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Abstract: 
Specialization of cell systems in organism is accompanied with increased 
role of intracellular signal systems which direct and co-ordinate 
organized multicellular responses to realize a particular physiological 
function. Higher organisms possess multiple specialized signalling 
systems that recognize environmental signals and transform them into 
intracellular signals. The information meets transduction to appropriate 
functional elements, perhaps programmed genetically to respond, adapt 
or suffer derangement. Most of such signalling systems use calcium as 
second messenger. Calcium mediated signal transduction has acquired 
complexity through evolution, timing to improve signalling pathways 
and to establish new communications. Signalling drives excitability and 
propagation of nervous action potential, and its disruption is 
responsible for several diseases, including toxic impacts. The 
significance of Ca2+ signalling in living systems is testified by evolved 
Ca2+ channel toxins in various animal venoms. Calcium influx from the 
exterior and calcium release intra-cellularly forms distinct facets for 
investigation in effects of chemicals and drugs. Most calcium channels 
contain multiple binding sites for agonists and antagonists. 
Transduction function of calcium channels accords them high biological, 
particularly neuro-physiological, significance across space and time of 
understanding and applications. This article attempts to cover facets of 
neuronal calcium signalling. 
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Sketch of the system: 
Resting intracellular concentration of free calcium 
ions is generally 20000 times lower than 
extracellular concentration in most excitable tissues. 
Ca2+ is the commonest of signal transduction 
elements, essential to life while prolonged high 
intracellular Ca2+ levels may cause cell death. Tight 
regulation of intracellular Ca2+ levels must be done 
as it cannot be metabolized. Phosphates constituting 
intracellular energy currency would suffer 
precipitation with calcium. Numerous binding 
proteins and specialized extruding mechanisms for 

calcium have therefore evolved, which dramatically 
regulate cell calcium. 
Depolarization from resting membrane potential (-
70 mV), initiates conformational changes in 
calcium ion selective channels via special voltage 
sensing regions in the protein molecule. Ca2+ flood 
is thus catalysed across the membrane. Calcium ion 
is important modulator of phospholipases and 
calmodulin kinases. Co-ordinated opening of 
clusters of intracellular inositol triphosphate 
receptor (IP3), ryanodine reseptor linked channels 
provide mechanisms for Ca2+ induced calcium 
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release from endoplasmic reticulum. Ryanodine 
receptor mechanisms that activate Ca2+ sensitive K+ 

channels trigger membrane hyperpolarization and 
control the excitability of neuron. After signalling 
function is accomplished, Ca2+ is rapidly removed 
from cytoplasm by various pumps and exchangers.1 
Mitochondria close to internal calcium channels, 
rapidly take up Ca2+, which stimulates their ATP 
synthesis. Mitochondria are also important 
sequestrates of Ca2+, rapidly during the 
development of signal. They then release Ca2+ break 
slowly in recovery process. This is important in 
determining the amplitude and time-span of calcium 
signal.2 

Calcium Channels:  
An α1 subunit is the pore forming unit of high 
voltage activated calcium channels in neurons and 
determines the dependency on voltage or membrane 
potential. Calcium channel blocking drugs and 
naturally occurring toxicants bind to this subunit 
cause Ca2+ channel blockade. High voltage calcium 
channel is multimeric protein constituted of many 
subunits. The α subunit is co-expressed with 
different β subunits, which determines differences 
in rates of channel inactivation. One of the subtypes 
of high voltage activated Ca2+ channels Ca2+ 2.2, the 
β subunit displays role in properties of voltage 
dependence, prepulse facilitation and modulation by 
G proteins.3 

Infringements of any kind in the channel subunits 
have potential to cause channel dysfunction and 
channel hypoactivity is demonstrated as associated 
with mutation in the β subunit.4 Voltage operated 
calcium channels are multimeric transmembrane 
proteins, crucially involved in control of calcium 
homeostasis. Multiple types of voltage operated 
calcium channels are described in nervous system 
and peripheral tissues. Different channels can be 
classified according to their biophysical and 
pharmacological properties, localization and 
functional role.5 Most neurons have low as well as 
high voltage activated calcium currents. Low 
voltage activated T type calcium channels are 

maximally activated with small depolarization. 
They are fast inactivating and slow deactivating. 
The high voltage activated L type (long lasting) and 
N type (Neither L or T kind) channels are activated 
with large depolarization. L type channels express 
throughout nervous system as well as in other 
tissues. N type channels are largely restricted to 
neurons. Based on differences in agents that block 
or fail to block, further P, Q, R subtypes of neuronal 
high voltage activated channels are described. 
Heterogeneity is also within class of L type 
channels located in different tissues and exhibiting 
differences in degrees of blockade by blocking 
agents and electrophysiological properties. 
Localization of different voltage gated Ca2+ 
channels in nervous system helps to elucidate their 
contribution to specific physiological processes. L-
type Ca2+ channels are concentrated in neuronal cell 
bodies and at bases of major dendrites. N-type 
channels are clustered presynaptically at active sites 
of neurotransmitter release.5  
Presumed pre and post-synaptic localization of the 
N and L type channels indicates different roles. 
Low threshold or activation and transient kinetics of 
low voltage gated T calcium channels indicates 
their role in controlling cell excitability and 
pacemaker activity. Ca2+ influx through T type 
channels is the predominant calcium source in 
several neuronal cell types and carries out specific 
signalling roles. Often T channels signalling occur 
in select subcellular compartments. It is mediated 
through strategically co-localized targets and used 
for unique physiological functions.7 The high 
threshold activation and long lasting kinetics of 
high voltage gated L calcium channels suggests 
their role in large increases in intracellular Ca2+ 
concentration necessary to serve as second 
messenger. 
Heterogeneity and biophysical differences of L and 
N type channels may suit their involvement in 
allowing Ca2+ influx for different purposes. The N 
type channels in pre-synaptic zones control calcium 
influx triggering neurotransmitter release. 
Localization of L type channels on neuron cell 
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bodies and bases of dendrites is suited to regulate 
Ca2+ influx to trigger different somatic activities eg. 
enzyme regulation, cytoskeletal organization, gene 
expression etc. Relative roles of L type versus N 
type channels differ for control of neurotransmitter 
release depending on mechanism causing 
depolarization i.e. due to high potassium or due to 
stimulus by electric field.8 

Signalling and regulations: 
G proteins directly interact with the channel and can 
cause a voltage dependent channel inhibition.9 In 
addition, phosphorylation by kinases like protein 
Kinase C and tyrosine kinases are shown to inhibit 
the Ca2+ channels.10,11 

Phosphorylation is common mechanism for 
modulation of Ca2+ channels. Different protein 
kinase C isoenzymes appear to be targeting 
different subtypes of Ca2+ channels and may exist in 
complex with the channels.12,13  
The receptor- tyrosine kinases are receptors on 
membrane surface with integrated catalytic 
domains. There are non-receptor tyrosine kinases 
which associate receptors but bear no intrinsic 
kinase activity. G protein coupled receptor actions 
via tyrosine kinases are understood. Their receptor 
mechanisms, intracellular transduction pathways 
and the effectors that mediate neuronal responses 
are characterised.14  
G protein coupled receptors (GPCRs) directly do 
not interact with ion channels in membrane and 
second messenger producing enzymes. Linking of 
the GPCRs with their targets occurs through 
transduction systems when surface receptor is 
bound by a ligand, its conformation changes. The 
receptor in changed conformation is able to bind the 
G protein inside and activate it. Activated G 
proteins then modulate activity of variety of target 
proteins. 
Phospholipase Cβ is activated by induction of G 
protein class Gq and then activates protein kinase C 
(PKC) to cause Ca2+ release from IP3 sensitive 
calcium stores. The tyrosine phosphorylation of 

delayed rectifier type K+
v1.2 potassium channel 

results in suppression of K+ current.15 

PKC activation also causes upregulation of function 
of NMDA receptors, through intermediary tyrosine 
kinase and Src. The metabotropic glutamate 
receptors coupled to phosphorylase C can activate 
PKC, followed by activation of tyrosine kinase. A 
long term depression of synaptic transmission then 
occurs. Inhibition of calcium activated potassium 
current following stimulation of metabotropic 
glutamate receptors can be reduced by inhibition of 
tyrosine kinase.16 

Protein tyrosine kinases tonically upregulate some 
voltage gated Ca2+ channel subtypes and in neurons 
inhibitor of protein tyrosine kinase like genistine 
decrease calcium influx through high voltage gated 
neuronal Ca2+ channels.17 

Calcium channel modulation may result from 
binding of lipid PIP2 which is involved in 
functioning of G protein for regulation of inward 
rectifier K+ channels.18 

G protein mediated modulations of channel activity 
involves disruption of interaction between channels 
subunits by phosphorylation. Similar disruption 
occurs in calmodulin mediated calcium dependent 
inactivation of voltage gated Ca2+ channels.19 

Multiple G-protein mediated pathways converge in 
modulating calcium channels. Complex timing of 
events is controlled by interactions between 
components of several signalling pathways and a 
dynamic network of cytoskeletal and scaffolding 
structures. These serve as ground for interaction 
with channel.  
Modulation of Ca2+ channels by GPCR is transient 
process. Prolonged exposure to stimuli eg. 
neurotransmitters, causes decline of neuronal 
sensitivity. GABAB receptor mediated inhibition of 
calcium currents gets desensitized in just 100 
seconds. Change in cellular environment per se can 
cause changes in channel activity. The specificity of 
Ca2+ effects on neuronal physiology is partly 
determined by magnitude, kinetics and spatial 
location of the Ca2+ signal.20 
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The neuronal calcium sensing proteins are 
implicated in many functional roles ranging from 
regulation of ion channels, membrane traffic, 
neuronal growth and survival learning etc.21 Timing 
impacts how information is relayed from external 
stimuli via Ca2+ signals in to specific physiological 
effects. The broad community of calcium handling 
proteins, which increase, decrease and buffer 
cytoplasmic calcium, provide diverse kinetics of 
assembly of signalling molecules appropriate for 
cellular functions. These proteins regulate the 
duration and periodicity of calcium signal. Setting 
up spatial gradients of activity or disrupting those 
rapidly within cells.22 

Distributed heterogeneity of Ca2+ regulated proteins 
along with their spatial distribution, mediating Ca2+ 
homeostasis, provides for large number of 
physiological responses to be directed by calcium 
signal transduction pathway.23 

Intracellularly Ca2+ comes to bind a versatile 
protein calmodulin in several isoforms. Calmodulin 
with bound Ca2+, associates with different affinity 
with various proteins and changes their biological 
functions and activities.24 

Calmodulin dependent protein kinase II (CamPKII) 
is the major postsynaptic density protein. Ca2+ 
currents mediated by L type calcium channels, as 
well as through channels activated by NMDA 
receptors prevalent in postsynaptic dendrites, target 
CamPKII. This kinase plays role in inducing long 
term potentiation and memory.25 

Presynaptically CamPK II phosphorylates synapsin. 
Affinity of synapsin to the vesicles containing 
neurotransmitters, gets reduced. This is mechanism 
of neurotransmitter release by depolarisation.26 

Calcineurin is major calmodulin binding protein 
implicated in modulating calcium signalling 
affecting diverse neuronal functions. It 
dephosphorylates the inhibitor of low specific 
phosphatise I. It co-localizes with protein kinase C 
and has potential to reverse PKC action.27 

Of the several isoforms of adenyl cyclise in neuron, 
some are activated and some inhibited by 
calmodulin binding with impact on cAMP 

signalling function.28 Such interactions influence a 
co-ordinated control of neuronal physiology. 
Cyclic nucleotide phosphodiesterase catalyse 
degradation of major second messengers, cAMP 
and cGMP. These enzymes are targets of 
calmodulin binding and modulations.29  
These enzymes are co-expressed in neuron with the 
calmodulin-dependent nitric oxide synthase, and 
terminate action of nitric oxide by hydrolysing 
cGMP. Thus calmodulin dependent cGMP 
phosphodiesterase enables nitric oxide function as 
retrograde signal molecule.30  
Calcium pump from plasma membrane extrudes out 
calcium. The complex of Ca2+/calmodulin affects 
function of calcium pump and has complex 
regulatory effects on brain physiology.31  
The ryanodine receptors are Ca2+ and caffein 
sensitive intracellular calcium channels. These 
contribute to calcium current after depolarization or 
stimulation of neuron by NMDA. The ryanodine 
receptor activation by ADP-ribose is mediated by 
calmodulin.32 

In addition, an isoform of IP3 receptor (the Ca2+ 
channel in endoplasmic reticulum) binds 
calmodulin.33 

The calcium binding proteins exhibit enzymatic and 
ion channel function. They bind, buffer and 
transport intracellular Ca2+ as well as regulate 
activities of calcium dependent enzyme systems.34 
They can also modulate neuronal activity.35       

Physiological role of intracellular calcium 
store: 
The luminal calcium concentration in endoplasmic 
reticulum has regulatory bearing on neuronal 
function. The state of filling of calcium stores 
impacts calcium entry and cell signalling.36 
Depletion of intracellular stores can affect the 
cytoplasmic signal transduction pathways or may 
trigger and regulate biological processes. 
Intracellular calcium store has influence on: 
a) entry of calcium through unidentified calcium 

channels.37 
b) transcription of genes. 
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c) cell growth and progression through cell cycle 
d) activation of nitric oxide synthase.38 
e) inhibition of protein synthesis. 

Calcium and mitochondria: 
Mitochondria are source for physiological reactive 
oxygen species (ROS). Calcium ions in 
mitochondria stimulate tricarboxylic acid cycle and 
oxidative phosphorylation. More oxygen is 
consequently consumed to produce ATP. The 
process also increase leak of electrons making more 
free radicals with oxygen. In contrast inhibition of 
mitochondrial complexes serving electron transfer 
reaction (as results in hypoxic state) causes 
premature leak of electrons increasing ROS 
generation. Ca2+ also stimulates extra-mitochondrial 
ROS generation by activating NADPH oxidases. 
Ca2+ is also activator of antioxidant enzyme 
systems. Net Ca2+ effects on ROS generation and 
removal are context dependant. The ROS oxidize 
sulfhydryl groups of voltage activated calcium 
channel L and inhibit calcium influx. In contrast, 
intracellularly ROS activate ryanodine recptors and 
increase sensitivity to IP3 signal causing enhanced 
release of Ca2+ from endoplasmic reticulum. Plasma 
membrane Ca2+ ATPase (PMCA) and sarcoplasmic 
reticulum Ca2+ ATPase (SERCA) are both sensitive 
to Ca2+. The Na+/ Ca2+ exchange (NCX) is also Ca2+ 
sensitive. ROS effect on Ca2+ signalling can thus 
vary from stimulation to suppression, depending on 
the type of oxidants; their concentration and 
duration of exposure.39 Neurons have high 
mitochondrial reserve and tolerance to oxidative 
stress. 

Nitric oxide and calcium signal: 
In the nervous tissue, nitric oxide is synthesised by 
neuronal nitric oxide synthase, which is coupled to 
activation of the NMDA receptors. The voltage 
dependant calcium entry in neurons occurs through 
multimeric channels. Nitric oxide interacts with 
these channels by more than one mechanism 
resulting in increasing Ca2+ signal.40 Nitric oxide 
directly activates intracellular ryanodine receptors 

increasing Ca2+ release from intracellular stores in 
neuron. The Ca2+ signal is therefore prolonged. 
Such effect mediates neuronal plasticity and also 
neuronal death in state of ischaemia.41 

Endogenous nitric oxide impacts chemical 
signalling, including glutamate release in 
surrounding synapse terminals. Nitric oxide also 
modulates NMDA-evoked calcium flux and 
particularly causes Ca2+ release from 
mitochondria.42 

Glutamate and calcium signal: 
Glutamate is major excitatory neurotransmitter in 
central nervous system and is involved in various 
physiological and pathological phenomena. 
Glutamate induces increase in cytoplasmic calcium 
concentration directly by activating AMPA and 
NMDA receptors channels and by direct activation 
of voltage gated Ca2+ channels.43 Desensitization is 
the crucial mechanism for regulation of glutamate 
receptors. Ca2+ is closely linked to physiology of 
NMDA receptors and modulates different kinds of 
desensitization. Ca2+ is crucial player in the synaptic 
and toxic consequences mediated by NMDA 
receptors. Calcium is involved in slower 
desensitization which in the turn regulates Ca2+ 
influx into neurons. The regulatory effect of Ca2+ 
can occur both intracellularly and at ion channel 
sites. The mechanism appears to involve 
conformational change of channel protein.44 

Epilogue: 
Specialization of cell systems in organism is 
accompanied with increased role of intracellular 
signal systems which direct and co-ordinate 
organized multicellular responses to realize a 
particular physiological function. Higher organisms 
possess multiple specialized signalling systems that 
recognize environmental signals and transform 
them in to intracellular signals. The information 
meets transduction to appropriate functional 
elements, perhaps programmed genetically to 
respond, adapt or suffer derangement. Most of such 
signalling systems use calcium as second 
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messenger. Calcium mediated signal transduction 
has acquired complexity through evolution, timing 
to improve signalling pathways and to establish new 
communications.  
Calcium influx supported by its electrochemical 
gradient and the opening of selective conductance 
pathways is a crucial means by which transient and 
localized increase in concentration of intracellular 
calcium is generated in most cells. The IP3- Ca2+ 
messenger system as well as formation of 
diacylglycerol and phosphorylation of cellular 
proteins by calcium dependent protein kinases, 
constitute calcium mechanisms for influencing 
physiological functions. The structures of this 
system include receptors of the plasma membrane, 
enzymes coupled to the receptor and kinases 
transducing a signal on to cytoplasmic targets in to 
genome. 
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