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ORIGINAL RESEARCH

Differential Downregulation of β1-Adrenergic 
Receptor Signaling in the Heart
Bing Xu , BS; Sherif Bahriz , MD; Victoria R. Salemme , MS; Ying Wang, PhD; Chaoqun Zhu , PhD; 
Meimi Zhao, PhD; Yang K. Xiang , PhD

BACKGROUND: Chronic sympathetic stimulation drives desensitization and downregulation of β1 adrenergic receptor (β1AR) in 
heart failure. We aim to explore the differential downregulation subcellular pools of β1AR signaling in the heart.

METHODS AND RESULTS: We applied chronic infusion of isoproterenol to induced cardiomyopathy in male C57BL/6J mice. We 
applied confocal and proximity ligation assay to examine β1AR association with L-type calcium channel, ryanodine receptor 2, 
and SERCA2a ((Sarco)endoplasmic reticulum calcium ATPase 2a) and Förster resonance energy transfer-based biosensors to 
probe subcellular β1AR-PKA (protein kinase A) signaling in ventricular myocytes. Chronic infusion of isoproterenol led to reduced 
β1AR protein levels, receptor association with L-type calcium channel and ryanodine receptor 2 measured by proximity ligation 
(puncta/cell, 29.65 saline versus 14.17 isoproterenol, P<0.05), and receptor-induced PKA signaling at the plasma membrane 
(Förster resonance energy transfer, 28.9% saline versus 1.9% isoproterenol, P<0.05) and ryanodine receptor 2 complex (Förster 
resonance energy transfer, 30.2% saline versus 10.6% isoproterenol, P<0.05). However, the β1AR association with SERCA2a 
was enhanced (puncta/cell, 51.4 saline versus 87.5 isoproterenol, P<0.05), and the receptor signal was minimally affected. The 
isoproterenol-infused hearts displayed decreased PDE4D (phosphodiesterase 4D) and PDE3A and increased PDE2A, PDE4A, 
and PDE4B protein levels. We observed a reduced role of PDE4 and enhanced roles of PDE2 and PDE3 on the β1AR-PKA ac-
tivity at the ryanodine receptor 2 complexes and myocyte shortening. Despite the enhanced β1AR association with SERCA2a, 
the endogenous norepinephrine-induced signaling was reduced at the SERCA2a complexes. Inhibiting monoamine oxidase A 
rescued the norepinephrine-induced PKA signaling at the SERCA2a and myocyte shortening.

CONCLUSIONS: This study reveals distinct mechanisms for the downregulation of subcellular β1AR signaling in the heart under 
chronic adrenergic stimulation.

Key Words: (Sarco)endoplasmic reticulum calcium ATPase 2a ■ cardiac contractility ■ Förster resonance energy transfer ■ 
phosphodiesterase ■ protein kinase a ■ ryanodine receptor ■ β1 adrenergic receptor

Adrenergic signaling is downregulated in various 
cardiac diseases, a hallmark of heart failure (HF). 
In classic literature, the primary cardiac β1 adren-

ergic receptor (β1AR) undergoes desensitization via re-
ceptor phosphorylation driven by chronic sympathetic 
activation, which uncouples the receptor from G pro-
teins and scaffold proteins such as SAP97 (synapse-
associated protein-97) and AKAP (A-kinase anchoring 
protein).1–3 Interestingly, we have recently identified a 
novel pool of intracellular β1AR specifically associated 

with SERCA2a ((Sarco)endoplasmic reticulum calcium 
ATPase 2a), critical for catecholamine stimulation of 
excitation-contraction coupling and cardiac contrac-
tility.4–6 Here, we aimed to understand how chronic 
adrenergic stimulation affects the subcellular pools of 
β1AR signaling in cardiomyopathy.

Stimulation of β1AR promotes PKA (protein kinase A) 
phosphorylation and increases the activities of L-type 
calcium channel (LTCC), ryanodine receptor 2 (RyR2), 
and SERCA2a, critical ion regulators to enhance 
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cardiac excitation-contraction coupling during stress 
response.7,8 RyR2 is closely coupled to LTCC at the 
tubular membrane and releases calcium from the sar-
coplasmic reticulum (SR) to the cytoplasm to enhance 
excitation-contraction coupling. Conversely, SERCA2a 
is modulated by a negative regulator, PLB (phosphol-
amban), and is responsible for calcium uptake during 
cardiac relaxation. Both RyR2 and PLB are regulated 
by PKA phosphorylation under adrenergic stimulation. 
Recent studies highlight distinct local signaling based 
on the distribution of the β1AR, AKAP scaffold proteins, 
and downstream effectors such as LTCC, RyR2, and 
SERCA2a.4,9–12 Whereas the β1AR is associated with 
LTCC on the plasma membrane (PM), a second pool 
of β1AR is associated with SERCA2a at the SR.4–6 PKA 
is anchored on different AKAPs to promote local phos-
phorylation of RyR2 and PLB to increase ion channel 
and pump activities.7,8 Additionally, PDEs (phospho-
diesterases) emerge as critical regulators to fine-tune 
adrenergic-induced local cAMP and PKA activity at 
distinct subcellular compartments.13–16 RyR2 is as-
sociated with PDE4D3 and scaffold proteins such as 
muscle-specific AKAP.17,18 In comparison, AKAP18δ, 
PDE3, and PDE4 are linked to the SERCA2a.18–21 How 
the subcellular β1AR-PKA signaling is remodeled in 
heart diseases is incompletely understood.

In this study, we aimed to investigate subcellular ad-
renergic signaling remodeling in cardiomyopathy with 
a chronic infusion of β-agonist isoproterenol. We used 
proximity ligation assay to examine the β1AR associa-
tion with LTCC, RyR2, and SERCA2a in isolated adult 
ventricular myocytes (AVMs). We also applied Förster 
resonance energy transfer (FRET) biosensors-based 
AKARs (A-kinase activity reporters)22–24 to examine 
PKA activity at the RyR2 and SERCA2a complexes 
in AVMs. We further assess the impacts of altered 
β1AR-PKA signaling on cardiac excitation-contraction 
coupling in the cardiomyopathy induced by chronic 
isoproterenol infusion. Our data highlight distinct 
mechanisms underlying the downregulation of subcel-
lular β1AR-PKA signaling in AVMs after chronic adren-
ergic stress in the heart.

METHODS
Data Availability
The authors declare that all supporting data are availa-
ble within the article and its online supplementary files.

Animals
All animal studies were approved by the Institutional 
Animal Care and Use Committees (protocol number: 
20956 and 20957) of the University of California at Davis 
according to the National Institutes of Health and Animal 
Research: Reporting of In Vivo Experiments guidelines. 

RESEARCH PERSPECTIVE

What Is New?
•	 Chronic stimulation reduced cardiac β1 adren-

ergic receptor expression and signaling associ-
ated with L-type calcium channel and ryanodine 
receptor complexes, which were also controlled 
by PDE2 (phosphodiesterase 2) and PDE3.

•	 Although norepinephrine-induced cardiac β1 
adrenergic receptor signaling at the SERCA2a 
((Sarco)endoplasmic reticulum calcium ATPase 
2a) complexes is reduced in myocytes from 
mice after chronic infusion of isoproterenol, 
inhibiting MAO-A (monoamino oxidase A) res-
cues the norepinephrine-induced β1 adrenergic 
receptor signaling at the SERCA2a complexes, 
PKA (protein kinase A) phosphorylation of 
phospholamban, and excitation-contraction 
coupling.

What Question Should Be Addressed 
Next?
•	 Future studies should address how the subcel-

lular cardiac β1 adrenergic receptor is altered 
in other cardiac disease models and whether 
inhibition of MAO-A is effective in rescuing 
excitation-contraction coupling in human heart 
failure.

Nonstandard Abbreviations and Acronyms

AKAP	 A-kinase anchoring protein
AKAR	 A-kinase activity reporter
AVM	 adult ventricular myocyte
β1AR	 β1 adrenergic receptor
CFP	 cyan fluorescent protein
CGP	 CGP 20712A
EHNA	 erythro-9-(2-hydroxy-3-nonly)adenine
FKBP	 FK506 binding protein 12.6
FRET	 Förster resonance energy transfer
ICI	 ICI-118551
LTCC	 L-type calcium channel
MAO-A	 monoamino oxidase A
PDE	 phosphodiesterase
PKA	 protein kinase A
PLB	 phospholamban
PM	 plasma membrane
RyR	 ryanodine receptor
SERCA2a	 (Sarco)endoplasmic reticulum calcium 

ATPase 2a
SR	 sarcoplasmic reticulum
YFP	 yellow fluorescent protein
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Male C57BL/6J mice were purchased from Jackson 
Laboratory (Sacramento, CA); 10- to 12-week-old mice 
(15/group) were used in chronic infusion of isoproterenol 
to induce cardiomyopathies or saline as control.25,26 
Animals were housed in cages in a room with controlled 
temperature, humidity, and 12-12-hour light–dark cycle. 
Animals developing cardiomyopathy were monitored 
daily and terminated when reaching human end point. 
After anesthesia with inhalation of 2.0% isoflurane and 
oxygen, mice were euthanized to harvest hearts. All 
studies were randomized and blinded for data analysis. 
All samples or animals were included in the analysis.

Reagents
All reagents were obtained from Millipore-Sigma 
(St. Louis, MO). β-adrenergic agonist, isoproterenol 
(100 nmol/L) was applied to cultured mouse myocytes 
with a β1AR antagonist (CGP 20712A, 300 nmol/L) or 
a β2AR antagonist (ICI 118551, 100 nmol/L). Forskolin 
(10 μmol/L) and isobutylmethylxanthine (100 μmol/L) 
were used to activate cAMP and PKA in myocytes 
maximally. Inhibitor of PDE4 rolipram (10 μmol/L), PDE2 
erythro-9-(2-hydroxy-3-nonly)adenine (10 μmol/L), and 
PDE3 cilostamide (1 μmol/L) were also used as indicated. 
Calcium indicator fluo-4 AM (2–5 μmol/L, Thermo Fisher 
Scientific, Waltham, MA) was used to measure calcium 
transient. All 3 PKA activity biosensors, PM-AKAR3, 
SR-AKAR3, and FKBP (FK506 binding protein)-AKAR3, 
have been extensively characterized previously.22,23,27 
FKBP-AKAR3 was generated by fusing AKAR3 to the 
C-terminus of FKBP12.6. SR-AKAR3 was generated by 
fusing AKAR3 to the C-terminus of monomerized PLB, 
whereas PM-AKAR3 was generated by fusing the CAAX 
membrane targeting sequence KKKKKSKTKCVIM to 
the C-terminus of AKAR3 described previously.22,23,27 
The AKAR3 cDNAs were then subcloned into pshuttle 
vector to generate recombinant padeasy vector for mak-
ing adenovirus. Adenoviruses containing the AKAR3 fu-
sion genes were made and further amplified in HEK293 
cells. The recombinant was purified with a CsCl gradi-
ent. We successfully produced the adenoviruses with a 
titer of 1010 to 1012 pfu/mL.22,23,27

Transthoracic Echocardiography
Animals were anesthetized with inhaled isoflurane 
(1%–1.5%) via a nose cone for transthoracic echocardi-
ography. The mice were placed on the platform of the 
Vevo 2100 imaging system (VisualSonics, Toronto, ON, 
Canada) in the supine position. The ECG, body temper-
ature, and respiration rate were measured while main-
taining the heart rate at around 450 beats per minute. A 
22 to 55 MHz linear probe (MS550D) was used to col-
lect the 2-dimensional short-axis projection images.3,25 
Systolic heart function parameters were analyzed in at 
least 3 heartbeats from each image in a blinded fashion.

Adult Ventricular Cardiomyocytes 
Isolation From Adult Mice
AVMs were isolated as previously described.3,25,28 The 
anesthesia of mice was induced by 2% isoflurane. The 
isolated heart was cannuled to a Langendorf perfu-
sion system. The heart was perfused with the diges-
tion buffer (NaCl 120 mmol/L, NaH2PO4 1.2 mmol/L, KCl 
5.4 mmol/L, MgSO4 1.2 mmol/L, NaHCO3 20 mmol/L, 
glucose 5.6 mmol/L, taurine 20 mmol/L, 2,3-butanedione 
monoxime 10 mmol/L, PH7.4). Subsequently, the heart 
was perfused with the buffer containing collagenase 
and protease (predigestion solution: 0.05% type II col-
lagenase (Worthington Biochemical, Lakewood, NJ), 
0.01% type XIV protease (Sigma-Aldrich), and 0.1% BSA; 
digestion solution: 0.2% type II collagenase, 0.04% type 
XIV protease, 50 μmol/L CaCl2, and 0.1% BSA). The iso-
lated myocytes were harvested from digestion buffer. 
Isolated AVMs were used for Western blotting, calcium 
transient and sarcomere shortening recording, proximity 
ligation assays, and FRET assays.

Western Blotting
AVMs from saline and isoproterenol-induced mice were 
treated with rolipram (10 μmol/L, Sigma-Aldrich) for 
10 minutes. Alternatively, AVMs were treated with rolipram 
and isoproterenol (100 nmol/L) stimulation for 10 minutes 
to detect the effects of rolipram on isoproterenol-induced 
phosphorylation of PLB and RyR. The treated AVMs or 
heart tissues from indicated mice were lysed with RIPA 
buffer supplement with proteinase and phosphatase 
inhibitors. Immunoblotting was applied to detect the 
phospho-RyR at Ser2808 (ab59225, Abcam, Cambridge, 
MA), phospho-RyR at Ser2814 (pRyRS2814, A010-31AP, 
Badrilla, Leeds, UK), RyR (MA3-925, Thermofisher, IL), 
β1AR (sc-568, Santa Cruz, Dallas, TX), PDE4D (ab14613, 
Abcam, Cambridge, MA), PLB (A010-14, Badrilla, Leeds, 
UK), phospho-PLB at Ser16 (pPLBS16, A010-12AP, 
Badrilla, Leeds, UK), phospho-PLB at Thr17 (pPLBT17, 
A010-13AP, Badrilla, Leeds, UK), SERCA2a (MA3-911, 
Thermo Fisher Scientific. Waltham, MA), PDE3A (kind 
gifts from Yan Chen at University of Rochester), PDE4A 
and PDE4B (kind gifts from Marco Conti at University 
of California at San Francisco), TnI (troponin I; 4002, 
Cell Signaling, Danvers, MA), phospho-TnI at Ser23/24 
(pTnIS23/24, 4004, Cell Signaling, Danvers, MA), and γ-
tubulin (T6557, Sigma-Aldrich, St Louis, MO). The antibod-
ies for β1AR and LTCC have been validated previously.3,29 
IRDye 680RD goat anti-rabbit IgG secondary antibody 
(926–68 071, LI-COR, Lincoln, NE) and IRDye 800CW 
goat anti-mouse IgG secondary antibody (926–32 210, 
LI-COR, Lincoln, NE) were used for multicolor detection. 
PVDF membranes were scanned on Biorad Chemidoc 
MP imaging system (Biorad Laboratory, CA). The optical 
density of the bands was analyzed with National Institutes 
of Health Image J software (https://​imagej.​nih.​gov/​ij/​).

https://imagej.nih.gov/ij/
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Figure 1.  Chronic adrenergic stress promotes the downregulation of cardiac 
β1AR protein and signaling at the plasma membrane.
A and B, Western blots show the specific detection of β1AR in heart lysates from WT and 
β1AR-KO mice, and protein levels of β1AR, Gs, and Gi3 in the hearts after chronic infusion 
with saline and isoproterenol (cardiomyopathy) for 2 weeks. Multiple bands of β1AR 
detected with antibody may be due to posttranslational modification of the receptor.33 
Coomassie blue staining shows total protein loads. N=8. P values were analyzed 
using Student’s t test. C and D, Immunofluorescence staining of β1AR and LTCC in 
AVMs. Proximity ligation assay to probe the association between β1AR and LTCC on 
the plasma membrane in AVMs isolated from mice after chronic infusion with saline 
or isoproterenol. Dot plots representing mean±SEM of the indicated number of AVMs 
from 5 mice. P values were analyzed using Student’s t test. E and F, Time courses and 
maximal increases in PM-AKAR3 YFP/CFP ratio in AVMs after isoproterenol (100 nmol/L) 
stimulation alone or in the presence of β1AR antagonist CGP20712a (CGP, 300 nmol/L) 
or β2AR antagonist ICI118551 (ICI, 100 nmol/L). Isobutylmethylxanthine (100 μmol/L) and 
forskolin (10 μmol/L) were added after isoproterenol stimulation. P values were analyzed 
using 2-way ANOVA followed by Tukey’s test. G, Maximal increases in YFP/CFP ratio 
of PM-AKAR3 after stimulation with isoproterenol or isobutylmethylxanthine+forskolin. 
Dot plots representing mean±SEM of the indicated number of AVMs from 6 mice. 
P values were analyzed using Student’s t test. AVM indicates adult ventricular myocyte; 
β1AR, β1 adrenergic receptor; CFP, cyan fluorescent protein; CGP, CGP20712a; CM, 
cardiomyopathy; FSK, forskolin; Gs, stimulatory G protein, Gi3, inhibitory G protein 3; 
IBMX, isobutylmethylxanthine; ICI, ICI118551; ISO, isoproterenol; KO, knockout; LTCC, 
L-type calcium channel; PM-AKAR3, plasma membrane anchored a kinase activity 
reporter 3, Sal, saline; WT, wild type; and YFP, yellow fluorescent protein.
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Figure 2.  Chronic adrenergic stress decreases β1AR association with RyR2 and increases β1AR 
association with SERCA2a.
A, Immunofluorescence staining of RyR2 and SERCA2a in AVMs. B, Proximity ligation assay to probe the 
association between RyR2 and SERCA2a in AVMs isolated from mice after chronic infusion with saline or 
isoproterenol (CM). Dot plots represent mean±SEM of individual AVMs from 5 mice. P values were analyzed 
using 2-way ANOVA followed by Tukey’s test. C and D, Proximity ligation assay to probe the association of β1AR 
with RyR2 and SERCA2a in AVMs isolated from mice after chronic infusion with saline or isoproterenol. Dot plots 
represent mean±SEM of individual AVMs from 5 mice. P values were analyzed using Student’s t test. E and F, The 
phosphorylation of PLB at serine 16 and threonine 17, RyR2 at serine 2808 and 2814, TnI at serine 23/24, and the 
total protein of PLB, SERCA2a, RyR2, and TnI were examined in Western blots and quantified in dot plots. N=8. 
Dot plots representing mean±SEM. P values were analyzed using Student’s t test. AVM indicates adult ventricular 
myocyte; β1AR, β1 adrenergic receptor; CM, cardiomyopathy; PLB, phospholamban; RyR2, ryanodine receptor 
2; Sal, saline; SERCA2a, (Sarco)endoplasmic reticulum calcium ATPase 2a; and TnI, troponin I.
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Fluorescence Resonance Energy Transfer 
Assay
The FRET assay was carried out following the method re-
ported before.22,23,27,28 Briefly, AVMs were cultured in serum-
free M1018 media with 6.25 μmol/L blebbistatin (PH 7.35, 
Sigma-Aldrich). Cells were infected with adenoviruses ex-
pressing PM-AKAR3, FKBP-AKAR3, and SR-AKAR322,23 
biosensors for 36 hours before recording (DMI3000 B, 
Buffalo Grove, IL). Recombinant adenoviruses were gen-
erated with the pAdeasy system (Qbiogene, Carlsbad, 
CA) as previously described.22,23,27,28 The myocytes were 
recorded using Metafluor software (Molecular Devices, 
Sunnyvale, CA). CFP (cyan fluorescent protein) and YFP 
(yellow fluorescent protein) were imaged (200 milliseconds) 
with 20-second interval. AVMs were recorded at the base-
line and after treatment with isoproterenol (100 nmol/L), 
ICI 118551 (ICI, I127, Sigma-Aldrich), CGP 20712a (CGP, 
C125, Sigma-Aldrich), rolipram (Sigma-Aldrich), isobutyl-
methylxanthine (HY-12318, MedChemExpress LLC), and 
forskolin (F-9929, LC Laboratories). Fluorescence emis-
sion intensity at 545 nmol/L (YFP) and 480 nmol/L (CFP) 
was subjected to background subtraction. YFP/CFP ratio 
was analyzed as F/F0, in which F is at time t and F0 is 
the baseline. An increase in the YFP/CFP indicates the ac-
tivation of PKA. The numbers of animals and cells were 
labeled in the figures.

AVMs Sarcomere Shortening and Calcium 
Transient Detection
As previously reported,3,25,30 freshly isolated AVMs were 
loaded with 5 μmol/L Fluo-4 AM (Thermo Fisher Scientific, 
Waltham, MA) for 15 minutes in the dark at room tem-
perature and rinsed with PBS without calcium for 10 min-
utes. AVMs were then placed on a dish and paced at 1 Hz 
with a SD9 stimulator (Grass Technology, Warwick, RI). 

Metamorph software was used to image beating cells in 
a bright field or in 488 nm emission channel before and 
5 minutes after drug administration with a Zeiss AX10 in-
verted fluorescence microscope (Zeiss AX10, Dublin, CA). 
Fractional shortening was analyzed in movies acquired in 
bright field using Metamorph software and calcium tran-
sient amplitude and decay time (Tau) were analyzed in 
movies acquired in 488 nm channel using customized 
software (GaiLab) as reported.3,25,30 The numbers of ani-
mals and cells were labeled in the figures.

Proximity Ligation Assay
AVMs were fixed with 4% paraformaldehyde for 15 min-
utes. AVMs were permeabilized (0.2% NP-40, 2% goat 
serum in PBS) and incubated at 4 °C overnight with pri-
mary antibodies against β1AR and LTCC Cav1.2, β1AR 
and RyR2, β1AR and SERCA2a, or RyR2 and SERCA2a 
(Table  S1). Mouse normal IgG (sc-2025, Santa Cruz) 
were used as controls. SERCA2a (MAB2636, Millipore, 
CA), LTCC Cav1.2 (NeuroMab Clone N263/31), RyR2 
(MA3-925, Thermo fisher, MA), and rabbit polyclonal 
β1AR (sc-568, Santa Cruz, Dallas, TX) antibodies were 
used to detect the in situ interaction between β1AR and 
LTCC, SERCA2a, or RyR in AVMs from isoproterenol 
infusion mice and the controls. After incubation with 
the primary antibodies, the AVMs were incubated with 
secondary antibodies against mouse and rabbit pri-
mary antibodies labeled with oligonucleotides, which 
when present within 40 nm undertake rolling circle am-
plification to generate a specific fluorescent signal after 
the addition of labeled probes. The samples were sub-
jected to proximity ligation assay based on the manu-
facturer’s protocol (Sigma-Aldrich). The color images 
of polymerized DNA were collected on a Leica Falcon 
SP8 confocal microscope and analyzed double-blindly 
on ImageJ. Representative figures/images reflected 
the average levels of each experiment.

Figure 3.  Chronic adrenergic stress selectively downregulates the β1AR-induced PKA activity at the RyR2 but not at the 
SERCA2a.
A, Cartoon illustrates the FKBP-AKAR3 and SR-AKAR3 biosensors to detect local PKA activities at the RyR2- and SERCA2a-associated 
nanodomains in AVMs. Mice were subjected to chronic infusion with saline or isoproterenol (CM). AVMs were isolated to express FKBP-
AKAR3 or SR-AKAR3 biosensors. B through D, Time courses of FKBP-AKAR3 YFP/CFP ratio in AVMs after isoproterenol (100 nmol/L) 
stimulation and in the presence of β1AR antagonist CGP20712a (CGP, 300 nmol/L) or β2AR antagonist ICI118551 (ICI, 100 nmol/L). After 
isoproterenol stimulation, Isobutylmethylxanthine (100 μmol/L) and forskolin (10 μmol/L) were added. E, Data show maximal increases 
in YFP/CFP ratio of FKBP-AKAR3 after stimulation with isoproterenol alone or in the presence of β1AR antagonist CGP (300 nmol/L) 
or β2AR antagonist ICI (100 nmol/L). P values were analyzed using 2-way ANOVA followed by Tukey’s test. F through H, Time courses 
of SR-AKAR3 YFP/CFP ratio in AVMs after stimulation with isoproterenol (100 nmol/L) and in the presence of β1AR antagonist CGP 
or β2AR antagonist ICI. Isobutylmethylxanthine (100 μmol/L) and forskolin (10 μmol/L) were added after isoproterenol stimulation. I, 
Data show maximal increases in YFP/CFP ratio of SR-AKAR3 after stimulation with isoproterenol alone or in the presence of β1AR 
antagonist CGP (300 nmol/L) or β2AR antagonist ICI (100 nmol/L). P values were analyzed using 2-way ANOVA followed by Tukey’s test. 
J and K, Data show maximal increase in YFP/CFP ratio of SR-AKAR3 and FKBP-AKAR3 after stimulation with isobutylmethylxanthine 
and forskolin. Dot plots representing mean±SEM of the indicated number of AVMs from 5 Sal and 8 CM mice. P values were analyzed 
using Student’s t test. AVM indicates adult ventricular myocyte; β1AR, β1 adrenergic receptor; CFP, cyan fluorescent protein; CGP, 
CGP20712a; CM, cardiomyopathy; FKBP-AKAR3, FK506 binding protein 12.6 anchored a kinase activity reporter 3; FSK, forskolin; 
IBMX, isobutylmethylxanthine; ICI, ICI118551; ISO, isoproterenol; PKA, protein kinase A; RyR2, ryanodine receptor 2; Sal, saline; 
SERCA2a, (Sarco)endoplasmic reticulum calcium ATPase 2a; SR-AKAR3, sarcoplasmic reticulum anchored a kinase activity reporter 
3; and YFP, yellow fluorescent protein.
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Statistical Analysis
All data are expressed as mean±SEM. The sample 
size was calculated using power analysis with a power 
of 0.8 for a value of α=0.05. To achieve statistical sig-
nificance, the sample size (number) was at least 5. An 
unpaired, 2-tailed Student t test was used for 2-group 

comparisons and ANOVA with multiple testing cor-
rection for 3 or more group comparisons, performed 
on continuous, normally distributed data assessed 
in GraphPad Prism 9 with significance at alpha=0.05 
(GraphPad Inc., San Diego, CA). P≤0.05 was consid-
ered significant.
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RESULTS
Chronic Adrenergic Stress Promotes the 
Downregulation of β1AR and Signaling at 
the PM and RyR2 Complexes
We examined the alteration of adrenergic signaling 
in cardiomyopathy induced by chronic isoproterenol 
infusion (60 mg/kg per day, 2 weeks). The isoproter-
enol infusion-induced cardiomyopathy was featured 
with decreased ejection fraction (Table S2).5,31,32 After 
chronic isoproterenol infusion, mouse hearts displayed 
reduced protein level of the β1AR but not G proteins 
(Figure  1A and 1B33). We performed proximity liga-
tion assay between β1AR and LTCC to examine the 
receptor association with LTCC on the PM of AVMs 
isolated from mice after saline and isoproterenol in-
fusion. AVMs from the isoproterenol-infused hearts 
displayed a reduced β1AR association with LTCC 
compared with saline controls (Figure 1C and 1D). We 
also applied FRET-based PKA biosensor AKAR3 an-
chored on the PM (PM-AKAR3) to detect PKA activ-
ity induced by adrenergic stimulation (Figure  1E). In 
AVMs from saline-infused mice, stimulation with iso-
proterenol induced robust increases in the FRET ratio 
of PM-AKAR3 biosensor, indicating increases in PKA 
activities (Figure  1E). β1AR blocker CGP20712a but 
not β2AR blocker ICI118551abolished the adrenergic-
induced PKA activities at the PM in AVMs (Figure 1F). 
However, isoproterenol minimally increased the FRET 
ratio of PM-AKAR3 biosensors in AVMs from mice after 
chronic isoproterenol infusion (Figure 1E and 1F). As a 
control, isobutylmethylxanthine and forskolin promoted 
equivalent PKA activities in AVMs from both saline and 
isoproterenol -infused mice (Figure 1E and 1G). These 
data suggest cardiac β1AR-PKA signaling is downregu-
lated at the PM in AVMs after chronic adrenergic stress.
Both SERCA2a and RyR2 are distributed on the SR 
membrane. SERCA2a and RyR2 also displayed an 
association in healthy AVMs, which was drastically 
reduced in AVMs from the isoproterenol-infused mice 
(Figure 2A and 2B). We have recently shown that an 
intracellular pool of β1AR selectively forms complexes 

with SERCA2a,4,5 which draws a contrast to the recep-
tor at the PM. In isolated AVMs, we examined the β1AR 
association with RyR2 and SERCA2a at the SR. The 
isoproterenol-infused mice displayed reduced β1AR 
association with RyR2 in AVMs (Figure 2C), whereas 
the association of β1AR with SERCA2a was increased 
(Figure  2D). Meanwhile, the isoproterenol-infused 
hearts displayed reduced phosphorylation of RyR2 
at serine 2808 and 2814 relative to saline controls 
(Figure  2E through 2F). The PKA phosphorylation of 
PLB at serine 16 was also reduced in the isoproterenol-
infused hearts, together with reduced SERCA2a pro-
tein expression (Figure 2E through 2F). Additionally, the 
hearts displayed minimal changes in phosphorylation 
of PLB at the Ca2+/calmodulin-dependent protein ki-
nase II site of threonine 17 and phosphorylation of TnI 
at serine 23/24 after isoproterenol infusion relative to 
saline groups (Figure 2E through 2F).
We then applied PKA biosensor FKBP-AKAR3 anchored 
to RyR224 and SR-AKAR3 anchored to SERCA2a22,23 
to analyze the subcellular βAR-PKA signaling in AVMs 
(Figure 3A). AVMs from the isoproterenol-infused mice 
displayed a lower adrenergic-induced PKA activity at 
the RyR2 than saline controls (Figure 3B through 3E). 
The adrenergic-induced PKA activities at the RyR2 
were abolished by β1AR blocker CGP20712a but not 
β2AR blocker ICI118551 in AVMs from both saline and 
isoproterenol-infused hearts (Figure  3C through 3E). 
In comparison, AVMs from saline and isoproterenol-
infused hearts displayed similar adrenergic-PKA 
signaling at the SERCA2a, which was blocked by 
CGP20712a but not by ICI118551 (Figure 3F through 
3I). These data indicate that the isoproterenol-induced 
β1AR signaling is selectively desensitized at the RyR2 in 
AVMs from the isoproterenol-infused mice. Meanwhile, 
isobutylmethylxanthine and forskolin promoted equiv-
alent PKA activities at RyR2 and SERCA2a between 
AVMs from saline and isoproterenol-infused mice, re-
spectively (Figure 3J and 3K). These data suggest dis-
tinct remodeling of β1AR-PKA signaling at the RyR2 
and SERCA2a complexes in the hearts after chronic 
adrenergic stimulation.

Figure 4.  Chronic adrenergic stress changes the protein expression levels of phosphodiesterase isoforms and subcellular 
PKA activities at the RyR2 and SERCA2a.
A and B, Western blots show the protein levels of PDE2A, PDE3A, PDE4A, PDE4B, and PDE4D in the hearts after chronic infusion of saline 
or isoproterenol (CM). Coomassie blue staining shows total protein loads. N=8. Data represent mean±SEM of individual mice. P values 
were obtained using Student’s t test. C and D, Time courses show PM-AKAR3 YFP/CFP ratio after treatment with PDE2 inhibitor EHNA 
(10 μmol/L), PDE3 inhibitor cilostamide (1 μmol/L), PDE4 inhibitor rolipram (10 μmol/L), or the combination of PDE3 and PDE4 inhibitor in 
AVMs from Sal and isoprotereno-infused hearts. E through G, The baseline and maximal YFP/CFP ratio of PM-AKAR3, SR-AKAR3, and 
FKBP-AKAR3 after treatment with PDE inhibitors. Dot plots represent mean±SEM of individual AVMs. P values were analyzed using 
2-way ANOVA followed by Tukey’s test. AVM indicates adult ventricular myocyte; C+R, cilostamide+rolipram; CFP, cyan fluorescent 
protein; Cilo, cilostamide; CM, cardiomyopathy; EHNA, erythro-9-(2-hydroxy-3-nonly)adenine; FKBP-AKAR3, FK506 binding protein 
12.6 anchored a kinase activity reporter 3; PDE2A, phosphodiesterase 2A; PDE3A, phosphodiesterase 3A; PDE4D, phosphodiesterase 
4D; PDE4A, phosphodiesterase 4A; PDE4B, phosphodiesterase 4B; PKA, protein kinase A; PM-AKAR3, plasma membrane anchored 
a kinase activity reporter 3; RyR2, ryanodine receptor 2; Sal, saline; SERCA2a, (Sarco)endoplasmic reticulum calcium ATPase 2a; SR-
AKAR3, sarcoplasmic reticulum anchored a kinase activity reporter 3; Roli, rolipram; and YFP, yellow fluorescent protein.
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Chronic Adrenergic Stress Alters the 
Protein Levels of PDE3 and 4 Isoforms to 
Affect the Local PKA Activity at the RyR2 
Complexes
We have previously shown that PDE4D isoforms asso-
ciate with cardiac β1AR and β2AR and regulate subcel-
lular cAMP-PKA activity in AVMs.13–15 Cardiac diseases 

are associated with altered PDE gene expression in 
the myocardium.25 Among the highly expressed car-
diac PDEs, we showed that cardiac PDE3A were re-
duced in the hearts after chronic isoproterenol infusion 
(Figure 4A and 4B). In comparison, PDE4A and PDE4B 
displayed increased protein levels in the isoproterenol-
infused hearts (Figure 4A and 4B). We assessed the 
individual PDE genes in controlling local cAMP-PKA 
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activities at different subcellular membranes. Inhibiting 
PDE4, but not PDE2 and PDE3, increased PKA ac-
tivity at the PM in the control AVMs from saline mice 
(Figure 4C through 4E). Inhibition of PDE4 and PDE3 
also synergistically enhanced PKA activities at the PM 
in control AVMs (Figure 4C through 4E). In AVMs from 
the mice after chronic isoproterenol infusion, inhibition 
of PDE4 alone or PDE3 and PDE4 together yielded 
smaller increases in PKA activities at the PM than sa-
line controls (Figure 4D and 4E). Meanwhile, inhibition 
of PDE4 but not PDE2 and PDE3 promoted increases 
in PKA activities at the RyR2 and SERCA2a com-
plexes in the control AVMs from saline mice (Figure 4F 
and 4G). Inhibition of PDE3 and PDE4 synergistically 
increased PKA activities at the RyR2 and SERCA2a 
complexes (Figure 4F and 4G). In AVMs from the mice 
after chronic isoproterenol infusion, the PDE4 inhibitor-
induced response was attenuated at the SERCA2a 
but not in the RyR2 complexes (Figure 4F and 4G).

Inhibition of PDE3 and 4 Selectively 
Modulates the β1AR Signaling at the RyR2 
Complexes
PDE4D isoforms are functionally linked to cardiac β1AR 
and β2AR signaling in AVMs.13–16 We further assessed 
the impacts of PDE4 inhibitors on adrenergic stimu-
lation of local PKA activities in AVMs from mice after 
chronic saline or isoproterenol infusion. Inhibiting PDE4 
did not alter the adrenergic stimulation of PKA activity 
at the PM and SERCA2a and RyR2 complexes in AVMs 
from saline control mice (Figure 5A through 5F). In AVMs 
from mice with chronic isoproterenol infusion, inhibiting 
PDE4 enhanced adrenergic stimulation of PKA activ-
ity at the PM but did not change the responses at the 
SERCA2a and RyR2 complexes (Figure 5G through 5I). 
Recent studies indicate that PDE2 and PDE3 may have 
increased roles in regulating cardiac adrenergic signal-
ing in hypertrophic hearts.28,34 Inhibiting either PDE2 or 
PDE3 enhanced adrenergic stimulation of PKA activities 

at the RyR2 complexes but not the PM and SERCA2a 
complexes in the AVMs from isoproterenol-infused 
hearts (Figure 5J through 5L). Additionally, dual inhibition 
of PDE3 and PDE4 enhanced the adrenergic stimulation 
of PKA activities at the PM and RyR2 complexes but 
not the SERCA2a complexes in the hearts after chronic 
isoproterenol infusion (Figure 5J through 5L).
Inhibiting PDE4 also enhanced adrenergic stimula-
tion of calcium transient amplitude and sarcomere 
contractile shortening in AVMs from saline control 
mice (Figure  6A through 6E). Although the adrener-
gic responses were reduced in AVMs from mice after 
chronic isoproterenol infusion, the effects of the PDE4 
inhibitor were detected in calcium transient tau but 
not amplitude and sarcomere shortening (Figure  6A 
through 6E). Interestingly, inhibiting PDE3 rescued adr-
energic responses in calcium transient amplitude and 
sarcomere contractile shortening, whereas inhibiting 
PDE2 only restored the isoproterenol-induced calcium 
transient amplitude (Figure 6F through 6J). Addition of 
isobutylmethylxanthine and forskolin induced similar 
increases in calcium cycling and sarcomere shorten-
ing in AVMs from the saline and isoproterenol-infused 
mice (Figure 6K through 6M). These data suggest that 
inhibition of PDE3 is an effective strategy to restore 
PKA activity at the RyR2, calcium cycling, and con-
tractile shortening in AVMs from the mice after chronic 
isoproterenol infusion.

Inhibition of Monoamine Oxidase Rescues 
the β1AR-Induced PKA Activity at the 
SERCA2a Complexes in Cardiomyopathy
Catecholamine-induced PKA activity at the SERCA2 
is subjected to additional regulation by catecholamine 
transport and metabolism in AVMs.4–6 MAO-A (mon-
oamino oxidase A) is upregulated in HF to increase 
catecholamine metabolism.35,36 We found that the en-
dogenous norepinephrine induced a smaller increase 
in PKA activity at the SERCA2a and RyR2 in AVMs 

Figure 5.  Inhibiting PDE affects the isoproterenol-induced subcellular PKA activities in AVMs from mice after chronic 
infusion with isoproterenol.
Mice were subjected to chronic infusion with saline or isoproterenol. AVMs were isolated to express PM-AKAR3, FKBP-AKAR3, and 
SR-AKAR3 biosensors. A through C, AVMs from saline-infused mice were stimulated with isoproterenol (100 nmol/L) alone or together 
with PDE4 inhibitor rolipram (10 μmol/L). Time courses show PM-AKAR3, SR-AKAR3, and FKBP-AKAR3 YFP/CFP ratio in AVMs after 
treatment. D through F, Dot plots represent mean±SEM of YFP/CFP ratio in individual AVMs from 5 mice. P values were analyzed using 
Student’s t test. G through I, AVMs from isoproterenol-infused mice were stimulated with isoproterenol (100 nmol/L) alone or together 
with PDE4 inhibitor rolipram (10 μmol/L). Time courses show PM-AKAR3, SR-AKAR3, and FKBP-AKAR3 YFP/CFP ratio in AVMs after 
treatment with isoproterenol and rolipram. J through L, AVMs from isoproterenol-infused mice were stimulated with isoproterenol 
(100 nmol/L) alone or together with PDE2 inhibitor EHNA (10 μmol/L), PDE3 inhibitor cilostamide (1 μmol/L), PDE4 inhibitor rolipram 
(10 μmol/L), or the combination of cilostamide and rolipram. Dot plots representing mean±SEM of YFP/CFP ratio in individual AVMs 
from 5 mice. P values were analyzed using 1-way ANOVA followed by Tukey’s test. AVM indicates adult ventricular myocyte; C+R, 
cilostamide+rolipram; CFP, cyan fluorescent protein; Cilo, cilostamide; CM, cardiomyopathy; EHNA, erythro-9-(2-hydroxy-3-nonly)
adenine; FKBP-AKAR3, FK506 binding protein 12.6 anchored a kinase activity reporter 3; ISO, isoproterenol; PDE, phosphodiesterase; 
PKA, protein kinase A; PM-AKAR3, plasma membrane anchored a kinase activity reporter 3; Roli, rolipram; RyR2, ryanodine receptor 
2; Sal, saline; SERCA2a, (Sarco)endoplasmic reticulum calcium ATPase 2a; SR-AKAR3, sarcoplasmic reticulum anchored a kinase 
activity reporter 3; and YFP, yellow fluorescent protein.
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from the isoproterenol-infused mice relative to saline 
controls, respectively (Figure 7A and 7B). Inhibition of 
MAO-A selectively rescued the norepinephrine-induced 
response at the SERCA2a but not the RyR2 (Figure 7A 
and 7B). Accordingly, norepinephrine induced smaller 

responses in calcium cycling and sarcomere contrac-
tile shortening in AVMs from the isoproterenol-infused 
mice relative to saline controls (Figure 7C through 7G); 
inhibiting MAO-A restored the norepinephrine-induced 
calcium cycling and sarcomere contractile shortening 
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(Figure 7C through 7G). These data suggest that the 
catecholamine-induced internal β1AR activity at the 
SERCA2a is suppressed by MAO-A-mediated me-
tabolism in AVMs from the isoproterenol-infused mice.

DISCUSSION
In this study, we have characterized distinct mecha-
nisms for the downregulation of subcellular adrenergic 
signaling at the PM and RyR2 and SERCA2a com-
plexes in AVMs from the mice after chronic adrener-
gic stress. The β1AR protein levels and association with 
LTCC and RyR2 were reduced in hearts after chronic 
isoproterenol infusion. The β1AR-PKA signaling and 
PKA phosphorylation of substrates at these subcellular 
locations were reduced. Inhibition of PDE3 rescued the 
adrenergic-induced PKA activity at the RyR2 complexes 
and sarcomere contractile shortening in AVMs isolated 
from the isoproterenol-infused mice. In comparison, the 
β1AR association with SERCA2a was increased even 
though the PKA phosphorylation of phospholamban in 
the hearts was reduced after chronic isoproterenol infu-
sion. Further studies revealed a reduced endogenous 
catecholamine (norepinephrine)-induced PKA activity 
at the SERCA2a complexes. Inhibition of MAO-A res-
cued the norepinephrine-induced PKA activity at the 
SERCA2a complexes, calcium cycling, and sarcomere 
contractile shortening in AVMs from the mice after 
chronic isoproterenol infusion. Our data uncover distinct 
mechanisms underlying the downregulation of β1AR 
signaling at subcellular membranes for cardiac contrac-
tion and relaxation and reveal strategies to restore the 
local PKA activity and cardiac excitation-contraction 
coupling in AVMs from the mice after chronic isoproter-
enol infusion (Figure 7H and 7I).

In AVMs, the RyR2- and SERCA2a-mediated SR 
calcium release and uptake critically affect myocyte 
calcium cycling, thus regulating cardiac systolic and 
diastolic function.7,8 β-adrenergic signaling increases 
RyR2 and SERCA2a function by PKA-dependent 

phosphorylation of RyR2 and PLB. Despite the el-
evated sympathetic drive in HF, a reduced PKA 
phosphorylation of PLB is often observed, leading to 
impaired SERCA2a function and calcium reuptake to 
the SR.6,37–39 In comparison, RyR2 usually displays 
either minimal change or increased activity in HF, 
leading to increased SR calcium leakage.31,40,41 The 
mechanisms underlying these alterations are not en-
tirely understood. LTCC is tightly coupled to RyR2 at 
the junctional SR, reflecting the strong interaction be-
tween the 2 membranes.42 Thus, a fraction of RyR2 
interacts with LTCC at the junctional SR, forming a 
local functional unit likely controlled by the β1AR in 
the vicinity. Previous studies show that cardiac β1AR 
is not degraded but is redistributed from the PM to 
intracellular compartments via receptor endocytosis 
at an early stage of human HF.43 Similarly, β1AR does 
not display downregulation at the adaptive stage of 
HF development in a transverse aortic constriction 
model.34 In this study, under chronic infusion with 
a high concentration of isoproterenol, the reduced 
β1AR protein level is detected; thus, both the β1AR 
protein level and distribution could contribute to the 
reduced receptor association with LTCC and RyR2. 
Accordingly, we detected reduced PKA activity at 
the PM and RyR2 complexes, likely in junctional SR. 
These observations are consistent with the down-
regulation of β1AR signaling at the PM and RyR2 
complexes in rabbit HF models and human HF with 
reduced ejection fraction.28,34 Whereas others have 
observed a significant increase in β2AR signaling to 
the RyR2 complexes in AVMs from a transaortic con-
striction mouse model and human HF with reduced 
ejection fraction,34 we did not observe such changes 
in the model with chronic isoproterenol infusion. 
These data indicate that cardiac βAR signaling un-
dergoes dynamic adaptations in a disease model- 
and stage-dependent manner, likely depending on 
the activity of the sympathetic drive and other fac-
tors such as mechanical stress and disease devel-
opment. The impaired PKA signaling at the RyR2 

Figure 6.  Inhibiting PDE rescues the adrenergic-induced subcellular PKA activity and E-C coupling in AVMs from mice after 
chronic infusion with isoproterenol.
AVMs from saline and isoproterenol (CM)-infused mice were loaded with fluo-4 dye and paced at 1 Hz. CaT decay tau and amplitude and 
SS were recorded in AVMs after stimulation with isoproterenol. A and B, AVMs were stimulated with isoproterenol (100 nmol/L) in the 
presence of PDE4 inhibitor rolipram (10 μmol/L). CaT amplitude decay tau and SS were recorded in AVMs. Representative traces show 
CaT and SS. C through E, Data show maximal CaT amplitude and decay tau and SS in AVMs after stimulation. Dot plots representing 
mean±SEM of individual AVMs from 6 mice. P values were analyzed using 2-way ANOVA followed by Tukey’s test. F through G, AVMs 
were stimulated with isoproterenol (100 nmol/L) in the presence of PDE2 inhibitor EHNA (10 μmol/L) or PDE3 inhibitor cilostamide 
(1 μmol/L) as indicated. Representative traces show CaT and SS. H through J, Data show maximal CaT amplitude and decay tau and 
SS in AVMs after stimulation. Dot plots representing mean±SEM of individual AVMs from 6 mice. P values were analyzed using 2-way 
ANOVA followed by Tukey’s test. K through M, AVMs were stimulated with isobutylmethylxanthine (100 μmol/L) and forskolin (10 μmol/L). 
Data show maximal CaT amplitude and decay tau and SS in AVMs after stimulation. Dot plots representing mean±SEM of individual 
AVMs from 6 mice. P values were analyzed using Student’s t-test. AVM indicates adult ventricular myocyte; CM, cardiomyopathy; CaT, 
calcium transient; Cilo, cilostamide; E-C, excitation-contraction; EHNA, erythro-9-(2-hydroxy-3-nonly)adenine; FSK, forskolin; IBMX, 
isobutylmethylxanthine; ISO, isoproterenol; PDE, phosphodiesterase; PKA, protein kinase A; Roli, rolipram; Sal, saline; SS, sarcomere 
shortening; and tau, taurine.
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complexes likely contributes to impaired ion channel 
function, calcium cycling, and cardiac contractility.

On the other hand, SERCA2 may be enriched 
in numerous endoplasmic reticulum/SR membrane 

domains. Our proximity ligation assay shows an as-
sociation of SERCA2a with RyR2, which may include 
the codistribution of both proteins within junctional 
SR. However, an internal pool of β1AR associates with 
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SERCA2a on the SR but minimally associates with 
RyR2,4 indicating that the internal β1AR in association 
with SERCA2a likely forms a functional unit devoid of 
RyR2. Moreover, SERCA2a and RyR2 are regulated 
by different phosphatases and PDEs,17–21 further sup-
porting the presence of distinct signaling and func-
tional units on the SR. Recent studies show that the 
SERCA2a-associated β1AR is critical to regulating 
PLB phosphorylation, calcium reuptake, and cardiac 
diastolic relaxation.4,11 Interestingly, we observed an 
increased association of β1AR with SERCA2a with 
no reduction of β1AR-PKA signaling to the SERCA2a 
complexes in AVMs from mice with chronic isoprotere-
nol infusion. The increased association between β1AR 
and SERCA2a may be due to altered protein expres-
sion and distribution of β1AR in AVMs. For example, 
the β1AR may be relocated to the SR after endocy-
tosis; alternatively, the newly synthesized β1AR may 
be functionally retained in the SR to support the local 
signaling at the SERCA2a nanodomains during the 
development of HF.5 The mechanisms underlying the 
protein expression and distribution of β1AR, RyR2, and 
SERCA2a remain to be explored in future studies.

Even though the endogenous catecholamines are 
generally increased, HF still displays a downregulation 
of SERCA2a function associated with reduced PKA 
phosphorylation of PLB. The apparent contradictory 
observations are likely due to the increased expression 
of MAO-A in cardiac diseases,35,36 which metabolizes 
the catecholamines and prevents them from accessing 
the internal pool of β1AR at the SERCA2a-associated 
SR membrane nanodomains.4–6 We show that inhibi-
tion of MAO-A selectively rescued the norepinephrine-
induced local PKA activity at the SERCA2a but not at 
the RyR2 complexes. Inhibition of MAO-A partially res-
cued calcium cycling and sarcomere contractile short-
ening in AVMs from the isoproterenol-infused mice. In 

comparison, isoproterenol is not a perfect MAO-A sub-
strate, and the isoproterenol responses are not depen-
dent on MAO-A. These data highlight the alternations 
of cardiac signaling for impaired cardiac relaxation in 
isoproterenol infusion-induced cardiomyopathy.

Among PDE genes expressed in mouse hearts, 
PDE4 and PDE3 are 2 families linked to the local 
cAMP and PKA activities at the RyR2 and SERCA2a 
complexes.17–21 Here, we observed decreases in 
PDE3A and PDE4D and increases in PDE2A, PDE4A, 
and PDE4B protein levels. Previous studies also re-
veal dynamic alteration of PDE isoform activities in 
different membrane compartments in a rabbit HF 
model induced by combined aortic insufficiency 
and stenosis28 and in a mouse HF model with tran-
saortic constriction.34 We observed that inhibition 
of PDE2 and PDE3 but not PDE4 enhanced the 
isoproterenol-induced PKA signaling at the RyR2 
complexes. Moreover, inhibition of PDE3 also par-
tially rescued calcium cycling and sarcomere short-
ening in AVMs from the isoproterenol-infused mice, 
supporting its clinical utility as an inotropic agent. 
Similarly, in mouse models with transaortic constric-
tion, PDE2, and PDE3 display increased roles in con-
trolling adrenergic signaling at the RyR2 complexes.34 
However, PDE3 inhibitors could potentially promote 
SR calcium leakage, arrhythmias, and detrimental 
effects by increasing RyR2 function.44 Due to unfa-
vorable outcomes of the long-term usage of these 
agents in patients, PDE3 inhibitors are limited only to 
acute human HF therapy.45 Meanwhile, PDE4 had a 
diminished role in controlling adrenergic signaling at 
the RyR2 complexes in AVMs from the isoproterenol-
infused mice, consistent with the reported dissocia-
tion between PDE4D3 and RyR2, leading to elevated 
PKA phosphorylation of RyR2 and calcium leakage 
in human HF.17,46

Figure 7.  Inhibition of MAO-A rescues the norepinephrine-induced PKA activity at the SERCA2a nanodomains and E-C 
coupling in AVMs from mice cardiomyopathy.
A and B, FKBP-AKAR3 and SR-AKAR3 biosensors were expressed in AVMs isolated from mice after chronic infusion of saline 
or isoproterenol (CM). Dot plots show the maximal YFP/CFP ratio of FKBP-AKAR3 and SR-AKAR3 in AVMs after stimulation with 
norepinephrine (1 μmol/L) alone or in the presence of monoamine oxidase A inhibitor (MAOi, clorgyline, 5 μmol/L). P values were 
obtained using 2-way ANOVA followed by Tukey’s test. C through G, AVMs were loaded with fluo-4 AM dye and paced at 1 Hz. 
AVMs were then stimulated with norepinephrine (1 μmol/L) alone or in the presence of MAOi (5 μmol/L). CaT decay tau and amplitude 
and SS were recorded in AVMs after stimulation with norepinephrine. Representative traces show calcium transient and sarcomere 
shortening. Dot plots show maximal CaT amplitude and decay tau and SS in AVMs after stimulation. Dot plots representing mean±SEM 
of AVMs from 6 mice. P values were obtained using 2-way ANOVA followed by Tukey’s test. H and I, Working model of the subcellular 
β1AR signaling desensitization under chronic adrenergic stress. Cardiac β1AR is downregulated at the local RyR2 nanodomains in the 
mouse cardiomyopathy induced by chronic infusion of isoproterenol. In comparison, MAO-A-mediated restriction of the access of 
catecholamines to the β1AR at the SERCA2a nanodomains leads to impaired local signaling in the mouse cardiomyopathy induced by 
chronic infusion of isoproterenol. AVM indicates adult ventricular myocyte; β1AR, β1 adrenergic receptor; CaT, calcium transient; CFP, 
cyan fluorescent protein; Cilo, cilostamide; CM, cardiomyopathy; E-C, excitation-contraction; EHNA, erythro-9-(2-hydroxy-3-nonly)
adenine; FKBP-AKAR3, FK506 binding protein 12.6 anchored a kinase activity reporter 3; FSK, forskolin; IBMX, isobutylmethylxanthine; 
LTCC, L-type calcium channel; MAO-A monoamine oxidase A; MAOi, monoamine oxidase inhibitor; NE, norepinephrine; PDE4D, 
phosphodiesterase 4D; PKA, protein kinase A; Roli, rolipram; RyR2, ryanodine receptor 2; Sal, saline; SERCA2a, (Sarco)endoplasmic 
reticulum calcium ATPase 2a; SR-AKAR3, sarcoplasmic reticulum anchored a kinase activity reporter 3; SS, sarcomere shortening; tau, 
taurine; and YFP, yellow fluorescent protein.
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The biosensors offer great advantages in probing 
the dynamic local signaling in AVMs, and our AKAR3 
biosensors have been extensively characterized pre-
viously.22,23,27 However, the biosensor detection has 

several limitations. One caveat is that they may be 
mistargeted when overexpressed in AVMs. We should 
also be more cautious when probing AVMs from mice 
after chronic isoproterenol infusion, which may have 
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altered membrane structure, such as T-tubules.47 We 
could not rule out the possibility that these biosensors 
detect minor signals from unintended locations along 
the secretory pathways. Therefore, FRET data should 
be corroborated with cellular, biochemical, and func-
tional data. Meanwhile, due to the complexity of the 
distribution of individual channels and transporters on 
membrane structures, our study is limited to its bio-
chemical nature and does not address morphological 
and signaling alterations in individual membrane struc-
tures in AVMs.

CONCLUSION
Nevertheless, in this study, our data collectively sup-
port distinct remodeling of adrenergic signaling at 
the RyR2 and SERCA2a complexes in mouse car-
diomyopathy after a chronic infusion of isoproterenol. 
Our study offers strategies to restore the subcellu-
lar cardiac β1AR signaling and contractile function in 
cardiomyopathy associated with chronic sympathetic 
stress.
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