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Sören Brandenburg a,b,c,*, Jan Pawlowitz a, Vanessa Steckmeister d, Hariharan Subramanian e, 
Dennis Uhlenkamp a, Marina Scardigli f,g, Mufassra Mushtaq a, Saskia I. Amlaz a,c, 
Tobias Kohl a,c, Jörg W. Wegener a,c, Demetrios A. Arvanitis h, Despina Sanoudou h, 
Leonardo Sacconi g,i, Gerd Hasenfuß a,b,c, Niels Voigt b,c,d, Viacheslav O. Nikolaev e,j, 
Stephan E. Lehnart a,b,c,k,* 

a Cellular Biophysics and Translational Cardiology Section, Department of Cardiology & Pneumology, Heart Research Center Göttingen, University Medical Center 
Göttingen, Göttingen, Germany 
b DZHK (German Centre for Cardiovascular Research), partner site Göttingen, Germany 
c Cluster of Excellence "Multiscale Bioimaging: from Molecular Machines to Networks of Excitable Cells" (MBExC), University of Göttingen, Germany 
d Institute of Pharmacology and Toxicology, Heart Research Center Göttingen, University Medical Center Göttingen, Göttingen, Germany. 
e Institute of Experimental Cardiovascular Research, University Medical Center Hamburg-Eppendorf, Hamburg, Germany 
f Department of Physics and Astronomy, University of Florence, Florence, Italy 
g European Laboratory for Non-Linear Spectroscopy and National Institute of Optics (INO-CNR), Sesto Fiorentino, Italy 
h Molecular Biology Division, Biomedical Research Foundation, Academy of Athens, Athens, Greece 
i Institute for Experimental Cardiovascular Medicine, University Heart Center Freiburg, Faculty of Medicine, University of Freiburg, Freiburg im Breisgau, Germany 
j DZHK (German Centre for Cardiovascular Research), partner site Hamburg/Kiel/Lübeck, Germany 
k BioMET, Center for Biomedical Engineering and Technology, University of Maryland School of Medicine, Baltimore, MD, USA   

A R T I C L E  I N F O   

Keywords: 
Adenylyl cyclase 
Atrial myocyte 
cAMP 
Ca2+ signaling 
FRET biosensor 
Ryanodine receptor 

A B S T R A C T   

Axial tubule junctions with the sarcoplasmic reticulum control the rapid intracellular Ca2+-induced Ca2+ release 
that initiates atrial contraction. In atrial myocytes we previously identified a constitutively increased ryanodine 
receptor (RyR2) phosphorylation at junctional Ca2+ release sites, whereas non-junctional RyR2 clusters were 
phosphorylated acutely following β-adrenergic stimulation. Here, we hypothesized that the baseline synthesis of 
3′,5′-cyclic adenosine monophosphate (cAMP) is constitutively augmented in the axial tubule junctional com
partments of atrial myocytes. Confocal immunofluorescence imaging of atrial myocytes revealed that junctin, 
binding to RyR2 in the sarcoplasmic reticulum, was densely clustered at axial tubule junctions. Interestingly, a 
new transgenic junctin-targeted FRET cAMP biosensor was exclusively co-clustered in the junctional compart
ment, and hence allowed to monitor cAMP selectively in the vicinity of junctional RyR2 channels. To dissect local 
cAMP levels at axial tubule junctions versus subsurface Ca2+ release sites, we developed a confocal FRET imaging 
technique for living atrial myocytes. A constitutively high adenylyl cyclase activity sustained increased local 
cAMP levels at axial tubule junctions, whereas β-adrenergic stimulation overcame this cAMP compartmentation 
resulting in additional phosphorylation of non-junctional RyR2 clusters. Adenylyl cyclase inhibition, however, 
abolished the junctional RyR2 phosphorylation and decreased L-type Ca2+ channel currents, while FRET imaging 
showed a rapid cAMP decrease. In conclusion, FRET biosensor imaging identified compartmentalized, consti
tutively augmented cAMP levels in junctional dyads, driving both the locally increased phosphorylation of RyR2 
clusters and larger L-type Ca2+ current density in atrial myocytes. This cell-specific cAMP nanodomain is 
maintained by a constitutively increased adenylyl cyclase activity, contributing to the rapid junctional Ca2+- 
induced Ca2+ release, whereas β-adrenergic stimulation overcomes the junctional cAMP compartmentation 
through cell-wide activation of non-junctional RyR2 clusters.   
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1. Translational perspective 

Cell type-specific atrial myocyte functions are key to understand the 
molecular pathomechanisms of atrial cardiomyopathy, promoting ar
rhythmias and stroke. In atrial myocytes, axial tubule junctions with the 
sarcoplasmic reticulum contain highly phosphorylated RyR2 channel 
clusters priming Ca2+ release. We show that junctin is locally concen
trated in this atria-specific junctional compartment, locally and molec
ularly interacting with RyR2. In analogy, Epac1-JCN, a new transgenic 
cAMP-specific biosensor, co-localizes with junctional RyR2 clusters. 
Indeed, live-cell Epac1-JCN FRET imaging demonstrates constitutively 
increased junctional cAMP levels. Thus, augmented cAMP levels sustain 
the compartmentalized RyR2 phosphorylation. This newly discovered 
atria-specific cAMP nanodomain is directly relevant for future studies of 
atrial pathologies and furthermore for understanding of cAMP-targeted 
therapeutic interventions. 

2. Introduction 

In atrial myocytes (AMs), rapid intracellular Ca2+ signaling is 
controlled by cell-specific nanodomains namely extensive sarcolemmal 
axial tubule junctions with the sarcoplasmic reticulum (SR) [1]. 
Notably, similar network architectures predominantly composed of 
axial tubules were recently shown across mammalian species from 
mouse to human atria [2]. The atria-specific junctional Ca2+ release 
units are highly sensitive to Ca2+-dependent activation at least in part 
due to a constitutively increased protein kinase A (PKA) and Ca2+/ 
calmodulin-dependent protein kinase II (CaMKII) phosphorylation of 
the junctional ryanodine receptor type 2 (RyR2) at Ser2808 and 
Ser2814, respectively [1]. In sharp contrast, non-junctional RyR2 clus
ters, representing the great majority of atrial Ca2+ release channels, 
exhibit a much lower or no PKA or CaMKII phosphorylation under non- 
stimulated baseline conditions [1]. For the biogenesis of the junctional 
membrane complex in AMs, the membrane-tethering SR protein 
junctophilin-2, despite its relatively low expression level, is highly 
concentrated in axial tubule junctions together with the highly PKA and 
CaMKII phosphorylated RyR2 channels, whereas very little non- 
junctional junctophilin-2 exists and clusters with co-localized RyR2 
channels [3]. 

Previously, each of the L-type Ca2+ channel (LTCC) isoforms CaV1.2 
and CaV1.3 were shown to be densely clustered in the axial tubule 
membranes in AMs, where they locally activate Ca2+-induced Ca2+

release (CICR) upon membrane depolarization [1,2]. Both LTCC iso
forms as well as RyR2 channels are regulated in macromolecular protein 
complexes in the junctional nanodomain through adenylyl cyclases that 
catalyze the synthesis of the second messenger 3′,5′-cyclic adenosine 
monophosphate (cAMP) [4]. Although PKA and CaMKII were identified 
as the proximal kinases of the RyR2 substrate at axial tubule junctions, 
the atria-specific mechanism that underlies the constitutively increased 
junctional RyR2 phosphorylation at baseline in the absence of 
β-adrenergic stimulation is currently unknown [5]. 

Notably, CICR in AMs has been previously conceptualized as a slow 
Ca2+ signaling process described by U-shaped transversal Ca2+ tran
sients based on a model of sparse or no T-tubules [6–8]. However, more 
recent studies established an alternative rapid CICR model in AMs based 
on extensive axial tubule junctions [1–3]. In this novel AM model, 
β-adrenergic stimulation additionally recruits Ca2+ release sites through 
cell-wide PKA phosphorylation of the non-junctional RyR2 channel 
complexes, significantly accelerating and amplifying atrial SR Ca2+

release [1,9]. Hence, in contrast to the constitutively increased phos
phorylation of RyR2 clusters strictly at axial tubule junctions at baseline, 
β-adrenergic stimulation overcomes this junctional cAMP compart
mentation through recruitment of additional non-junctional PKA phos
phorylated RyR2 clusters and surrounding sarcomeres [1]. 

Previous studies further established the SR proteins calsequestrin-2, 
triadin and junctin as components of the quaternary macromolecular 

RyR2 Ca2+ release channel complex [10]. Junctin provides the physio
logically important interactions between calsequestrin-2 in the SR 
lumen and the RyR2 channel [11]. Interestingly, junctin knockout in the 
mouse heart leads to SR Ca2+ overload and enhanced cardiac contrac
tility, but also increases ventricular automaticity [12]. However, the 
subcellular junctin functions have not been studied in AMs previously. 

Here, we demonstrate the differential subcellular clustering of 
junctin in junctional versus non-junctional compartments in AMs in 
contrast to ventricular myocytes (VMs). Because the protein expression 
of junctin occurred at a ~ 80% lower atrial compared to the ventricular 
protein level, the atrial stoichiometric junctin/RyR2 ratio was signifi
cantly lower. While ventricular RyR2 clusters showed a high degree of 
junctin co-localization, atrial junctin was highly co-clustered with 
junctional but not with non-junctional RyR2 channels. Based on this 
atria-specific, differential subcellular junctin distribution, we developed 
a confocal imaging strategy to capture the local cAMP levels at baseline 
and pharmacological cAMP changes inside the atrial junctional nano
domains. Using the FRET cAMP biosensor Epac1 fused to the cyto
plasmic N-terminus of junctin (Epac1-JCN) transgenically expressed in 
the mouse heart [13], we monitored the local junctional cAMP con
centration changes at axial tubule junctions and peripheral subsurface 
Ca2+ release sites. Strikingly, constitutively increased baseline cAMP 
levels at axial tubule junctions in non-stimulated living AMs corre
sponded with an increased local adenylyl cyclase activity, driving both 
augmented LTCC currents and rapid local Ca2+ release flux through 
highly PKA phosphorylated RyR2 channels, jointly increasing CICR at 
axial tubules. Vice versa, pharmacological adenylyl cyclase inhibition 
acutely decreased the LTCC currents and abolished the junctional RyR2 
cluster phosphorylation, unmasking a constitutively augmented dyadic 
cAMP synthesis priming high-gain CICR at axial tubule junctions in AMs 
under baseline conditions. 

3. Methods 

Additional information is provided in the Supplementary Methods. 

3.1. Mouse cardiomyocytes 

AMs and VMs were isolated from adult, 10–16 weeks old C57BL/6 N 
mouse hearts using collagenase type II (Worthington) in nominally Ca2+

free perfusion buffer as described [1,14]. Please refer to Supplementary 
Table 1 for detailed information on the buffer compositions. Experi
mental inclusion of isolated cardiomyocytes was based on the following 
criteria independently of experimental grouping: intact cell surface 
boundary, regular sarcomeric striations, and transverse-axial tubule 
(TAT) network integrity. Cardiomyocytes showing apparent membrane 
defects such as disrupted TAT components or extracellular membrane 
clumps were excluded from further analyses. In this study, “empty” AMs 
devoid of TAT networks were not observed in the context of live-cell 
membrane or fixed-cell immunofluorescence imaging studies. The gen
eration of the Epac1-JNC transgenic mouse model has been described 
previously in a parallel manuscript [13]. Epac1-camps mice were 
characterized previously [15]. Junctin knockout mice (Asph− /− ) were 
used to demonstrate the specificity of the junctin antibody by immu
noblotting and immunostaining (Fig. 1A and Supplementary Fig. 5A) 
[12]. The generation of RyR2-S2808A+/+ knockin mice was described 
previously [9]. Mice were anesthetized with 2% isoflurane (AbbVie) in 
oxygen using an isoflurane vaporizer and induction chamber system 
(VisualSonics) prior to fast cervical dislocation. All animal procedures 
were performed in compliance with the guidelines from Directive 2010/ 
63/EU of the European Parliament and following a registered IACUC 
protocol (no. T11.2). 

3.2. Immunofluorescence microscopy 

Isolated cardiomyocytes were fixed with 4% PFA on laminin-coated 
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Fig. 1. Junctin clusters at axial tubule junctions in atrial myocytes. (A) Junctin, ryanodine receptor (RyR2) and calsequestrin-2 (CSQ2) immunoblots of atrial (A) and 
ventricular (V) tissue lysates from wild-type (WT) versus junctin knockout (KO) mouse hearts. The atrial junctin protein expression was ~ 5-fold below the ven
tricular level. Paired data from n = 4 mouse hearts represented as dot plots; immunoblots are representative of three technical replicates. NS, not significant; *p <
0.05; **p < 0.01, Student’s t-test. (B) Confocal co-immunostaining of junctin and RyR2 in ventricular (VM) versus atrial myocytes (AM). Whereas ventricular RyR2 
clusters robustly co-localized with junctin as highlighted in the magnified and segmented image panels, axially aligned RyR2 clusters exclusively co-localized with 
junctin clusters in AMs. (C) Image segmentation dot plot showing a similar percentage of junctin cluster signals overlapping with RyR2 clusters in VMs and AMs. (D) 
Averaged Fourier power spectra showing the Z-line periodicity (arrowheads) of junctin signals in VMs but not in AMs, while the RyR2 signal periodicity was similar in 
AMs and VMs. n = 9 AMs and 14 VMs from 3 hearts in C and D. Unpaired Student’s t-test. (E) Co-immunostaining of junctin and caveolin-3 (CAV3). Image seg
mentation confirmed that junctin clustering occurs at transverse tubule junctions in VMs, while in AMs junctin clusters are mainly associated with axially oriented 
tubules. (F) Triple AM immunostaining of RyR2, PKA-phosphorylated RyR2-Ser2808 (RyR2-pS2808) and CAV3 showing highly phosphorylated RyR2 clusters at axial 
tubules (blue), where junctin and RyR2 are co-localized (yellow). Immunostaining images in B, E and F are representative of at least three cell isolations from in
dividual mouse hearts. White boxes indicate magnified regions. Scales indicate 10 μm (whole cell) or 1 μm (magnification). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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coverslips, permeabilized with blocking buffer (0.2% Triton, 10% 
bovine calf serum in PBS) and incubated with the primary antibodies at 
4 ◦C overnight. The detailed antibody information is provided in Sup
plementary Table 2. Following three washing steps with blocking 
buffer, secondary antibodies coupled to the fluorophores STAR635P, 
STAR580 or STAR488 (Abberior) were added at a dilution of 1:1000 for 
2 h at room temperature. Subsequently, the samples were washed three 
times with PBS and mounted on glass coverslips in mounting medium. 
Confocal images were acquired using a Leica TCS SP8 microscope with a 
HC PL APO C2S 100×/1.40 oil objective and processed in ImageJ/Fiji 
(https://imagej.net/Fiji). 

3.3. Live-cell FRET imaging 

Isolated AMs and VMs were used for FRET measurements by epi
fluorescence microscopy as described before [16]. Furthermore, for 
confocal FRET imaging, isolated myocytes were incubated with 1 μM 
Chol-PEG-KK114, custom-synthesized as described [2], in perfusion 
buffer for 10 min on laminin-coated imaging chambers and subse
quently washed. Confocal images were acquired with a Zeiss LSM 880 
microscope using a Plan-Apochromat 63×/1.40 oil objective with a 
pixel size of 100 × 100 nm. For confocal FRET measurements, four 
channels were acquired: 1) YFP (excitation 514 nm, emission 550–600 
nm), 2) CFP (excitation 405 nm, emission 450–500 nm), 3) YFP-FRET 
(excitation 405 nm, emission 550–600 nm) and 4) Chol-PEG-KK114 
(excitation 633 nm, emission 650–700 nm). All channels were ac
quired using a laser power of 2%, 16× line averaging and a pixel dwell 
time of 400 ns. All FRET experiments were performed in freshly pre
pared perfusion buffer at room temperature. For pharmacological 
treatment, cells were exposed to final concentrations of 100 nM 
isoproterenol (I6504, Sigma-Aldrich), 10 μm forskolin (F3917, Sigma- 
Aldrich), 100 μM MDL-12,330A (M182, Sigma-Aldrich), 300 μM 
NKY80 (N2165, Sigma-Aldrich), and 100 μM SQ22,536 (S153, Sigma- 
Aldrich). If not stated otherwise, controls imply treatment with carrier 
solution. 

3.4. Combined voltage-clamp and FRET measurements 

Simultaneous FRET and LTCC current measurements were per
formed in Epac1-JNC AMs using the whole-cell ruptured patch-clamp 
technique at 37 ◦C and voltage-clamp. LTCC currents were normalized 
to the membrane capacitance and displayed as current density (pA/pF). 
10 μmol/L of MDL, solved in Barium-4-AP solution, was applied with a 
pressurized flow perfusion system after the baseline peak LTCC current 
and the FRET emission ratio had reached steady-state, simultaneously. 

3.5. Combined axial tubule and Ca2+ imaging 

Confocal intracellular Ca2+ imaging in freshly isolated AMs using 
Fluo4-AM in Tyrode’s solution was combined with live-cell membrane 
labelling using 1 μM Chol-PEG-KK114 as described previously [2], or 40 
μM di-8-ANEPPS (Thermo Fischer Scientific). Images were acquired 
using a Zeiss LSM 880 microscope with a Plan-Apochromat 63×/1.40 oil 
objective and a pixel size of 100 × 100 nm. 

3.6. STED imaging 

For STED superresolution imaging of TAT membrane structures in 
Epac1-JNC transgenic AMs (Fig. 2E) and triple-immunostainings 
(Fig. 2F and G), we used a Leica TCS SP8 system with a HC PL APO 
C2S 100×/1.40 oil objective and a pixel size of 16.23 × 16.23 nm. 
Please refer to Supplementary Fig. 1 for detailed information regarding 
point spread function and in situ resolution in confocal and STED im
aging modalities. 

3.7. Random access multi-photon (RAMP) microscopy 

Action potentials before and after MDL incubation were recorded by 
RAMP imaging simultaneously at different subcellular membrane 
structures in AMs as described previously [17,18]. Measurements were 
performed in nominally Ca2+ free buffer solution (Supplementary 
Table 1) to preserve cell viability. 

3.8. Immunoblot protein analysis 

For protein analysis, atrial and ventricular tissue samples were pre
pared from the same mouse hearts as described previously [1]. All pri
mary antibodies used are listed in Supplementary Table 2, full gels are 
provided as Supplementary Figs. 2 and 3. 

3.9. Data availability 

The data underlying this article will be shared on reasonable request 
to the corresponding authors. 

3.10. Statistics 

Statistical analysis was performed in Microsoft Excel 2010, Graph
pad Prism 7.03 and OriginPro 8.5. Normal distribution was tested by the 
Shapiro-Wilk test. Statistical difference of variables in normal distribu
tion between two groups was tested using the 2-tailed Student’s t-test. 
Datasets from paired experiments including pharmacological modula
tion were tested pairwise as indicated in the figure legends. One-way 
ANOVA with post-hoc Tukey test was used for testing parameters in 
normal distribution between three or more groups. To test for statistical 
difference between two groups of non-normal frequency distribution 
(Fig. 5C, Supplementary Fig. 12C, Supplementary Fig. 15B), we 
utilized the non-parametric Mann-Whitney U test. Unless indicated 
otherwise, data are presented as mean ± SEM. P-values <0.05 were 
accepted to indicate statistical difference. 

4. Results 

4.1. Local junctin clustering at axial tubule junctions of atrial myocytes 

While junctin is encoded by the Asph gene, alternative splicing 
generates four distinct proteins [19]. Using a custom-made antibody 
raised against a unique C-terminal junctin epitope, immunoblotting of 
paired atrial and ventricular tissue lysates from wild-type versus junctin 
knockout Asph− /− hearts confirmed a junctin-specific signal at ~ 25 kDa 
(Fig. 1A and Supplementary Fig. 2) [12]. Unexpectedly, in myocardial 
tissue lysates the atrial compared to the ventricular junctin expression 
level was approximately five times lower, while RyR2 expression was 
similar, resulting in a significantly reduced atrial junctin/RyR2 protein 
ratio (Fig. 1A). In contrast, the protein expression level of the alterna
tively spliced aspartyl/asparaginyl β-hydroxylase (ASPH), detected as 
the major Asph proteoform at ~ 100 kDa, was five times higher in atrial 
compared to ventricular tissue lysates (Supplementary Fig. 4). Inter
estingly, and previously unknown, the atrial compared to the ventricular 
mouse calsequestrin-2 expression level was 31 ± 4.6% lower (Fig. 1A). 
Therefore, we wondered how CICR in AMs can be maintained through 
the tetrameric RyR2 channel complex despite the considerably 
decreased junctin and calsequestrin-2 stoichiometric protein levels. 

Confocal co-immunofluorescence imaging in adult VMs isolated 
from mouse hearts showed a high degree of co-localization between 
junctin and RyR2 in transverse sarcomeric striations (Fig. 1B, top image 
panels), and image segmentation confirmed this co-localization (Fig. 1B, 
top segmented). In sharp contrast, AMs stained with the same antibodies 
revealed larger junctin clusters mainly distributed along axially oriented 
RyR2 clusters, whereas most of the RyR2 clusters in transverse striations 
showed no or only weak junctin signals (Fig. 1B, bottom image panels). 
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Fig. 2. Atrial Epac1-JCN biosensor protein level and subcellular distribution. (A) Immunoblotting revealed significantly lower atrial compared to ventricular 
transgenic Epac1-JNC levels, and a significantly lower atrial Epac1-JCN/RyR2 ratio. Epac1-JNC was detected both by anti-YFP (Epac1-JNC) and anti-junctin 
immunoblotting (Epac1-JNC) as indicated. Paired data from n = 4 Epac1-JNC hearts represented as dot plots; immunoblots are representative of three technical 
replicates. NS, not significant; **p < 0.01, ***p < 0.01, Student’s t-test. (B) Combined live-cell confocal imaging of Epac1-JNC via YFP excitation (red) and TAT 
membranes using 1 μM Chol-PEG-KK114 (Chol, green) in atrial myocytes. The magnified and segmented panels show Epac1-JNC clusters at axial tubule (AT) or 
subsurface (SS) sites. (C) Whereas the area fraction of TAT membrane signals amounts to 33%, the Epac1-JNC fraction amounts to 6%. (D) Nearly 90% of Epac1-JNC 
clusters overlap with intact TAT membrane structures in living AMs. n = 12 AMs from 3 mouse hearts for C and D. (E) Live-AM confocal imaging of the Epac1-JNC 
clusters’ YFP signal (red) combined with STED nanoscopy of TAT membranes (Chol, 1 μM, green). The magnified panel shows large Epac1-JCN clusters tightly 
abutting the junctional cytosolic surface of membrane tubules. (F-G) Triple-colour STED imaging of Epac1-JNC clusters in AMs: (F) anti-YFP immunostaining of 
Epac1-JNC clusters co-localized with RyR2 clusters (yellow) alternating with caveolin-3 (CAV3) at axial tubule structures (blue). (G) Epac1-JNC signals overlapping 
with highly Ser2808 phosphorylated junctional RyR2 clusters (yellow) at TAT components (blue). Immunostaining images in F and G are representative of three cell 
isolations from individual mouse hearts. Scale bars 1 μm. White boxes indicate magnified regions. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 
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Image segmentation confirmed larger junctin cluster signals mainly 
overlapping with RyR2 clusters in longitudinal but much less in trans
versal signal patterns (Fig. 1B, bottom segmented). A co-localization 
analysis showed that the junctin cluster signals, despite the differen
tial subcellular protein distribution and low expression level, highly 
overlapped with RyR2 clusters in both VMs and AMs (Fig. 1C). To proof 
the specificity of the junctin cluster signals labelled by the primary 
antibody, we excluded any unspecific antibody signals in isolated 
myocytes from junctin knockout Asph− /− mouse hearts (Supplemen
tary Fig. 5A), furthermore confirming a preserved signal pattern of the 
atrial RyR2 cluster arrangements similar to wild-type cardiomyocytes in 
atrial tissue sections (Supplementary Fig. 6) [12]. To further charac
terize the subcellular junctin and RyR2 cluster signals, a fast Fourier 
transform (FFT) algorithm analyzed the periodicity each of the junctin 
and RyR2 signals in transverse striations (Fig. 1D). In VMs, the junctin 
and RyR2 signals showed the expected co-localized signal periodicity 
(Fig. 1D, top). However, in AMs the RyR2 signal periodicity was robustly 
reproduced, whereas the junctin power peaks were barely visible, in line 
with a decreased transversal signal periodicity (Fig. 1D, bottom). 

Recently, a new physiological model of rapid atrial excitation- 
contraction coupling was proposed, where junctional, highly phos
phorylated RyR2 clusters at axial tubules activate rapid intracellular 
Ca2+ release deep inside AMs [1]. Hence, we wondered if junctin also 
predominantly clusters in axial tubule junctions. As expected, isolated 
VMs co-immunostained for junctin and caveolin-3, the latter a marker of 
transverse-axial tubule (TAT) and surface membrane structures, showed 
a large signal overlap of junctin clusters mainly at transverse tubules 
(Fig. 1E, top image panels). Image segmentation confirmed the major 
overlap of the junctin cluster signals with the transverse tubule signals 
(Fig. 1E, segmented). In contrast, although junctin is anchored in the SR 
membrane and cannot physically bridge the dyadic gap [19], we 
observed large junctin cluster signals mainly near caveolin-3 labelled 
axial tubules in AMs (Fig. 1E, bottom image panels). Image segmentation 
confirmed the local association between junctin clusters at axial tubules 
interspersed laterally by caveolin-3 signals (Fig. 1E, segmented). Thus, 
despite a profoundly lower protein expression in the atria, the junctin 
signals were highly co-clustered with the RyR2 signals at axial tubules in 
AMs, whereas non-junctional RyR2 clusters showed no or only weak 
junctin signal co-localization. 

Finally, using a triple immunostaining approach, we confirmed that 
the RyR2 clusters at axial tubules are highly phosphorylated at Ser2808 
at baseline in untreated AMs (Fig. 1F), consistent with an earlier study 
demonstrating the signal specificity of phospho-Ser2808 labelling 
through phospho-site specific Ser2808Ala-knockin ablation (Supple
mentary Fig. 5B) [1]. Hence, we hypothesized that the atrial junctin 
clusters in the dyadic compartment are exposed to a constitutively 
increased activity of the cAMP-regulated PKA catalytic subunit. To test 
this hypothesis, we investigated transgenic AMs from mouse hearts, 
expressing the FRET-based cAMP biosensor Epac1-camps targeted to the 
junctin N-terminus (Epac1-JNC), to directly detect the local cAMP 
concentration changes in axial tubule junctions [13]. 

4.2. Junctin-targeted cAMP FRET biosensor localization in axial tubule 
junctions in atrial myocytes 

The recently established transgenic Epac1-JNC mouse model over
expresses the FRET-based cAMP biosensor Epac1-camps as N-terminal 
junctin-targeted fusion protein under control of the α-myosin heavy 
chain promotor in VMs [13]. Immunoblotting of atrial tissue lysates 
from wild-type versus Epac1-JNC hearts confirmed preserved native 
junctin, RyR2, junctophilin-2, SR Ca2+-ATPase SERCA2a, phospho
lamban and calsequestrin-2 expression levels, and excluded baseline 
changes in RyR2 phosphorylation at Ser2808 (Supplementary Fig. 7). 
Interestingly, transgenic mouse heart lysates showed a significantly 
lower atrial versus ventricular expression of the fusion protein Epac1- 
JNC based on anti-junctin immunoblotting (Fig. 2A, left). Apparently, 

this relative atrio-ventricular Epac1-JNC expression difference was 
qualitatively analogous to the endogenous junctin expression difference 
(Fig. 2A, protein/GAPDH). Importantly, in atrial tissue lysates the 
transgenic Epac1-JNC protein expression level amounted to only 13 ±
0.4% relative to the endogenous junctin level (Fig. 2A, protein/GAPDH). 
This result confirmed a ~ 8-fold lower atrial Epac1-JNC compared to 
native junctin expression level, minimizing the risk of overexpression 
artefacts in transgenic AMs. Consequently, since the RyR2 protein level 
was not changed in atrial versus ventricular tissue, the atrial Epac1- 
JNC/RyR2 ratio was also significantly lower amounting to only 7 ±
0.6% as compared to the ratio in ventricular tissue (Fig. 2A, right). 
Finally, co-immunoprecipitation experiments revealed a protein-protein 
interaction between RyR2 with both endogenous junctin and transgenic 
Epac1-JNC in atrial tissue lysates (Supplementary Fig. 8A). Notably, 
the Epac1-JNC interaction with RyR2 did not compromise the interac
tion with the endogenous junctin protein, as confirmed by a preserved 
JNC/RyR2 ratio (Supplementary Fig. 8B). 

Next, we sought to analyze the subcellular Epac1-JNC biosensor 
distribution in living isolated AMs from transgenic mice. Using live-cell 
confocal microscopy, Epac1-JNC was localized by YFP excitation, while 
the custom-synthesized cholesterol dye Chol-PEG-KK114 (1 μM) 
labelled the extracellular membrane leaflet based on a protocol estab
lished previously (Fig. 2B, left) [2]. In magnifications, AMs from Epac1- 
JCN hearts showed the typical cell-specific TAT endomembrane network 
mainly composed of axial tubule and rare transverse tubule components, 
the latter connecting the intracellular axial tubule structures with the 
lateral surface sarcolemma cell-wide as confirmed in image stacks and 
3D reconstructions (Supplementary Fig. 9) [1–3]. Interestingly, axial 
tubules may be directly connected to the intercalated disc’s membrane 
folds (Supplementary Fig. 9). While quantitatively the intracellular 
TAT network in Epac1-JCN AMs mainly consisted of AT components, 
this was further consistent with a preserved TAT network architecture 
and density similar to wild-type AMs (Supplementary Fig. 10) [2]. 
Importantly, the Epac1-JNC biosensor signals clearly showed a highly 
clustered pattern directly overlapping the intracellular TAT network 
signals and the outer surface sarcolemma (Fig. 2B, magnification). To 
quantify the percentage of Epac1-JNC signals overlapping with Chol- 
PEG-KK114 stained membrane structures, the fluorescent live-cell sig
nals were segmented by local thresholding (Fig. 2B, segmented). While 
the Chol-PEG-KK114 membrane signals covered 32 ± 2.9% of the total 
cell area, the Epac1-JNC signals covered a much smaller area fraction of 
only 6 ± 0.4% (Fig. 2C). Importantly, despite its low area fraction, 86 ±
2.2% of the Epac1-JNC signals overlapped with TAT or surface mem
brane signals in living AMs (Fig. 2D). 

In addition, we used STimulated Emission Depletion (STED) nano
scopy for live-cell superresolution imaging of Epac1-JNC in AMs stained 
with Chol-PEG-KK114. While STED significantly increases the contrast 
and resolution of the Chol-PEG-KK114 stained intact membrane signals 
as reported previously [2], the visualization of the Epac1-JNC biosensor 
by YFP STED imaging was moderately improved (Supplementary 
Fig. 11) [20]. Finally, combining confocal Epac1-JNC with STED-based 
Chol-PEG-KK114 imaging, we confirmed the particularly frequent 
clustering of the biosensor molecules at membrane contact sites along 
axial tubules in living AMs (Fig. 2E). Triple co-immunofluorescence 
STED imaging of transgenic AMs further showed that the local Epac1- 
JNC signals alternated with caveolin-3 clusters at TAT membrane 
structures and co-localized with the axially distributed RyR2 clusters 
(Fig. 2F). A subcellular analysis of triple-immunostained transgenic AMs 
confirmed an overall similar local Epac1-JNC biosensor expression at 
TAT-associated versus subsurface junctional RyR2 clusters (Supple
mentary Fig. 12). In addition, Epac1-JNC AMs demonstrated a pre
served local signal pattern of the highly Ser2808 phosphorylated RyR2 
clusters at the caveolin-3 labelled TAT network and surface membrane 
similar to the pattern expected in wild-type AMs reported previously 
(Supplementary Fig. 13) [1,2]. Finally, the highly Ser2808 phosphor
ylated RyR2 clusters overlapped with the immunostained Epac1-JNC 
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cluster signals at axial tubules indicated by caveolin-3 cluster signals 
(Fig. 2G). 

4.3. Cell-wide and subcellular Epac1-JNC FRET imaging resolves 
spatiotemporal cAMP signaling 

Based on the selective Epac1-JNC clustering in junctional compart
ments, we studied the baseline versus pharmacologically induced 
changes of the junctional cAMP concentration in living AMs compared 
to VMs (Fig. 3A). As expected, β-adrenergic stimulation of VMs by 
isoproterenol (100 nM) resulted in a rapid decrease of the FRET ratio 
consistent with an acutely increased cAMP synthesis in the junctional 
compartments as shown by epifluorescence FRET imaging 

(Supplementary Fig. 14A). Next, treatment of VMs with the adenylyl 
cyclase agonist forskolin (10 μM) saturated the FRET ratio decrease 
consistent with a maximally stimulated cAMP generation (Supple
mentary Fig. 14A). In analogy, isoproterenol followed by forskolin 
treatment in AMs successively and robustly decreased the FRET ratio 
consistent with an acutely increased cAMP synthesis in the junctional 
compartments (Fig. 3B). However, in AMs as compared to VMs appar
ently each the isoproterenol and the forskolin treatment steps resulted in 
a less pronounced decrease of the FRET ratio, suggesting quantitative 
differences in the extent of junctional cAMP synthesis. 

Vice versa, incubation of VMs with the adenylyl cyclase inhibitor 
MDL12,330A (MDL, 100 μM) resulted in a moderate FRET increase, 
indicating a decrease in cAMP synthesis (Supplementary Fig. 14B). In 

Fig. 3. Atrial myocyte FRET imaging and subcellular cAMP compartment analysis. (A) Cartoon showing the junctin-targeted transgenic Epac1-JNC FRET biosensor. 
Increased cAMP levels decrease the FRET ratio. (B-C) Representative epifluorescence imaging FRET traces in Epac1-JNC transgenic AMs. (B) While each isoproterenol 
(ISO 100 nm) and forskolin (FSK 10 μM) rapidly stimulated cAMP synthesis apparent as FRET ratio decreases, (C) adenylyl cyclase inhibition with MDL-12,330A 
(MDL 100 μM) depressed cAMP synthesis evident as FRET ratio increase. (D) Dot plot summarizing the percentage FRET ratio change represented in B and C. n 
= 11 AMs ISO/FSK and 9 AMs MDL, each from 4 mouse hearts. *p < 0.05, 1-way ANOVA. (E-I) Scheme of a the newly developed confocal FRET imaging approach: 
(E) confocal AM imaging of Epac1-JNC clusters excited at 405 nm confirming both CFP and YFP signals at baseline. White boxes indicate magnified regions. (F) 
Global cell-wide intensity changes after ISO stimulation (100 nM, 90 s) confirming a reciprocal YFP decrease versus CFP signal increase during increased cAMP 
synthesis. (G) YFP excitation at 514 nm, membrane labelling by Chol-PEG-KK114 (Chol), and image segmentation (H) identify Epac1-JCN clusters in subsurface 
versus intracellular TAT membrane structures. (I) Line dot plot confirming the local FRET ratio decrease during ISO stimulation (100 nM, 90 s) both at subsurface and 
TAT sites. Scale 10 μm (whole cell) or 2 μm (magnification). (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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contrast to MDL, however, neither the adenylyl cyclase inhibitor NKY80 
(300 μM) nor SQ22,536 (100 μM) increased the FRET ratio during the 
extended 5 min observation period (Supplementary Figs. 14C-D; 
please refer to the Discussion section for details). Importantly, AMs 
treated with MDL showed a pronounced increase of the FRET ratio 
consistent with a robust decrease in junctional cAMP generation 
(Fig. 3C). As the MDL-treated AMs were not exposed to any cAMP 
synthesis stimulating compounds (Supplementary Table 1), the MDL 
treatment apparently diminished the baseline cAMP synthesis in the 
junctional compartments consistent with a constitutively increased ac
tivity of the adenylyl cyclase enzymes. Indeed, in AMs the average FRET 
change following isoproterenol and forskolin stimulation versus MDL 
inhibition were significantly decreased versus increased, respectively 
(Fig. 3D), confirming the pharmacologically modulated junctional 
cAMP synthesis. Taken together, the FRET ratio increase in Epac1-JCN 
expressing AMs following MDL treatment uncovered a robust junc
tional cAMP decrease, indicating a constitutively increased baseline 
activity of the adenylyl cyclase enzymes presumably in the junctional 
compartments. 

Interestingly, as compared to the soluble cytosolic Epac1-camps 
FRET biosensor each in AMs and VMs (Supplementary Fig. 14E-F), 
the junction-targeted Epac1-JNC biosensor showed a pronounced 
change upon MDL treatment both in AMs and VMs (Fig. 3C-D and 
Supplementary Fig. 14B). Additionally, an analysis of the baseline 
FRET ratio in cardiomyocytes expressing the soluble Epac1-camps 
biosensor revealed a small, but significantly increased intracellular 
cAMP concentration in untreated AMs compared to VMs (Supplemen
tary Fig. 14G), in line with constitutively increased cytosolic cAMP 
concentrations in AMs. 

To assess the constitutively increased cAMP levels in the predomi
nant axial tubule junctions, we developed a confocal imaging approach 
to directly resolve the Epac1-JCN FRET signals locally in AMs (Sup
plementary Methods, Confocal FRET measurements). Indeed, confocal 
FRET imaging detected the expected inverse CFP versus YFP signal 
changes during 90 s isoproterenol stimulation (Fig. 3E-F). Hence, the 
CFP and YFP fluorescence intensity changes confirmed the functionality 
of the Epac1-JNC biosensor under the given confocal live-cell imaging 
conditions. For confocal FRET-based image analysis, a correction factor 
was experimentally determined based on measuring the degree of CFP 
bleedthrough into the YFP-FRET channel in CFP plasmid transfected 
HEK293A cells (Supplementary Fig. 14H) [16]. Moreover, in living 
transgenic AMs labelled with Chol-PEG-KK114, confocal imaging 
showed both the intracellular TAT network and lateral surface mem
brane, where Epac1-JNC clusters were localized upon YFP excitation 
(Fig. 3G, left). Image segmentation confirmed the specific localization of 
the Epac1-JNC clusters both at axial tubules and the surface membrane 
(Fig. 3G, right; please see Supplementary Methods for detailed protocol 
information). Finally, Epac1-JCN clusters located in dyadic junctions at 
the central intracellular TAT network versus the peripheral subsurface 
membrane were dissected by subclassification analysis (Fig. 3H). 
Comparing the baseline versus 90 s isoproterenol stimulated Epac1-JCN 
cluster signals, the FRET signal ratio was acutely decreased both at the 
TAT and subsurface junctions (Fig. 3I). These results demonstrated an 
acute increase of the cAMP concentration in the junctional compart
ments following isoproterenol treatment. Notably, despite the relatively 
low biosensor expression level in AMs, confocal imaging combined with 
local cluster-based Epac1-JCN signal analysis improved the dynamic 
range of the captured FRET changes as compared to cell-wide epi
fluorescence imaging (compare Fig. 3B to Fig. 3I). 

4.4. Constitutively increased cAMP levels in atrial junctional 
compartments 

To demonstrate constitutively increased junctional cAMP pools in 
living AMs, acute treatment with the pan-inhibitory compound MDL was 
applied to interrogate the baseline activity of the adenylyl cyclase 

isoforms in AMs. Confocal Epac1-JNC and TAT membrane imaging 
resolved the subcellular biosensor cluster locations at junctional com
partments (Figs. 4A, top). Next, magnified colour-encoded 2D (Fig. 4A, 
center) and pseudo-3D surface plots (Fig. 4A, bottom) visualized the local 
YFP-FRET signal changes of subcellular Epac1-JNC clusters at exem
plary axial tubules before versus 6 min after adenylyl cyclase inhibition 
by MDL (100 μM). Apparently, the MDL treatment increased the local 
intensity of the YFP-FRET signal peaks at axial tubule junctions (Fig. 4A, 
bottom). Interestingly, subcellular analysis of the Epac1-JCN cluster 
signals demonstrated a significantly lower FRET ratio under untreated 
baseline conditions at junctional TAT as compared to the peripheral 
subsurface membrane sites (Fig. 4B, control). Hence, the latter result 
supports a constitutively increased cAMP level throughout the junc
tional TAT compartments. In contrast, adenylyl cyclase inhibition by 
MDL significantly increased the FRET ratio both at the junctional sub
surface and intracellular TAT network sites (Fig. 4B, MDL), unmasking 
the increased local cAMP synthesis by the adenylyl cyclases at both 
subcellular compartment classes. 

While the subsurface and TAT compartments responded similarly 
robust to the acute MDL inhibition, the observed baseline difference of 
the FRET ratio was statistically diminished by MDL, persisting only as a 
non-significant trend (Fig. 4B). Accordingly, the MDL-dependent FRET 
ratio change at junctional subsurface versus TAT sites was not signifi
cantly different (Fig. 4C). Nonetheless, despite this robust FRET effect in 
AMs, MDL may not completely inhibit the endogenous adenylyl cyclase 
activity given that pleiotropic and differentially expressed isoforms may 
exist in AMs [21]. 

Importantly, we confirmed the significantly lower FRET ratio under 
baseline conditions at junctional TAT compared to peripheral subsurface 
Epac1-JCN cluster sites in a second independent AM dataset (Fig. 4D, 
control). When these AMs were stimulated with isoproterenol (100 nM), 
the FRET ratio was significantly decreased both at junctional subsurface 
and TAT Epac1-JCN biosensor cluster sites (Fig. 4D, ISO). Finally, the 
percentage change of the ISO-stimulated FRET ratio at junctional sub
surface versus intracellular TAT sites was not significantly different 
(Fig. 4E). Thus, the observed reciprocal MDL versus isoproterenol 
induced FRET changes are consistent with a locally compartmentalized 
and constitutively increased junctional adenylyl cyclase activity, sus
taining the high cAMP levels both in the dyadic compartments of the 
TAT network and the subsurface membrane of AMs. 

4.5. MDL inhibits the constitutive junctional RyR2 channel 
phosphorylation in atrial myocytes 

As PKA phosphorylation of Ser2808 increases the open probability of 
RyR2 channels in VMs [22], we sought to investigate the post
translational effects of adenylyl cyclase inhibition in situ in the junc
tional membrane complexes of AMs. Firstly, phospho-epitope specific 
co-immunostaining confirmed prominent RyR2 cluster signals that 
were highly Ser2808 phosphorylated (RyR2-pS2808) at caveolin-3 
labelled axial tubules, whereas non-junctional RyR2 clusters showed 
only weak background signals in transverse striations in untreated wild- 
type AMs (Fig. 5A, control). In contrast, MDL treatment (100 μM) for 30 
min completely diminished the junctional RyR2-pS2808 cluster signals 
at axial tubules in AMs (Fig. 5A, MDL). Secondly, co-immunostaining of 
the RyR2 substrate and the PKA target epitope RyR2-pS2808 explored 
the signal range of the Ser2808 phosphorylated clusters based on pre
viously established workflows [1]. Under baseline control conditions, 
this confirmed the highly Ser2808 phosphorylated and mainly axially 
aligned junctional RyR2 clusters, regularly intersecting the more 
frequent but less or not phosphorylated RyR2 clusters in transverse 
striations (Fig. 5B, control). In contrast, 2 min isoproterenol stimulation 
(100 nM) maximally increased the transversal RyR2-pS2808 cluster 
signals (yellow-to-white range) throughout the cell (Fig. 5B, ISO), con
firming the dynamic β-adrenergic in situ RyR2 channel regulation re
ported previously [1]. In sharp contrast, MDL treatment robustly 
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Fig. 4. Confocal cAMP compartment monitoring at axial tubule junctions in atrial myocytes. (A) Confocal Epac1-JNC cluster localization and local FRET imaging. 
Top: Representative AM image localizing Epac1-JNC clusters through YFP excitation (red) at intact intracellular membrane structures labelled by Chol-PEG-KK114 
(Chol, green). The white boxes indicate the subsequently magnified AM regions. Scale 10 μm. Middle: 2D representation showing the local changes in YFP-FRET 
intensity across the magnified AM section. Bottom: Local YFP-FRET intensity representation as pseudo-3D surface plots along an exemplary axial tubule (AT, 
axial direction indicated by white line). Compared to the baseline control (green-to-cyan) apparently the local intensity peaks are increased (cyan-to-red) after MDL 
treatment (100 μM, 6 min). (B) Dot plot summarizing significant FRET ratio increases indicating a cAMP decrease after MDL treatment (100 μM, 6 min) both at 
subsurface and TAT sites. (C) Dot plot excluding a significant MDL treatment-dependent FRET change between subsurface versus TAT sites. n = 14 AMs from 5 mouse 
hearts in B and C. (D) Dot plot confirming significant FRET ratio decreases consistent with a cAMP increase after ISO treatment (100 nM, 90 s) both at subsurface and 
TAT sites. (E) Dot plot excluding a significant ISO treatment-dependent FRET change between subsurface versus TAT sites. n = 16 AMs from 8 mouse hearts in D and 
E. NS, not significant; *p < 0.05, **p < 0.01, ***p < 0.001, paired Student’s t-test. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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Fig. 5. Adenylyl cyclase inhibition impedes junctional RyR2 cluster phosphorylation. (A) Confocal co-immunostaining of PKA-phosphorylated RyR2-pS2808 and 
caveolin-3 (CAV3) clusters in AMs under baseline control conditions versus 30 min MDL treatment (100 μM). Magnified panels: The deep intracellular highly 
phosphorylated RyR2-cluster signals are diminished following MDL treatment at axial tubules identified by CAV3 staining. (B) Co-immunostaining of the RyR2 
substrate and RyR2-pS2808 in AMs. Magnified panels comparing the colour-coded RyR2-pS2808 signal intensity changes following 2 min isoproterenol stimulation 
(100 nM, middle) versus 30 min MDL treatment (100 μM, right). (C) Histogram showing the bimodal frequency distribution of the substrate-normalized pS2808/RyR2 
cluster signals in untreated control AM (black trace): the major peak indicates abundant low or not phosphorylated versus the rightward shoulder few highly 
phosphorylated RyR2-pS2808 clusters. MDL treatment significantly shifted the phosphorylated pS2808/RyR2 frequency distribution leftward into a major peak of 
low or not phosphorylated clusters (red trace). Histogram data correspond with the exemplary AMs in A and B representative of at least three cell isolations from 
individual mouse hearts; control 342 RyR2 clusters, MDL 346 RyR2 clusters. **p < 0.01, Mann-Whitney U test. (D) Confocal AM co-immunostaining of the 
transmembrane adenylyl cyclase VI (AC-VI) and caveolin-3 (CAV3). Arrowheads identified cluster signals of adenylyl cyclase VI at caveolin-3 positive TAT membrane 
structures. Immunostaining images in A, B and D are representative of at least three cell isolations from individual mouse hearts. Scale bars 10 μm. White boxes 
indicate magnified image regions. (E) Immunoblotting of RyR2, RyR2-pS2808 and CaMKII-phosphorylated RyR2-Ser2814 comparing atrial tissue lysates from WT 
mouse hearts perfused with control versus isoproterenol (100 nM, 2 min) or MDL (100 μM, 30 min). (F) Dot plots summarizing phosphorylation changes following 
isoproterenol versus MDL treatment. n = 3 mouse hearts each; immunoblots are representative of three technical replicates. NS, not significant; *p < 0.05, unpaired 
Student’s t-test. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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diminished the constitutively increased RyR2-pS2808 cluster signals 
mediated by PKA phosphorylation in AMs (Fig. 5B, MDL). 

To quantify the MDL-dependent changes in RyR2 cluster phosphor
ylation in situ, we analyzed the frequency distribution of the substrate- 
normalized pS2808/RyR2 cluster signal ratio. Untreated control AMs 
showed a bimodal frequency distribution with a major leftward peak of 
the highly abundant low or not Ser2808 phosphorylated non-junctional 
RyR2 clusters versus a right-skewed shoulder of less abundant but highly 
phosphorylated junctional RyR2 cluster signals (Fig. 5C, control). Only 2 
min of isoproterenol (100 nM) stimulation were sufficient to transform 
the entire less or not Ser2808 phosphorylated RyR2 cluster population 
into maximally PKA phosphorylated RyR2 clusters, confirming the ef
ficacy of the β-adrenergic stimulation for living AMs (Supplementary 
Fig. 15A). In line with previous findings [1], β-adrenergic stimulation 
shifted the major pS2808/RyR2 cluster frequency not only rightward, 
but generated a singular frequency peak representing the highly phos
phorylated cluster signals (Supplementary Fig. 15B). In contrast, 
adenylyl cyclase inhibition by MDL significantly shifted the major fre
quency peak of the less phosphorylated pS2808/RyR2 cluster signals 
further leftward, whereas the right-skewed frequency distribution was 
completely diminished consistent with a strongly decreased in situ RyR2 
cluster Ser2808 phosphorylation in AMs (Fig. 5C, MDL). Since the MDL 
treatment shifted the pS2808/RyR2 frequency distribution leftward as 
compared to the peak of the less phosphorylated untreated baseline 
cluster population, the major population of non-junctional RyR2 clusters 
apparently exhibited a low level of Ser2808 phosphorylation of the 
tetrameric channel in situ (Fig. 5C, MDL). 

As the local cAMP-dependent modification through junctional RyR2 
cluster phosphorylation may depend on the isoform-specific subcellular 
distribution of the adenylyl cyclase VI (AC-VI), which was previously 
characterized in VMs [23], we applied immunostaining and confocal 
imaging to localize the AC-VI cluster signals in AMs. Indeed, bright 
signals of AC-VI clusters alternating with caveolin-3 signals confirmed 
the localization at axial tubules in AMs (Fig. 5D). 

Finally, immunoblotting of atrial tissue lysates characterized the 
RyR2 phosphorylation changes following ex vivo Langendorff treatment 
of intact mouse hearts: whereas 2 min isoproterenol (100 nM) perfusion 
significantly increased RyR2 phosphorylation at Ser2808 in atrial tissue 
lysates, the Ser2814 phosphorylation at the CaMKII-specific phospho- 
site was not changed (Fig. 5E). In contrast, mouse hearts perfused for 30 
min with MDL (100 μM) showed a strongly diminished Ser2808 phos
phorylation in atrial lysates, but additionally a profoundly decreased 
Ser2814 phosphorylation as compared to the baseline control (Fig. 5E). 
While isoproterenol stimulation significantly increased the substrate- 
normalized pS2808/RyR2 but not the pS2814/RyR2 ratio, MDL signif
icantly decreased both the pS2808/RyR2 and the pS2814/RyR2 ratio 
(Fig. 5F). However, both isoform-specific adenylyl cyclase inhibitors 
NKY80 and SQ22,536 neither affected the constitutive Ser2808 phos
phorylation nor the atrial pS2808/RyR2 ratio (Supplementary Fig. 16). 
Taken together, these results additionally support a constitutively 
increased local AC-VI activity at the atrial cell and tissue level, sus
taining the compartmentalized junctional RyR2-Ser2808 cluster phos
phorylation at baseline. Interestingly, the MDL treatment uncovered a 
constitutively increased RyR2-Ser2814 phosphorylation, confirming an 
increased junctional CaMKII activity in AMs reported previously [1]. 

4.6. Adenylyl cyclase inhibition impairs SR Ca2+ release at axial tubule 
junctions 

To assess the functional consequences of the MDL-inhibited junc
tional adenylyl cyclase activity in AMs, we used confocal transversal line 
scanning perpendicular to the main cell axis to record field-paced (1 Hz) 
steady-state Ca2+ transients (CaTs). To capture the Ca2+ release locally 
at axial tubules, intracellular Ca2+-imaging with the indicator Fluo-4 
was combined with membrane labelling by Chol-PEG-KK114 (Fig. 6A). 
Apparently, MDL diminished the intensity of the Ca2+ release signals at 

axial tubules resulting in a decreased CaT amplitude (Fig. 6A-B). While 
MDL significantly decreased the CaT amplitude, the CaT time-to-peak 
and decay rate were both significantly increased (Fig. 6B and C), 
consistent with depressed and delayed SR Ca2+ release and uptake 
cycling. Additionally, pairwise comparison of the diastolic Fluo-4 in
tensity in field-paced AMs indicated a small, but significantly increased 
diastolic Ca2+ concentration following MDL treatment (Supplementary 
Fig. 17A). In contrast, the caffeine-estimated SR Ca2+ load and the 
caffeine-augmented CaT decay rate were not significantly changed after 
MDL treatment (Fig. 6D). Taken together, these data suggest that ade
nylyl cyclase inhibition by MDL diminishes and delays junctional SR 
Ca2+ release through decreased dyadic RyR2 cluster phosphorylation at 
Ser2808 and Ser2814. 

Based on the thorough Chol-PEG-KK114 membrane staining, we next 
analyzed the local Ca2+ release changes at the peripheral subsurface 
versus axial tubule Ca2+ release sites (Supplementary Methods, Com
bined axial tubule and Ca2+ imaging). Under untreated baseline conditions 
the CaT amplitude and time-to-peak were significantly higher and 
shorter, respectively, at axial tubule junctions as compared to subsurface 
sites (Fig. 6E). Adenylyl cyclase inhibition by MDL depressed the CaT 
amplitude significantly and delayed the CaT time-to-peak both at axial 
tubule and subsurface Ca2+ release sites (Fig. 6E). Furthermore, sub
cellular latency profiling of the maximal Ca2+ signal upstroke velocity 
(dF/dtmax) excluded significant local differences after MDL treatment at 
axial tubule and subsurface membrane structures as compared to the 
membrane-free cytosol (Fig. 6F). The latter additionally confirmed the 
expected temporal latency rank order for the three major classes of 
subcellular Ca2+ release sites in AMs: axial tubules < subsurface sites 
<< membrane-free cytosolic regions [1]. Notably, optical sections 
(nominal confocal image plane width ~ 0.8 μm) of specific AM regions 
devoid of TAT endomembrane structures occasionally showed U-shaped 
systolic CaTs as described previously [6–8], but were only rarely 
observed here (Supplementary Fig. 17B). In summary, MDL treatment 
uncovered a constitutively augmented cAMP synthesis in junctional 
compartments mainly at axial tubules, where adenylyl cyclase inhibition 
particularly blunted the more rapid process of local SR Ca2+ release in 
AMs, molecularly sustained through highly phosphorylated junctional 
RyR2 clusters at baseline under untreated conditions. 

In sharp contrast to MDL treatment, acute isoproterenol stimulation 
accelerated and increased both the local Ca2+ release at subsurface sites 
and particularly the membrane-free cytosolic sites (Fig. 6G, left). Sub
cellular latency profiling revealed that isoproterenol stimulation abol
ished the local 2–3 ms latency difference (baseline) between axial tubule 
and subsurface Ca2+ release sites, while Ca2+ release at membrane-free 
cytosolic sites was accelerated by ~ 7 ms (Fig. 6G, right), further 
consistent with increased non-junctional RyR2 cluster phosphorylation 
throughout the cell. To further analyze whether the early Ca2+ release at 
axial tubule junctions under baseline conditions requires local RyR2 
cluster phosphorylation, we studied AMs isolated from PKA phosphor
ylation incompetent RyR2-S2808A+/+ knockin mouse hearts. Impor
tantly, RyR2-S2808A+/+ AMs showed no significant difference in local 
Ca2+ release onset at axial tubule versus subsurface sites (Fig. 6H). 
Hence, PKA phosphorylation of RyR2 clusters at axial tubule junctions 
increased by a constitutively high adenylyl cyclase activity may provide 
the molecular basis for the rapid physiological Ca2+ release inside AMs 
that activates cellular contraction, whereas β-adrenergic stimulation 
recruits the great majority of non-junctional RyR2 clusters, accelerating 
and physiologically increasing Ca2+ release for instance during the fight- 
or-flight response. 

4.7. Junctional cAMP compartments maintain the atrial action potential 
morphology 

In addition to RyR2, constitutively increased junctional cAMP levels 
may modulate voltage-gated ion channels in AMs. Hence, we hypothe
sized that the atria-specific morphology of the action potential at 
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baseline depends on the increased adenylyl cyclase activity in Ca2+

release units. Firstly, we used a non-invasive high-resolution optical 
approach to directly record action potentials locally at surface mem
brane versus TAT network component sites. Indeed, random access 

multi-photon microscopy (RAMP) imaging of field-paced (0.34 Hz) AMs 
based on the voltage-sensitive membrane dye di-4-ANE(F)PTEA [24] 
resolved local action potential events at surface membrane and TAT 
component sites in nominally Ca2+ free extracellular buffer solution 

(caption on next page) 
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(Fig. 7A, left; Methods section). Exemplary action potentials recorded 
simultaneously showed similar morphologies at surface versus TAT 
membrane sites in AMs (Fig. 7A, black traces). However, acute adenylyl 
cyclase inhibition by MDL (10 μM) for 3 min apparently blunted the 
depolarization phase of the action potential, while the repolarization 
phase was prolonged both at the surface and TAT membrane sites 
(Fig. 7A, red traces). On average, the MDL treatment of AMs decreased 
the action potential amplitude significantly (Fig. 7B), while the time-to- 
peak and action potential repolarization (APD50) were markedly pro
longed both at the surface and TAT membrane sites (Supplementary 
Fig. 18A-B). While the precise molecular mechanisms of the local MDL- 
induced action potential prolongation are beyond the scope of this 

study, we note that the MDL-treated AMs showed more variable changes 
of the time-to-peak and the APD50 values (Supplementary Fig. 18), 
whereas the amplitude decrease was tightly clustered (Fig. 7B). The 
latter observation confirmed the pronounced effect of acute adenylyl 
cyclase inhibition by MDL on the depolarization phase of the atrial ac
tion potential. 

Secondly, the molecular mechanism of the cAMP-dependent PKA 
regulation of both the CaV1.2 and CaV1.3 LTCC channel isoforms has 
been identified only recently: at baseline, the small G-protein Rad 
directly inhibits the cardiac LTCC activity through binding to its 
β-subunit, while PKA phosphorylation of Rad causes it to leave the vi
cinity of the macromolecular channel complex, resulting in PKA- 

Fig. 6. Adenylyl cyclase inhibition diminishes Ca2+ release at axial tubules. (A) Combined confocal live imaging of axial tubules (Chol-PEG-KK114, Chol, 1 μM) and 
intracellular Ca2+ release (Fluo-4 AM, 10 μM) in an exemplary mouse AM during 1 Hz field pacing (yellow triangles) prior to (left) and 6 min after MDL treatment (10 
μM, right). Transverse line scanning confirmed that the transient Ca2+ release occurred earlier at axial tubule (AT) membranes than subsurface (SS) sites, finally 
followed by the membrane-free cytosolic regions. Additionally, MDL treatment markedly decreased the apparent peaks of the maximal Ca2+ signal intensity locally. 
(B) Comparison of the paired cell-wide intensity showing the inhibitory MDL effects on the Ca2+ transient corresponding to A. (C) Dot plots confirming each a 
significantly decreased mean Ca2+ transient amplitude, increased time-to-peak and delayed decay constant τ after MDL treatment (10 μM, 6 min). (D) Dot plots 
excluding side effects of MDL treatment each on SR Ca2+ load and transmembrane Na+/Ca2+-exchange (τ decaycaff) estimated during caffeine-induced Ca2+ release. 
(E) Subcellular Ca2+ release analysis at subsurface (SS) versus axial tubule (AT) sites under baseline control versus acute MDL treatment (10 μM, 6 min). (F) Spatial 
latency analysis of the early Ca2+ signal upstroke at 25% signal amplitude (dF/dt) at SS, AT and TAT-free cytosolic locations (Cyt) prior to (control) and 6 min after 
MDL treatment (10 μM, 6 min). (F) Intracellular Ca2+ transient during 1 Hz field pacing and spatial latency analysis of AMs acutely stimulated with ISO (100 nm, 90 
s), and (H) AMs isolated from RyR2-S2808A+/+ mouse hearts. In H, the membrane dye di-8-ANEPPS (di8, 40 μM) was used for membrane imaging. Data points 
indicate individual cells: n = 10 AMs from 3 mouse hearts in C, E and F, paired data; n = 11 control / 12 MDL treated AMs from 4 mouse hearts in D, unpaired data; n 
= 17 AMs from 3 mouse hearts in G, and n = 21 AMs from 3 RyR2-S2808A+/+ hearts in H, paired data. NS, not significant; *p < 0.05, **p < 0.01, ***p < 0.001, 
Student’s t-test. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 7. A constitutively increased adenylyl cyclase activity in junctional compartments regulates action potential morphology and L-type Ca2+ current density (ICa,L) 
in AMs. (A) Left: 2-photon RAMP action potential imaging with di-4-ANE(F)PTEA (2 μM). White rectangles indicate regions-of-interest used for subcellular voltage- 
signal recording at transverse (vertical) and axial (horizontal) tubule structures (TAT) versus surface membrane (SM) sites. Scale 5 μm. Right: Corresponding F/F0 
normalized action potential traces each at the SM and TAT structures comparing the baseline control versus acute inhibitory MDL treatment changes (10 μM, 3 min). 
(B) Dot plot summarizing the significant decreases of the mean amplitude of the action potential both at SM and TAT locations after MDL treatment. n = 10 SM versus 
26 TAT recordings in 10 AMs under control conditions, and 5 SM versus 12 TAT measurements in 5 AMs following MDL treatment from 3 mouse hearts. ***p <
0.001, Student’s t-test. (C) Left: Exemplary ICa,L current traces from a voltage-clamped AM during depolarization and repolarization of the membrane potential at a 
rate of 0.5 Hz. Paired ICa,L recording comparing the current traces at baseline control versus 2 min after acute MDL treatment (10 μM). Right: Dot plot confirming the 
strong inhibitory acute MDL effect through a significantly decreased peak ICa,L density. n = 4 cells from 2 mouse hearts. *p < 0.05, Student’s t-test. (D) Combined 
Epac1-JNC transgenic AM voltage-clamping and epifluorescence FRET cAMP imaging during acute adenylyl cyclase inhibition by MDL (10 μM). Left: Snapshot 
brightfield and FRET ratio images documenting from top to bottom: the integrity of the patch-clamped AM structure and pipette position, the FRET ratio YFP/CFP, 
and the combined imaging data. Right: Apparently upon MDL superfusion, the peak ICa,L density (black) was rapidly decreased, while the reciprocal FRET ratio (green) 
showed an initially rapid followed by a slower increase consistent with an acute cAMP decrease. Data traces are representative of three cell isolations from individual 
mouse hearts. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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mediated activation of the LTCC channel [25–27]. Hence, we hypothe
sized that the constitutively increased junctional cAMP levels addi
tionally sustain an increased activity of the atrial LTCC Ca2+ currents at 
baseline in untreated AMs. Interestingly, both pore-forming subunit 
isoforms, the ubiquitous cardiac CaV1.2-α1C and the atria-specific 
CaV1.3-α1C, were demonstrated with high cluster densities in the axial 
tubule components of mouse AMs recently [1,2]. Using whole-cell 
patch-clamp, we confirmed robust LTCC currents (ICa,L) in mouse AMs 
depolarized at 0.5 Hz, generating a high peak ICa,L density at baseline 
(Fig. 7C, control). Strikingly, acute MDL treatment (10 μM) for 2 min 
strongly decreased the peak ICa,L density (Fig. 7C, MDL), confirming 
earlier observations in patch-clamped guinea pig AMs reported previ
ously [28]. Supplementary Fig. 19 illustrates the gradual decrease of 
the ICa,L density after acute MDL treatment over time, which occurred 
markedly earlier compared to the spontaneous run-down of the ICa,L 
density. 

Finally, to characterize the temporal relationship between the junc
tional cAMP decrease following MDL treatment and the diminished ICa,L 
density, we performed simultaneous epifluorescence FRET cAMP and 
patch-clamp measurements in Epac1-JNC transgenic AMs. While the 
FRET ratio showed an initially rapid followed by a slower increase 
during 3 min recording, the peak ICa,L density was submaximally 
decreased within ~ 1 min (Fig. 7D). Hence, acute MDL treatment 
decreased both the junctional cAMP levels and the ICa,L density rapidly 
in AMs. While this acute inhibitory MDL effect identified a major role of 
the constitutively increased adenylyl cyclase activity for the augmented 
LTCC channel function in AMs, at baseline both the cell type-specific 
action potential morphology and the rapid atrial CICR activation 
depended molecularly on the sustained cAMP synthesis in the Ca2+

release units. 

5. Discussion 

In the present study we showed that junctin, a SR membrane- 
anchored and RyR2-binding protein [29], is predominantly localized 
in the junctional Ca2+ release units of AMs. In contrast, the great ma
jority of non-junctional RyR2 clusters did not exhibit any similarly 
apparent signal co-localization with the junctin clusters. Based on this 
AM-specific junctin cluster distribution mainly in axial tubule junctions, 
we established a junction-specific cAMP FRET imaging approach 
employing a novel Epac1-JNC biosensor transgenically expressed in 
cardiomyocytes of a recently established mouse model [13]. Strikingly, 
similar to the subcellular distribution of endogenous junctin, the Epac1- 
JCN biosensor was localized exclusively in junctional clusters, con
firming a central prerequisite to monitor cAMP levels specifically in the 
dyadic cleft of living AMs. While co-immunoprecipitation further 
established an interaction between the endogenous RyR2 and junctin 
proteins, the transgenic Epac1-JNC was confirmed as an exogenous 
RyR2 interactor. High-resolution confocal FRET imaging demonstrated 
constitutively augmented cAMP levels at axial tubule junctions, where 
the major physiological sites for baseline junctional Ca2+ release are 
located in AMs. Interestingly, the constitutively augmented cAMP levels 
at axial tubule junctions maintain both the increased junction-specific 
RyR2 cluster PKA phosphorylation and increased ICa,L currents, under
pinning the rapid and high-gain activation of CICR at baseline in AMs. 
As each CaV1.2 and CaV1.3, as well as RyR2 exist highly clustered in 
atrial Ca2+ release units [1,2], we propose that the constitutively 
increased junctional cAMP levels prime CICR at axial tubule junctions 
through molecularly synergistic and sustained posttranslational modi
fications at baseline. Consistent with this model, inhibition of the sus
tained cAMP-generating activity by pharmacological pan-inhibition of 
the cardiac adenylyl cyclase isoforms greatly diminished the ICa,L cur
rent density and the junctional RyR2 phosphorylation, leading to both a 
significantly decreased and delayed Ca2+ release at axial tubule sites in 
AMs. 

Unexpectedly, we found that junctin is differentially distributed in 

AMs but not in VMs. Within the quaternary Ca2+ release macromolec
ular complex, junctin is supposed to function as interaction partner each 
of RyR2, triadin, and calsequestrin-2 in the SR membrane and lumen 
[10,30]. Whereas RyR2 stably interacts with junctin, calsequestrin-2 
was shown to dissociate from junctin at increased Ca2+ levels with an 
IC50 of 0.6–0.8 mM [10,30]. Moreover, both junctin knockdown in rat 
VMs by antisense RNA or germ-line junctin knockout in mice increased 
SR Ca2+ load, Ca2+ release, and contractility [12,31]. Interestingly, 
while the junctin knockout did not affect the heart structurally, 25% of 
the junctin knockout mice died by three months age spontaneously, 
while isoproterenol stimulation induced fatal arrhythmias [12]. Vice 
versa, cardiomyocyte-restricted junctin overexpression in mice 
decreased both the SR Ca2+ load and Ca2+ spark frequency in VMs, 
leading to a decreased contractility and cardiac hypertrophy [32,33]. In 
sharp contrast, while we established a 5-fold lower junctin expression 
level in the atria compared to the ventricles in paired samples from the 
same hearts (Fig. 1A), rodent AMs exhibit a 2-fold higher SR Ca2+ load 
and mouse atria a 3-fold higher SERCA2a protein expression [1,34]. 

The exclusive clustering of atrial junctin in junctional Ca2+ release 
sites (Figs. 1B and E) broadens the concept that RyR2 clusters are 
differentially regulated in AMs as proposed previously [1,3]. At junc
tional Ca2+ release sites in AMs we confirmed that RyR2 clusters were 
highly phosphorylated by PKA and CaMKII [1]. Vice versa, little or no 
junctin co-localization was evidenced for the great majority of non- 
junctional atrial RyR2 clusters. Non-junctional RyR2 channels are thus 
expected to bind less or no calsequestrin-2 and may experience a 
fundamentally different local SR luminal Ca2+ environment [11,35]. 
Importantly, the calsequestrin-2 protein level in atrial compared to 
ventricular tissue was 31 ± 0.05% lower (Fig. 1A), suggesting that the 
observed junctin clustering may additionally contribute to the local and 
Ca2+ concentration-dependent calsequestrin-2 accumulation at the 
luminal side of junctional RyR2 clusters. A previous study was not 
conclusive, since only a non-significant trend indicated a potentially 
lower atrial calsequestrin-2 expression level in rat cardiac lysates based 
on the same antibody used here for immunoblotting [34]. Interestingly, 
consistent with abundant junctional junctin clustering, junctional but 
not non-junctional Ca2+ release sites generate significantly larger Ca2+

mega-sparks at axial tubules in mouse AMs, as confirmed conceptually 
by mathematical modeling [1]. 

Furthermore, the membrane tethering protein junctophilin-2 shows 
the same subcellular distribution pattern and preferential junctional 
clustering as junctin in AMs [3]. Whereas junctophilin-2 binds nega
tively charged phospholipids in the sarcolemma, junctin exhibits a 
significantly shorter 22 amino acid long cytoplasmic N-terminus, which 
cannot physically bridge the dyadic cleft subspace [36]. While 
junctophilin-2 was established as an essential protein for the junctional 
membrane organization both in AMs and VMs [3,37,38], the precise 
molecular roles of junctin for junctional RyR2 clustering and luminal 
regulation by calsequestrin-2 in AMs need to be addressed by future 
studies. As TAT membrane components are reorganized and RyR2 
channels might become non-junctional (“RyR2 orphaning”) during heart 
disease [1,14], [39] the latter may also affect the junctin clustering. 
Interestingly, on top of the significantly lower atrial junctin levels at 
baseline, we observed a 52% decrease in junctin expression four weeks 
after transaortic constriction in mouse left atria (data not shown) in line 
with the significantly decreased left-ventricular junctin levels in human 
failing hearts reported previously [40]. 

While the here reported atria-specific subcellular cAMP signaling 
and compartmentation mechanisms answer open cell biology questions, 
we additionally propose an emerging fundamental role for axial tubule 
junctions as the major cell type-specific Ca2+ release mechanism, 
significantly extending earlier studies [1,2]. Notably, while cAMP bio
sensors targeted by fusion proteins to specific subcellular compartments 
were mainly applied in VMs [41–43], we developed a state-of-the-art 
confocal FRET approach to detect subcellular cAMP levels locally for 
the first time in living AMs. A combination of FRET epifluorescence 
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imaging and scanning ion conductance microscopy (SICM) at the surface 
of VMs spatially resolved cAMP microdomains at the crest versus T-tu
bule orifice as reported previously [44]. However, the utility of com
bined epifluorescence and SICM imaging for AMs appears limited, as the 
major functionally relevant cAMP compartments at axial tubule junc
tions are not captured by this technique. Furthermore, isolated AMs are 
exquisitely sensitive to experimental phototoxic and mechanical noxae, 
and the latter can directly disrupt the tubular membrane structures as 
demonstrated by STED imaging in AMs [2]. For these reasons, we pio
neered a confocal live-cell FRET imaging approach to improve the 
intracellular spatial resolution for non-invasive all optical AM studies. 
Combined with a previously established customized membrane labelling 
protocol for living AMs [2], this enabled us to monitor the local cAMP 
concentrations in junctional compartments despite the relatively low 
Epac1-JCN expression level. Thus, based on the exclusive Epac1-JNC co- 
localization with junctional RyR2 clusters, the baseline and pharmaco
logically altered cAMP levels were directly captured in the junctional 
compartments at axial tubules and the surface membrane. Interestingly, 
while we confirmed each the highly phosphorylated junctional versus 
low or not phosphorylated non-junctional RyR2 clusters as distinct 
channel populations, the cardiac AC-VI isoform was frequently clustered 
at the TAT membrane structures in AMs (Fig. 5). Taken together, this 
supports a new concept of locally sustained cAMP compartmentation at 
baseline in AM junctions, whereas acute β-adrenergic stimulation leads 
to increased cAMP synthesis at the junctional Ca2+ release sites and 
globally increased RyR2-Ser2808 phosphorylation within minutes 
throughout the cell (Fig. 5B and Supplementary Fig. 15). This is in line 
with a previous report of cell-wide restored CICR in detubulated rat 
ventricular myocytes through β-adrenergic stimulation [45]. 

Earlier studies have focused on the specific roles of cAMP hydro
lyzing phosphodiesterase subfamilies (PDE1, PDE2, PDE3 and PDE4) in 
rodent and human myocardium [46,47]. Whereas both in AMs and VMs 
the PDE4 subfamily isoforms control cAMP locally and directly in the 
RyR2 macromolecular channel complex, this confined cAMP hydrolysis 
becomes significantly impaired in atrial fibrillation and heart failure due 
to depressed PDE4D expression and diminished RyR2 interactions 
[9,13,47]. Both PKA and PDE4D3 bind to mAKAP (A-kinase anchoring 
protein AKAP6), contributing to a ternary complex that interacts with 
and directly regulates RyR2 channel activity [48]. Vice versa, PDE4D3 
itself is dynamically regulated by a negative feedback loop, which af
fects RyR2 phosphorylation both at baseline and increased β-adrenergic 
stimulation [49]. Since junctional RyR2 clusters in AMs exhibit a 
constitutively increased RyR2 phosphorylation, AMs are characterized 
by a cell-specific cAMP-dependent compartmental mechanism quite 
different from VMs. Based on the increased junctional PKA phosphory
lation of RyR2 channels both at Ser2808 and Ser2814 at baseline 
without any exogenous β-adrenergic stimulation, we propose a direct 
functional role for a constitutively increased adenylyl cyclase activity in 
combination with PDE4D3-dependent regulation in AMs [1]. Indeed, 
MDL inhibition unmasked the increased adenylyl cyclase activity at the 
subcellular Ca2+ release sites of axial tubule junctions, directly sup
porting the concept that increased junctional cAMP levels sustain the 
increased junctional RyR2-Ser2808 cluster phosphorylation, underlying 
both the rapid and augmented atrial SR Ca2+ release in the dyadic cleft. 
Future studies may thus elucidate the precise subcellular organization 
and role of phosphodiesterases in the junctional compartments of AMs. 

Adenylyl cyclase enzymes have been previously localized by metal 
precipitation labelling and electron microscopy immunolabelling in the 
surface sarcolemma and in transverse tubules of adult guinea pig VMs 
[50]. Moreover, the adenylyl cyclases V/VI (AC-V/VI) were established 
as the predominant isoforms expressed in the ventricles and in VMs 
[4,23,51], actually with similar expression levels in the atrial versus 
ventricular mouse tissues [1]. While the non-selective adenylyl cyclase 
inhibitor MDL efficiently decreased the junctional cAMP generation in 
AMs, the selective AC-V inhibitor NKY80 did not affect the dyadic cAMP 
level in AMs (Supplementary Figs. 14) [21,52,53]. Similarly, the 

junctional cAMP level in AMs treated with the AC-V selective inhibitor 
SQ22,536 was not changed [21,52,53]. However, the selective phar
macological targeting of AC-V by NKY80 and SQ22,536 has been chal
lenged recently [54,55]. Immunostaining and confocal imaging showed 
AC-VI clusters for the first time at TAT membrane structures in AMs 
(Fig. 5D). Notably, the Ca2+-sensitive AC-I and AC-VIII isoforms were 
previously localized mainly in the cortical region at the surface sarco
lemma of AMs [28,56], indicating principally different subcellular 
adenylyl cyclase localizations. Together with the constitutively 
increased LTCC currents and RyR2 Ca2+ release in AMs, this may at least 
partly explain the constitutively increased AC-VI isoform-specific ac
tivity in the junctional compartments in AMs. Nonetheless, future 
studies will have to establish the differential adenylyl cyclase isoform 
expression and localization at axial tubule junctions versus other loca
tions, and if the AC-VI isoform is molecularly essential for the sustained 
dyadic baseline cAMP synthesis, underpinning the atrial action potential 
and augmenting CICR constitutively for rapid contractile activation 
locally at baseline in AMs. 

The proposed mechanism of AC-dependent subcellular cAMP pools 
significantly extends the previous putative model of physiological CICR 
in AMs [1], but may also reveal a particular vulnerability of AMs for 
pathological membrane remodeling and altered intracellular Ca2+

signaling. Axial tubule reorganization with a decrease of dyadic junc
tions in atrial disease implies a loss-of-function at the CICR level [1,3], 
perhaps explaining the susceptibility for highly prevalent supraven
tricular arrhythmias like atrial fibrillation and worsening of heart failure 
in the aging heart. Moreover, β-adrenergic stimulation effectively ac
celerates and amplifies Ca2+ release in AMs through recruitment of the 
great majority of non-junctional RyR2 clusters, which may however 
disturb local atrial CICR control during heart disease-sustained cate
cholaminergic stress in heart failure patients. This may further explain at 
least partly the benefit of β-blocker therapy in atrial fibrillation patients 
with and without concomitant heart failure [57]. The present study may 
help to identify early atria-specific disease mechanisms that underlie the 
recent concept of atrial cardiomyopathies [58], which may ultimately 
facilitate the development of new and atria-specific therapeutic 
strategies. 

5.1. Study limitations 

In contrast to some previous models based on isolated AMs devoid of 
any TAT structures [6], we have confirmed cell-wide TAT networks in 
100% of isolated adult mouse AMs based on an isolation and staining 
protocol optimized for high-resolution live-cell imaging (Supplemen
tary Fig. 10). Here, AMs were jointly isolated both from the left and 
right atria to gain sufficiently high numbers of high-quality cells for 
functional cAMP, Ca2+ and structural TAT imaging analyses. Nonethe
less, future studies need to compare differences between left and right 
AMs to address the chamber-specific TAT network architecture. 

Confocal Ca2+ imaging in AMs confirmed a relatively small but sig
nificant latency difference of the early subcellular Ca2+ signal onset 
ranked in the order axial tubules < subsurface sites << TAT-free cyto
solic regions [1], a hierarchy however not significantly changed by acute 
adenylyl cyclase inhibition (Fig. 6F). In contrast, ablating junctional 
RyR2 phosphorylation by PKA in RyR2-Ser2808Ala knockin mice 
diminished the latency difference between axial tubule versus subsur
face Ca2+ release onset in AMs (Fig. 6H). Notably, the confocal trans
verse line-scanning applied here technically cannot fully capture, and, 
thus, underestimates sparse transverse tubule structures in AMs due to 
their complex 3D spatial meandering orientations during live-cell im
aging. While axial tubules are reliably identified due to their relative 
large diameter, the AM-specific subcellular Ca2+ signal behaviors 
represent a complex 3D spatiotemporal diffusion process [1,59], how
ever, at diffraction-limited confocal resolution. Future studies will need 
to develop, verify, and extend these spatially limited but conceptually 
important aspects to quantitatively study the subcellular CICR 
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mechanisms at higher spatiotemporal resolution in AMs based on 
advanced live-cell superresolution 2D and 3D Ca2+ imaging and math
ematical modeling techniques. 
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