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cAMP and calcium are pleiotropic messengers





Physiological conditions:
[Ca2+]i changes

are transient events

Pathological conditions:

[Ca2+]i changes
have higher amplitude

and/or longer duration



Protein kinases C
and CAM kinases



There are many Ca2+ sensors



Ca2+-ON mechanisms
(rise phase) 

Ca2+-OFF mechanisms
(decay phase) 

 



Control of intracellular Ca2+ concentration ([Ca2+]i)

Ca2+-ON mechanisms
(rise phase) 

CRAC

CRAC: calcium release activated calcium channels



IP3 receptors and IP3-sensitive store

10-8 10-7 10-6 10-5

[Ca2+]



Ca2+
 receptors and Ca2+-sensitive store

It acts as an amplifier
10-8 10-7 10-510-6 10-4 10-3



A new ligand
for a new receptor

NAADP

nicotinic acid adenine
dinucleotide phosphate

NAADP releases Ca2+

from acidic endolysosomal Ca2+ stores

TPC1 and TPC2 ion channels are responsible
for NAADP-mediated Ca2+ release

(Pitt et al (2016) J Physiol 594: 4171-4179)



Ca2+- binding proteins in the lumen of Ca2+ stores 



Dynamic distribution of Ca2+ stores



Ca2+-ON mechanisms
(rise phase) 

Ca2+-OFF mechanisms
(decay phase) 

 



Control of intracellular Ca2+ concentration ([Ca2+]i)

Ca2+-OFF mechanisms
(decay phase) 

 

PMCA, plasma membrane Ca2+ ATPase
SERCA, sarco/endoplasmic reticulum Ca2+ ATPase

CRAC



Store-operated calcium entry (SOCE)

Kodakandla et al. (2023), Front. Physiol. 14:1330259

STIM1: Stromal Interaction Molecule 1 (calcium sensor)
Orai1: Calcium channel
STIM1+Orai1 = calcium release-activated calcium (CRAC) channel
SOCE: Store-operated calcium entry (calcium influx driven by Orai1)



Role of the mitochondria



Control of intracellular Ca2+ concentration ([Ca2+]i)

Ca2+- ON mechanisms 

Ca2+- OFF mechanisms 

CRAC



Interplay between ON and OFF mechanisms

ON OFF



[Ca2+]i  and ageing



[Ca2+]i in aged neurons



Decoding of [Ca2+]i signals generated by diverse inputs

1) D[Ca2+]i kinetics/affinity of the sensors

2) spatial organisation of Ca2+ signals

3) temporal organisation of Ca2+ signals



Some cytosolic Ca2+- binding proteins are not effectors
(cytosolic Ca2+ buffers) 



The importance of the intracellular Ca2+ buffers

calbindin 
S100 
parvalbumin

calsequestrin
calreticulin



Ca2+ has
a short-range action



Fluorescent Ca2+ dyes



Ca2+ imaging

The set-up



An example
https://youtu.be/80Cnyp6HUlI?si=7bttMXQFQ48WVtG9 



Nobel prize in Chemistry 2008

(1952 – 2016)



Elementary Ca2+ release events 



Spatial aspects
of Ca2+ signalling

1. Localised [Ca2+]i transients
(microdomains/nanodomains) 



Spatial aspects
of Ca2+ signalling

2. [Ca2+]i waves 



[Ca2+]i waves in oocytes
after fertilisation

spiral orientation



One of the mechanisms
generating [Ca2+]i waves

An alternative:
CICR based on RyR - activation
(Calcium-Induced Calcium Release)



Ca2+ waves can propagate with opposite orientation

+BK

+ATP



Decoding of [Ca2+]i signals generated by diverse inputs

1) D[Ca2+]i kinetics/affinity of the sensors

2) spatial organisation of Ca2+ signals

  3) temporal organisation of Ca2+ signals



Temporal aspects
of Ca2+ signalling

Induced [Ca2+]i oscillations



Temporal aspects
of Ca2+ signalling

spontaneous [Ca2+]i oscillations
Myogenesis 

Lorenzon et al. (1997)  Eur. J. Neurosci. 9; 800-808



Temporal aspects
of Ca2+ signalling

Spontaneous [Ca2+]i oscillations

Neurogenesis 

low frequency

high frequency

gene expression regulation

neurite extension



Temporal aspects
of Ca2+ signalling

spontaneous [Ca2+]i oscillations

Neurogenesis in vivo 

injection of transcripts
in one or both blastomers

Borodinsky et al.



Ca2+ as decoder of the electrical activity

during differentiation:
frequency depends on
intrinsic membrane electrical 
properties 

in adulthood:
frequency depends on
network electrical properties 

Ca2+ pleiotropy is based on:

1) D[Ca2+]i kinetics/affinity of sensors
2) spatial organisation of Ca2+ signals
3) temporal organisation of Ca2+ signals



Protein kinases C
and CAM kinases



CAM kinase II is one of the decoders
of [Ca2+]i oscillation frequencies 

eleven subunit
complex



CAM kinase II domains and regulation


