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cAMP and calcium are pleiotropic messengers



Different amplitude/duration of the cAMP signals

decoding

via different isoforms of cAMP sensors

several 
isoforms 

of adenylyl 
cyclases 

several 
isoforms of 
Gs and Gi

several G-
protein-
coupled 

receptors



Pleiotropy of cAMP in cardiac cells in the past

(Modificata da Zimmer, J. Mol. Med. 1997, 75:849-859)

1) contractility

2) metabolism

3) Gene expression
(hypertrophy)



Pleiotropy of cAMP in cardiac cells at present

Zaccolo & Kovanich (2024) Physiol Rev, doi: 10.1152/physrev.00013.2024. Epub ahead of print.



Ca2+ signaling cAMP signaling

ON mechanisms Ion channels/exchangers

G-protein coupled receptors G-protein coupled receptors

Intracellular stores

OFF mechanisms PMCA Phosphodiesterases (PDE)

SERCA

Mitochondria

Cytosolic buffering proteins

Ca2+ vs cAMP handling machinery

Experimental 

approaches

Immunolabelling

Fluorescent probes

Immunolabelling

FRET (PKA)



Localised synthesis of cAMP in cardiac cells 

 subunit of G-protein

(Laflamme & Becker, Am. J. Physiol 1999, 277:H1841-H1848)

Adenyl cyclase



The family of AKAPs 
(A-kinase-anchoring proteins)

(in Dell’Acqua & Scott, J. Biol. Chem 1997, 272:12881-12884)

“targeting hypothesis”

(Yang et al., J. Cell. Biol. 1998, 142:511-522)

AKAP100 PKA



The AKAP family



Fluorescent protein kinase A as cAMP indicator
(FRET, fluorescence resonance energy transfer)

(Adams et al., Nature 1991, 349:694-697)



Localised cAMP (PKA) signals in rat cardiomyocytes

(Zaccolo & Pozzan, Science 2002, 295:1711-1715)



(Zaccolo & Pozzan, Science 2002, 295:1711-1715)

Stimulated 

(+NE)

+ Inhibitor of PDE 

(+IBMX)

Rapid degradation of cAMP in cardiomyocytes: 

the role of cyclic nucleotide phosphodiesterase (PDE)



Compartmentalisation

of the cAMP signals

AKAP-PKA-PDE 

complex: cAMP 

synthetizing unit
 

(Davare et al., Science 2001, 293:98-101; Dodge et al., EMBO 

J. 2001, 20:1921-1930)

“Molecular channeling 

hypothesys”

Zaccolo & Kovanich (2024) Physiol Rev, doi: 10.1152/physrev.00013.2024. Epub ahead of print.



Targeted FRET based reporters for cAMP

FRET

Genetically encoded
FRET basedreporters Surdo et al. (2017) Nat Commun 20;8:15031



cAMP nanodomains

and signalosomes

Zaccolo & Kovanich (2024) Physiol Rev, doi: 10.1152/physrev.00013.2024. Epub ahead of print.

Open question

How do different GPCRs 
precisely couple with the 

intracellular molecular 
machinery to ensure cAMP 

levels rise only in the 
appropriate compartment, 

especially when the 
signalosomes activated by cAMP 

are distant from the cell 
surface where the receptors 

are located?



Internalization of the receptors?



cAMP cascade elements are spatially organised 

also in other cell models

1) Hippocampal neurons: 

co-localisation of 2 adrenergic receptors 

and voltage-dependent Ca2+ channels (Cav 1.2) 

(Davare et al., Science 2001, 293:98-102)

2) Human embryonic kidney cells (HEK-293):

 co-localisation of ion channels and adenyl cyclase

        (Rich et al., Proc. Natl. Acad. Sci. USA 2001, 98:13049-13054)
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