activation of β1AR, as evidenced by its complete 

inhibition by antagonism of β1AR but not β2AR. While identification of the Ca2+ channels 

responsible for this signal was not the focus of our study, previous works indicate that TRP 

channels might be components, some of which are regulated by PKA [40-42]. Regardless, 

the opposing effects of GPER agonism and antagonism on ISO-induced Ca2+ signal indicate 

that GPER activity is intrinsically involved in β1AR-mediated regulation of myocardial Ca2+ 

dynamics. Our data also indicate that alterations in PKA activity are associated with these 

effects, as evidenced by opposing effects of GPER agonism and antagonism on ISO-induced 

PKA-dependent phosphorylation at Ser1928 of Cav1.2. Mechanistically, two possibilities 

may explain the intrinsic involvement GPER in β1AR-stimulated PKA activity. First, GPER 

may physically interact with β1AR and regulate its activity at the receptor level. Consistent 

with this idea, both receptors possess C-terminal type-I PDZ-binding domains and interact 

with PDZ proteins such as PSD95 and SAP97 [24, 43-45]. GPER interacts via this domain 

with the plasma membrane Ca2+-ATPase4b, an association that inhibits the activity of 
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PMCA4b while promotes that of GPER [24]. Second, GPER may directly regulate PKA 

activity. This is supported by previous reports that GPER’s interactions with membrane-

associated guanylate kinases and protein kinase A-anchoring protein 5 inhibit cAMP 

signaling [46].

Based on our data with multiple paradigms and existing evidence, we propose that GPER 

functions as an intrinsic component that clamps β1AR-mediated signaling, thereby 

regulating myocardial Ca2+ machinery and contraction (Fig. 8). In this model, activation of 

β1AR is proposed to be associated with activity of GPER, so that GPER antagonism 

potentiates β1AR-mediated effects while GPER activation does the opposite. As such, GPER 

could be considered a “self-control” mechanism for adrenergic activities in the heart. The 

evidence for this model is pharmacological at this stage. We currently do not know for 

certain the mechanisms whereby activation of β1AR is associated with GPER activity. 

Further detailed studies with molecular, cellular and animal models will answer this 

question.
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Figure 1. 
Effect of G-1 on ISO-induced increases in myocardial contraction. A, LVP measured in an 

anesthetized rat using a direct LV pressure probe. ISO and G-1 were injected via a via a 

jugular catheter as indicated (arrows). B–D, 1-second strips of regular LVP and 

corresponding dp/dt at baseline, during ISO response, and after injection of G-1, 

respectively. Data are representative of n = 4 animals.
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Figure 2. 
Effect of G-1 on ISO-induced ectopic contractions. A-C, 5-s strips of LVP tracing at 

baseline, after ISO injection, and following injection of G-1, respectively. D, Number of 

ectopic contractions at baseline, during ISO injection, and after G-1 injection. ****, p < 

0.0001. Data are from 4 animals.
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Figure 3. 
Effects of G-1 on ISO-induced changes in ICa,L in fresh cardiomyocytes. A, Bright-field 

images and corresponding immunofluorescence of cardiac troponin T of cardiomyocytes. B, 

Representative current-voltage traces in the presence of the specified treatment conditions. 

C, Current-voltage relationships of ICa,L in cardiomyocytes treated with vehicle (control) or 

the specified concentrations of ISO [One-way ANOVA, Tukey post hoc Tests. Con vs ISO 

1μM: −20mV: p = 0.1296; −10mV: p = 0.0086; 0mV: p = 0.0052; +10mV: p = 0.0144; 

+20mV: p = 0.0725. Con vs ISO 10μM: −20mV: p = 0.0037; −10mV: p = 0.0001; 0mV: p = 

0.0002; +10mV: p = 0.0005; +20mV: p = 0.0032. ISO 1 μM vs ISO 10μM: −20mV: p = 

0.2670; −10mV: p = 0.2087; 0mV: p = 0.3438; +10mV: p = 0.3746; +20mV: p = 0.3795. D, 

Current-voltage relationship of ICa,L in cardiomyocytes treated with vehicle (control) ISO 

10μM, or G-1. [One-way ANOVA, Tukey post hoc tests: Con vs ISO 10μM: −30mV: p = 

0.1176; −20mV: p = 0.001; −10mV: p < 0.0001; 0mV: p < 0.0001; +10mV: p < 0.0001; 

+20mV: p = 0.0006; +30mV: p = 0.0425. Con vs G1+ISO 10μM: −30mV: p = 0.1319; 

−20mV: p = 0.8080; −10mV: p = 0.6723; 0mV: p = 0.8673; +10mV: p = 0.9903; +20mV: p 

= 0.9705; +30mV: p = 0.8539. ISO 10μM vs G1+ISO 10μM: −30mV: p = 0.0029; −20mV: p 

= 0.0084; −10mV: p = 0.0002; 0mV: p = 0.0001; +10mV: p = 0.0002; +20mVp = 0.0008; 

+30mV: p = 0.0232]. E, Steady-state inactivation curves in PMCMs treated with vehicle 
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(control) or the specified concentrations of ISO, [One-way ANOVA, Tukey post hoc tests: 

Con vs ISO 1μM: −50mV: p = 0.0236, −40mV: p = 0.0173; −30mV: p = 0.0027; −20mV: p 

= 0.0001; −10mV: p = 0.0001; 0mV: p = 0.0434. Con vs ISO 10μM: −50mV: p = 0.0609; 

−40mV: p = 0.0528; −30mV: p = 0.0059; −20mV: p = 0.0002; −10mV: p = 0.0001: 0mV: p 

= 0.0001. ISO 1μM vs ISO 10μM: −50mV: p = 0.8747; −40mV: p = 0.8337; −30mV: p = 

0.9206; −20mV: p = 0.9620; −10mV: p = 0.9980; 0mV: p = 0.9980]. F, Steady-state 

inactivation curves in PMCMs treated with vehicle, ISO 10μM, or ISO 10μM + G-1 [One-

way ANOVA, Tukey post hoc tests: Con vs.ISO 10μM. −30mV: p = 0.0033: −20mV: p = 

0.0005: −10mV: p = 0.001. Con vs G1+ISO 10μM: −30mV: p = 0.0003: −20mV: p = 0.0091; 

−10mV: p = 0.7481. ISO 10μM vs G1 + ISO 10μM: −30mV: p = 0.1715; −20mV: p = 

0.6639; −10mV: p = 0.0118]. Data are presented as mean ± SD of n = 6–9 cells for each 

condition. *, p < 0.05 control vs 1 μM ISO; +, p < 0.05 control vs 10 μM ISO; ^, p < 0.05 10 

μM ISO vs 10 μM ISO + G1; #, p < 0.05 control vs 10 μM ISO + G1. Scale bars, 50 μm.
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Figure 4. 
Effect of G-1 on ISO-induced Ca2+ signals in cardiomyocytes. A, Intracellular Ca2+ time 

courses in response to 1 μM ISO in PMCMs pretreated for 15 min with the specified 

concentrations of metoprolol (METO) or ICI-118551 (ICI) before ISO addition (arrow). B–

C, Intracellular Ca2+ (B) and corresponding integrated AUC (C) time courses in response to 

1 μM ISO in PMCMs pretreated for 15 min with the specified concentrations of GPER 

agonist G-1 before ISO addition (arrows). D, Average integrated AUC values. ****, p 

<0.0001; n = 12 – 22 cells from 9 – 16 experiments for each condition.
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Figure 5. 
Effect of GPER activation on ISO-induced Ca2+ oscillations. Cardiomyocytes were pre-

treated with the specified doses of GPER agonist G-1 before the addition of ISO (arrows). 

A–D, First derivatives of the averaged Ca2+ signals (dCa2+/dt). E, Average integrated AUC 

values for upward and downward deflections in Ca2+ from A – D. E, Average AUC values. 

F, Average number of Ca2+ oscillations > 50 nM/s after addition of ISO. n = 12 – 22 cells 

from 9 – 16 experiments for each condition; ****, p < 0.0001.
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Figure 6. 
Effect of GPER antagonist G-36 on ISO-induced Ca2+ signals. A-B, Intracellular Ca2+ (A) 

and corresponding average integrated AUC values (B) in response to 1 μM ISO in 

cardiomyocytes pretreated for 15 min with the specified concentrations of G36 before ISO 

addition (arrows). C – F, First derivatives of the averaged Ca2+ signals (dCa2+/dt) in cells 

pretreated with the specified concentrations of G-36 before addition of ISO (arrows). G, 

Average integrated AUC values for upward and downward deflections in Ca2+ from C – F. 

H, Average numbers of Ca2+ oscillations > 50 nM/s after addition of ISO. n = 16 – 23 cells 

from 10 – 23 experiments for each condition; ****, p < 0.0001.
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Figure 7. 
Effects of G-1 and G-36 on ISO-stimulated phosphorylation of Cav1.2. A and B, Verification 

of anti-phospho Ser1928 antibody. HEK293 cells were transfected with mock conditions or 

plasmids encoding EYFP-CaV1.2(1887-1905) with wild-type or R1894A/R1895A/S1897A 

substitutions as indicated. Cells were treated for 10 min with or without 10 μM ISO as 

specified in medium containing 1.5 mM CaCl2, followed by lysis. Upper panels, Ponceau-S 

stains. Lower panels, corresponding immunoblots using the anti-phospho Ser1928 antibody 

(PA5-64748, left) or anti-GFP antibody (ab6673, right). Freshly isolated cardiomyocytes 

were pre-treated with the specified doses of G-1 (B) or G-36 (C) for 15 minutes followed by 

1 μM ISO treatment for 10 minutes, lysis, and immunoblotting. Following SDS-PAGE, 

membranes were stained with Ponceau-S followed by washing and probing with anti-

PSer1928 Cav1.2 antibody (upper blots). Histograms, relative densitometric values of P-

Ser1928/total protein loading. ****, p < 0.0001 vs control; n = 6 for each condition.
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Figure 8. 
Proposed role of GPER as an intrinsic component of β1AR signaling in the myocardium. 

See text for details.
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