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Min irev i ew 

Control of Ca2 + Homeostasis in Neuronal Cells 

P. RACAY, P. KAPLÁN and J. LEHOTSKÝ 

Comenius University, Jessenius Medical Faculty, Department of Medical Biochemistry, 
036 01 Martin, Slovakia 

A b s t r a c t . The intracellular free C a 2 + concentrations show complex fluctuations 

in t ime and space in response to a variety of stimuli, and act as a pluripotent signal 

for many neuronal functions. Activation of cells is associated with C a 2 + influx from 

the extracellular space through voltage-dependent and/or receptor-operated C a 2 + 

channels localized on the plasma membrane, and/or by release of Ca + from intra

cellular stores to reach Ca" + concentrations of up to micromolar levels. During cell 

relaxation, calcium concentration decreases to resting levels via ATP-driven Ca + 

t ransport both to the extracellular space and into the intracellular stores. Thus, 

C a 2 + homeostasis in neuronal cells is maintained by several systems differing by 

their mechanisms, biochemical characteristics and intracellular localization. Their 

biochemical properties and physiological importance as well as cellular localization 

are discussed in this short review. 

K e y words: Brain — Calcium — Ca 2 + channels — Ca 2 + - t ranspor t ATPases -

P lasma membrane — Endoplasmic reticulum — Mitochondria — Nucleus 

Abbrev ia t ions : AMPA, a-amino-3-hydroxy-5-methylisoxazolepropionate ; CaM, 

calmodulin; InsP :j, myo-D-inositol (1,4,5) trisphosphosphate; NMDA, N-methyl-D-

aspartate; PMCA, plasma membrane Ca 2 + -ATPase ; PKA, cAMP-dependent pro

tein kinase; PKC. protein kinase C; SERCA, sarco/endoplasmic reticulum C a 2 + -

ATPase 

In troduc t ion 

Ionized C a 2 + is the most common signal transduction element in the cells ranging 

from bacteria to specialized neurons. The intracellular free C a 2 + concentrations 

show complex fluctuations in time and space in response to a variety of stimuli, 

and act as a pluripotent signal for many neuronal functions (Miller 1992; Ghosh 
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and Greenberg 1995), and is therefore very tightly controlled by several systems 
differing by their mechanisms, biochemical characteristics and intracellular local
ization. Since the systems which maintain C a 2 + homeostasis are mostly membrane 
associated proteins, their classification is made on the basis of their localizations in 
the cell, and especially upon their location within individual cellular membranes. 
The following types are found in the neuronal cells: 

- plasma membrane Ca~+ transport proteins 
- endoplasmic reticulum membrane Ca 2+ transport proteins 
- mitochondrial and nuclear C a 2 + transport proteins. 

In addition, C a 2 + binding proteins play an important role in the control of intra
cellular C a 2 + concentrations (for review see Carafoli 1987). 

Plasma Membrane C a 2 + Transport Proteins 

Voltage-sensitive Ca2+ channels 

Voltage-sensitive C a 2 + channels are oligomeric transmembrane proteins which pri
marily control C a 2 + homeostasis in neurons. The molecular and functional diversity 
of voltage sensitive C a 2 + channels is remarkable (Tsien et al. 1991; Perez-Reyes 
and Schneider 1994). Different types of voltage-sensitive C a 2 + channels have been 
described in neuronal tissue, and each can be classified according to its biophys
ical characteristics, biochemical and pharmacological properties, molecular struc
ture, localization and function. At present, the biophysical parameters of voltage-
sensitive C a 2 + channels are the most common classification criteria. Table 1 illus
trates the individual types of voltage-sensitive Ca~+ channels with their biophysical, 
biochemical and pharmacological properties. 

The opening of voltage-sensitive C a 2 + channels is initiated by a change in 
the local membrane potential, thus two subtypes: low and high voltage-dependent 
C a 2 + channels can be recognized. Several groups of voltage-sensitive C a 2 + chan
nels (high as well as low voltage-dependent channels) are expressed simultaneously 
in most cells of the central and peripheral nervous system. Nevertheless, sympa
thetic neurons express high voltage-dependent Ca 2 + channels exclusively. In ad
dition, the opening properties of voltage-sensitive C a 2 + channels are significantly 
modulated by several intracellular signal systems (G-proteins, phosphorylation, 
polyphosphatidylinositol system) (Tareilus and Breer 1995; Wickman and Clapham 
1995). The distribution of different voltage-sensitive C a 2 + channels subtypes de
termined by selective binding of various radioactive labelled toxins is used to un
derstand their contribution to various physiological processes in neurons and glial 
cells (Sher et al. 1991; Reuter 1996). A high density of L- and N-types of voltage-
sensitive C a 2 + channel is expressed primarily in the grey matter and brain regions 
rich in synaptic connections; higher ratios of L-subtypes are seen in some specialized 
brain sections, e.g. lateral septal nucleus, subiculum, interpendunular and pontine 
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Table 1. Biophysical, biochemical and pharmacological properties of voltage-sensitive 
Ca2 + channels (VSCC) (Speddings et al. 1989; Bossu 1993; Tareilus and Breer 1995) 

Conductance 
Selectivity 
Activation potential 
Inactivation potential 
Inactivation kinetics 

Effect of activators 
Atrotoxin 
Palmitoyl carnitine 
Bay K8644 
Effect of antagonists 
Metal ions 
Gadolinium 
tu-Conotoxin 
Taicatoxin 
FTX 
iu-Aga IRA 
ro-Aga IVA 
Phenytoin 
Nifedipine/nicardipine 
Verapamil/diltiazem 
Cinnarizine/fluspiriline 
Amiloride 

Low VSCC 

T 

8pS 
Ca2+ = Ba2 + 

- 7 0 mV 
-100 mV 

fast 
20 ms 

none 
low 
low? 

Ni2 + > Cd2 + 

none 
none 
none 
none 
none 
none 

medium 
none 
none 
low 
low 

N 

13 pS 
Ba2 + > Ca 2 + 

-20 mV 
-120 mV 
variable 

80-500 ms 

none 
? 

none 

Mg2 + , Cd2 + 

medium 
high 
none 
none 
low 

none 
low 

none 
none 
none? 
none 

High VSCC 

L 

25 pS 
Ba2 + > Ca 2 + 

- 1 0 mV - 5 0 mV 
- 6 0 mV 

slow 
> 500 ms 

high 
medium 

high 

Mg2 + , Cd2 + 

none 
low 

medium 
none 
low 

none 
low 
high 
high 

medium 
medium 

P 

10 pS 
Ba2 + > Ca2 + 

? 

1 
? 

Co2 + 

none 

low 
none 
low 

none 

low 

nuclei; and others, such as the facial nucleus, possess higher levels of N-subtypes. 

Moreover, P-subtype has the most variable distribution in the central nervous sys

tem and can be found in different parts of adult brain except of granular cells. The 

distribution of high-voltage channels on the cellular level is also known. While the 

L-subtype channels are concentrated prinrarily in the soma and on the basement 

of main dendrites of neuronal cells, N-subtype clusters are mainly present on the 

presynaptic part of the plasma membrane at neuromuscular junctions. P-subtype 

is localized predominantly on dendrites and on synaptic terminals. Unfortunately, 

no selective marker for T-type volt age-sensitive Ca~+ channels is now available, so 

its precise distribution in brain tissue is not yet clear. 

The different functions of the individual voltage-sensitive C a 2 + channel sub

types in various parts of the brain are classified according to their location on 

specific domains on the plasma membrane and by their various pharmacological 
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properties (reviewed by Bertolino and Llinás 1992). Since T-subtype channels are 
activated by a negative potential close to the resting potential , it seems t h a t this 
type is responsible for the neuronal oscillatory activity, e.g. spontaneous fluctua
tions of membrane potential . This oscillatory activity is thought to play an impor
tant role in various brain functions such as regulation of breathing (Jakuš et al. 
1987), motor co-ordination, wakefulness regulation, and specification of neuronal 
circuit during ontogenesis (Llinás 1988). From the localization of the L-subtype can 
be derived that C a 2 + which enters via these channels triggers several processes in 
the neuronal sonra (e.g. regulation of specific enzymes, organization of cytoskele-
ton and gene expression). A recent study (Chavis et al. 1996) demonstrated func
tional coupling between L-type C a 2 + channels and ryanodine receptors, which are 
important intracellular C a 2 + channels (see below). N-type voltage-sensitive C a 2 + 

channels play a role in sonre forms of neurotransmitter release, such as release of 
norepinephrine by sympathetic neurons, however, it seems that most synapses do 
not involve these channels in the exocytosis (Jahn and Siidhof 1994). T h e precise 
physiological role of the N-type channels needs further clarification. The P-type 
channels serve as a generator of inner cellular activity, as a modulator of neuronal 
integration and neurotransmitter release (Coffey et al. 1994). Recently, a new type 
of voltage-sensitive C a 2 + channel, termed Q-type, has been identified in the central 
nervous system (Wheeler et al. 1994). It shows sensitivity t o u;-conotoxin peptide 
MVIIC, and so far has been found only in granular cells of the cerebellum. Its 
possible role in the norepinephrine release primarily in the hippocampus has also 
been suggested (Gaur et al. 1994). 

Receptor-operated Ca2+ channels 

C a 2 + channels with the opening mechanism independent of membrane potential, 
but dependent on the activation of specific plasma membrane receptors, have been 
classified as receptor-operated C a 2 + channels (Pietrobon et al. 1990). Excitatory 
amino acid g lutamate is one of the most prominent neurotransmitters of excitatory 
synapses. It acts by binding to two main types of receptors: 

i) ionotropic receptors: N-methyl-D-aspartate (NMDA) type, which are C a 2 + 

permeable (McBain and Mayer 1994), and a-amino-3-hydroxy-5-methylisoxazole-
propionate (AMPA)/kainate type, which are Na+ and K + permeable (Jonas 1993). 

ii) metabotropic receptors, the function of which is coupled via G proteins ei
ther to specific membrane phospholipase Q p or through activation or inhibition of 
adenyl cyclase (Pin and Duvoisin 1995). Phospholipase C releases two second lipidic 
messengers from membrane inositolphospholipids: myo-D-inositol (1,4,5) trisphos-
phosphate (InsP 3 ) and diacylglycerol, and thus it significantly contributes to C a 2 + 

signalling. 
NMDA receptor, the most extensively studied receptor-operated C a 2 + chan

nel, is localized mainly on the post-synaptic part of the neuronal membrane, hence 
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an entry of C a 2 + via this channel triggers a cascade of processes which are con

trolled by intracellular C a 2 + concentration. As in other post-synaptic membrane 

systems which part icipate in calcium homeostasis, the NMDA receptor shows a 

substantial gene and isoform diversity (McBain and Mayer 1994). As far as it 

is currently known, phosphorylation of this channel by protein kinases is an im

portant event for the induction of neuronal long term potentiation and memory 

(Bliss and Collingridge 1993). C a 2 + entry via this channel induces expression of 

immediate early genes (Vendrell et al. 1993), and as it appears from cell culture 

studies, NMDA receptor plays a central role in neuronal excitotoxicity, ischemia 

and neurodegeneration (Frandsen and Schousboe 1993). The presence of 50 /imol/1 

glutamate in the culture media is lethal for cells but toxicity can be relieved by 

removal of extracellular C a 2 + after 15-30 min of glutamate exposure (Manev et al. 

1989). In addition, the voltage-dependent blockade of the NMDA receptor by M g 2 + 

ions and an essential requirement of glycine as co-agonist are the unique features 

of this C a 2 + channel (McBain and Mayer 1994). The biophysical, biochemical and 

pharmacological properties of the NMDA receptor are shown in Table 2. 

Table 2. Biochemical, biophysical and pharmacological properties of N-methyl-D-aspar-
tate receptor (McBain and Mayer 1994) 

Conductance 50 pS (140 mmol/1 CsCl) 
Mean opening time 5 ms 
Selectivity Ca2 + > Na+ 
Agonists Glutamate 

N-methyl-D-aspartate 
Activators Glycine is an essential coagonist of glutamate 

Spermidine activates channel 
Arachidonic acid increases open channel probability 
PKC phosphorylation activates channel and decreases sensitivity 
to Mg2 + 

Antagonists Putrescine blocks channel 
Mg2 + - reversible blocks calcium entry in voltage dependent manner 
Zn~+ blocks entry of calcium 
Phencyclidine blocks entry of calcium 

Among other types of receptor-operated C a 2 + channels, the ATP-dependent 

C a 2 + channel (P2j--receptor) has recently been identified and described in neu

ronal cells. It is activated by extracellular ATP and elicits different physiological 

responses (Valéra et al. 1994). Other members of this group are Ca~+ channels 

coupled with receptors sensitive to various stimuli and second messenger-like sub-
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stances. The most important of this subclass are cyclic nucleotide-gated C a 2 + chan
nels found in some sensory neurons (Matthews 1991), C a 2 + channels coupled to G 
protein receptors (Birnbaumer et al. 1990; Brown 1991), and channels sensitive to 
inositol 1,3,4,5 tetrakisphosphate (Pietrobon et al. 1990). 

Calcium release activated-calcium influx 

The view that C a 2 + entry through the plasma membrane can also be controlled 
by depletion of the intracellular C a 2 + store (principally endoplasmic reticulum) 
is more than a decade old (Casteels and Droogmans 1981), and has been de
rived from indirect findings in different cellular models. Moreover, the discovery 
of thapsigargin, a selective inhibitor of sarco/endoplasmic Ca2+-ATPase, has given 
experimental support to this hypothesis (Berridge 1995). Blocking of active C a 2 + 

transport by thapsigargin causes depletion of intracellular C a 2 + stores and stimu
lates the release of yet unidentified second messenger "calcium influx factor - CIF" 
or "GTP-sensitive element" (Parekh et al. 1993; Randriamampita and Tsien 1993). 
This factor is able to initiate C a 2 + entry from the extracellular space through a 
putative C a 2 + channel located on the plasma membrane. It seems that C a 2 + influx 
via this route does not require binding to receptor; is not sensitive to any classical 
voltage-sensitive C a 2 + channel inhibitors, and can be initiated by various stimu
li having the common ability to deplete C a 2 + store. Although this "capacitative" 
Ca" + influx mechanism has not yet been in detail described in neurons, it is thought 
that this mechanism is a common feature of mammalian cells including neuronal 
cells (Fasolato et al. 1994). 

Plasma membrane Car+ -ATPase 

The principal mechanisms for calcium extrusion out of the cell are active cal
cium transport from the cytoplasm to extracellular space mediated by C a 2 + pump 
and/or by Na + /Ca~ + exchanger coupled to the action of N a + / K + ATPase. It is 
suggested that as in other tissues, in neuronal cells mainly plasma membrane Ca 2 + -
ATPase (PMCA) participates in fine tuning of the C a 2 + concentration. Based on 
molecular biology experiments, it has been shown that PMCA protein is encoded 
by at least four genes with different distributions within brain structures (Stahl et 
al. 1992): 

- PMCA 1 gene encodes isoforms expressed in practically all tissues; it is 
expressed predominantly in hippocampal CA1 neurons 

- PMCA 2 protein is expressed mainly in the brain (mainly Purkinje cells of 
the cerebellum), and to a lesser extent in the heart, liver and kidney 

- PMCA 3 is found in the central nervous system (choroid plexus) and skeletal 
muscle 

- PMCA 4 is expressed in various organs but at relatively low levels 
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PMCA 1,3 and 4 differ mainly in the calmodulin-binding domain, which is 

located in the C terminal par t of the protein, whereas P M C A 2 isoforms differ 

mostly in the domain which is adjacent to phosholipid binding region (Wuytack et 

al. 1992). Transcripts of individual PMCA genes are subject of further alternative 

RNA splicing, which depends on the tissue and on the developmental stage. In all 

isoforms, alternative splicing concerns two principal splicing sites located in the re

gions responsible for both calmodulin binding and binding of acidic phospholipids 

(Carafoli and Guerini 1993). Translational products of matured mRNA are isoforms 

which differ both in the primary structure and the biochemical properties. Neuronal 

tissue in particular expresses quite a number of isoforms, which all are splice vari

ants of different genes (Wuytack and Raeymaekers 1992; Carafoli 1995). It has been 

suggested tha t the genetic, isoform and structural diversity of PMCA in neuronal 

tissue plays an important role to meet a special cellular requirements for calcium 

homeostasis in individual cell types of the central nervous system (Lehotský 1995). 

PMCA protein belongs to the P-type cation t ransport ing ATPases (Pedersen and 

Carafoli 1987). During the reaction cycle, P M C A protein binds C a 2 + and is phos-

phorylated on the aspartyl residue of the polypeptide chain. The phosphorylated 

intermediate alternates in two conformational stages which mediate cation transfer 

through the membrane and is coupled with subsequent phosphate hydrolysis and 

release of the cation from its binding site. A more detailed description of the bio

chemical properties are shown in Table 3 and also in recent reviews (Carafoli 1992; 

Wang et al. 1992; Lehotský 1993). 

Na+/Ca2+ exchanger 

In all cells, the N a + / C a 2 + exchanger participates in transport of C a 2 + out of the 
cells to the extracellular space when cytoplasmic C a " + concentration increases over 
the resting level (Missiaen et al. 1991). Since its capacity to pump out calcium is 
more than ten times greater compared to PMCA, it was for a long time considered 
to be the principal mechanism responsible for C a 2 + extrusion. An analysis of the 
kinetic parameters showed tha t the protein of the N a + / C a 2 + exchanger has a very 
low Ca" + affinity (A0.5 = 10 — 15 /miol/1). Although apparently affinity increases in 
the presence of ATP (Ä'0.5 = 1 — 3 /zmol/1), e.g. to the levels reached at excitation 
state of the cell, it does not seem very likely tha t the exchanger can decrease C a 2 + 

to resting levels (50-200 nmol/1) (Alberts et al. 1994). However, the high density 
of Na + /Ca 2 + - exchange r in the presynaptic terminals suggests the functional rele
vance of the exchanger in the control of intracellular C a 2 + and of synaptic vesicle 
recycling (Reuter and Porzig 1995). In many brain areas the exchanger may also 
be co-localized with underlying endoplasmic reticulum structures (Juhaszova et 
al. 1996). This localization indicates that one role of the Na + /Ca 2 + - exchange r is 
indirect regulation of intracellular C a 2 + stores. Due to its voltage dependency, a re
verse sequence of its t ransport cycle during cell stimulation has also been suggested 
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Table 3. Biochemical and pharmacological properties of PMCA and SERCA (Carafoli 
1992; Carafoli and Chiesi 1992; Wang et al. 1992) 

PMCA SERCA 
Charge H + / C a 2 + exchange. Stoichiometry H + / C a 2 + exchange. pH-dependent 
balance undetermined (0.5 or 1). stoichiometry (in optimum 1:1). 
ATP High affinity site A'o 5 = 1-2.5 /jmol/1 Low affinity site A 0 5 ~ 100 /^mol/1 
affinity Low affinity site A'o 5 = 145-180 /imol/1 High affinity site A'o 5 ~ 10 pmol/1 
C a 2 + Resting state A'u 5 > 10 /umol/1 Activatory site A'() 5 = 0.1-0.4 /miol/1 
affinity Optimally activated A'o s < 0.5 /jmol/1 Inhibitory site A'o 5 = 100-400 /Miol/1 
Inhibitors Vanadate Ä'o 5 ~ 3 /uniol/1 Vanadate A'o 5 = 10-100 /miol/l 

Thapsigargin; La 3 + 

L a 3 + A'n 5 ~ 1 íímol/1 2,5-di-(t-butyl)-l,4-hydiochinone 
Activators CaM (A',; ~ 1 nmol/1) increases Vuiax, 

decreases A'o s(Ca~+) to 0.4-0.7 /miol/l 
Acidic phospholipids increase Unax, 
decrease K0 5 ( C a 2 + ) to 0.2 /.miol/l, 
relieve sensitivity to CaM 
Calpain proteolysis increases V"max, 
decreases A'o s(Ca" + ) to 0.4-0.7 /zmol/1, 
lelieves sensitivity to CaM 
PKA phosphorylation increases U m a x , 
decreases A'o >;(Ca2+) to 2 /miol/l 
PKC phosphorylation increases Vm,lx, 
does not affect A'() 5 ( C a 2 + ) 
Oligomerization incieases V„,„,, 
decreases A'o s (Ca 2 + ) , 
relieves sensitivity to CaM 

(Miller 1991). Since it pumps out only one Ca~ + pei 3 N a + , the exchange process 
is clearly electrogenic. The protein of the brain N a + / C a 2 + - e x c h a n g e r has been pu-
lified only partially (Michaelis et al. 1992), but the brain exchanger was cloned and 
sequenced (Furman et al. 1993), and the presence of at least three different brain 
isoforms has been proposed (Kofuji et al. 1994). Na+/Ca 2 + -exchanger m R N A with 
a fragment sharing 91.4% sequence identity with the human cardiac N a + / C a 2 + -
exchanger has been detected in the rat brain (Marlier et al. 1993). T h e kinetic 
properties of N a + / C a 2 + - e x c h a n g e r in the rat brain synaptosomes have been stud
ied thoroughly (Fontána et al. 1995). The recent data suggest that phosphorylation 
of brain N a + / C a 2 + - e x c h a n g e r by protein kinase C can increase the maximum veloc
ity by nearly 50% (Blaustein et al. 1996). T h e heart muscle N a + / C a 2 + - e x c h a n g e r 
is regulated by inositolphospholipids (Pierce and Panagia 1989), by composition of 
phospholipid fatty acids chains (Vemuri and Philipson 1990) as well as by choles
terol (Kutryuk and Pierce 1988). Since t h e brain N a + / C a 2 + - e x c h a n g e r appears to 



Neuronal Ca + Homeostasis 201 

be similar to the cardiac exchanger in molecular structure and some kinetic prop

erties, we can expect tha t also brain Na+/Ca 2 + -exchanger could be regulated by 

the composition of the plasmalemma. 

C a l c i u m Transport P r o t e i n s of t h e E n d o p l a s m i c R e t i c u l u m M e m b r a n e 

Intracellular calcium channels (ryanodine- and InsP^-receptors) 

The intracellular non-mitochondrial C a 2 + store, which is thought to be the endo

plasmic reticulum, can release C a 2 + through C a 2 + channel proteins located on the 

endoplasmic reticulum membrane. Two receptor proteins have been identified on 

the membrane of neuronal intracellular C a 2 + store which can act as a receptor-

operated C a 2 + channel: 

- receptor sensitive to plant alkaloid ryanodine (ryanodine receptor). It is 

regulated both by intracellular C a " + concentration (Furuichi et al. 1994a), and in 

nonmuscle cells, including neuronal, by cyclic ADP-ribose (Mészáros et al. 1993) 

- receptor controlled by binding of InsP3 and /or by intra- and extra-luminal 

C a 2 + ( InsP 3 receptor) (Furuichi et al. 1994a). 

The ryanodine receptor was identified for the first t ime in skeletal and later 

on in cardiac muscle, where it plays an essential role in the control of the exci

ta t ion/contract ion cycle (McPherson and Campbell 1993). Via immunochemical 

and molecular biology techniques, this type of receptor has also been identified in 

endoplasmic reticulum of both neuronal and glial cells. 

Ryanodine receptor protein is encoded by three different genes which give 

rise to three different isoforms of the receptor each having different properties and 

distribution in various tissues (Furuichi et al. 1994b; Sorrentino and Volpe 1994): 

- R y R l - skeletal muscle type, expressed in skeletal muscle and the cerebellum 

- RyR2 - cardiac type, expressed in various tissues, such as the heart and 

endothelial cells. In the central nervous system, it has been localized in different 

regions and seems to be the dominant brain form. 

- RyR3 - expressed in epithelial cells, smooth muscle and the brain, however 

at much lower levels. Likely due to extreme differences among the neuronal cells, 

the central nervous system expresses all types of the ryanodine receptor each having 

very similar basic properties, however, with particular differences in their primary 

structures and pharmacological characteristics (Ehrlich et al. 1994; McPherson and 

Campbell 1993). The biochemical and pharmacological properties of the ryanodine 

receptor are shown in Table 4. 

Myo-D-inositol (1,4,5) trisphosphate (I11SP3), as a second messenger molecule 

has been discovered only recently, however in recent years, the study of this com

pound has achieved substantial progress. In parallel, an important role of other 

inositol polyphosphates in signal transduction in the neuronal tissue has been sug

gested (Fisher et al. 1992). Since the ability of InsP 3 to release C a 2 + from intracel-
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hilar store after binding to its own receptor has been unambiguously proved, InsP3 
appears to play a dominant role in C a 2 + signal transduction in the neuronal cells 
(Furuichi and Mikoshiba 1995). InsP3 is produced in the cell in response to various 
extracellular stimuli by two signal cascades (Berridge 1993). 

Binding of several neurotransmitters (glutamate, acetylcholine, serotonine and 
others) and/or hormones (vasopressin, oxytocin and others) to the plasma mem
brane receptors activates, through a particular G protein, phospholipase C p. Ac
tivation of a second type of plasma membrane receptors by several neurotrophic 
factors and hormones mediates autophosphorylation of the receptor, and conse
quently stimulation of 7-isoform of phospholipase C (Fisher 1995). Hydrolysis of 
membrane polyinositolphospholipids by phospholipases C generates two second in
tracellular messengers derived from lipids, diacylglycerols and InsP3, which trigger 
and regulate several physiological processes dependent on calcium in all eukary-
otic cells including neuronal cells (Berridge 1993). Three different genes have been 
identified and described which encode this type of the C a 2 + channel (Furuichi et 
al. 1994a): 

- InsPsRl type - is the principal type of InsP3 receptor found in the brain; it 
is expressed in virtually all brain structures with predominant distribution in the 
cerebellum and the hippocampus 

- InsPsR2 type - is expressed mainly in the brain and the spinal cord, however 
in less quantities and with 68% homology in primary structure compared to type 
1 receptor 

- InsPsR3 - type was shown to be expressed in granular cells of the cerebellum 
and in some parts of the hippocampus. It shows a 60% homology in primary protein 
structure to both of the previous receptor types. As it has been already proved, 
similarly to other proteins expressed in neuronal cells, InsP3 receptor diversity can 
be expected to underlie specific cellular requirements for C a 2 + homeostasis in the 
neuronal cells. Differences shown in primary structures and in biochemical and 
pharmacological properties, as well as differences shown in the distribution in the 
brain strongly support this view (Marshall and Taylor 1993; Miyazaki 1995). A list 
of basic biochemical and pharmacological properties is given in Table 4. 

Calcium pump of the endoplasmic reticulum membrane 

The intracellular C a 2 + stores in the cells of higher organisms, including neuronal 
cells, act as a calcium sink for excessive cytoplasmic C a 2 + and as a source of 
C a 2 + to be released in response to various stimuli (Henzi and MacDermott 1992; 
Kostyuk and Verkhratsky 1994). Active transport of C a 2 + against its electrochem
ical gradient between the cytoplasm and the lumen of the endoplasmic reticulum 
is accomplished by a protein of Ca2 +-transporting ATPase localized in the en
doplasmic reticulum membrane. In comparison to the sarcoplasmic reticulum of 
skeletal as well as cardiac muscle, endoplasmic reticulum membranes of the brain 
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Table 4. Biochemical and pharmacological properties of I11SP3 and ryanodine receptors 
(Henzi and MacDermott 1992; Ehrlich et al. 1994) 

InsP3 receptor Ryanodine receptor 

Molecular weight 4 x 313 kDa 
Physiological InsPs: .EC50 ~ 100 nmol/1 
activators other inositol polyphosphates: 

-EC50 ~ /Ltmol/1 
Modulation by < 0.3 /imol/1 C a 2 + increases activity 
C a 2 + > 0.3 //mol/1 C a 2 + decreases 

activity 

Modulation by < 2 mmol/1 ATP increases activity 
ATP > 4 mmol/1 ATP decreases activity 
Activators none discovered 

Inhibitors Heparin: competitive inhibition of 
InsP3 binding 
Mg 2 + : noncompetitive inhibition of 
InsP 3 binding 
H + : noncompetitive inhibition of 
InsP3 binding 
PKA phosphorylation decreases 
sensitivity of receptor to I11SP3 

4 x 565 kDa 
cytoplasmic C a 2 + 

cyclic ADP-ribose 

< 100 /xmol/1 C a 2 + increases activity 
> 1 mmol/1 C a 2 + decreases activity 
> 1 mmol/1 of luminal C a 2 + 

decreases activity 
ATP increases activity 
EC50 ~ mmol/1 
Caffeine EC50 ~ mmol/1 
Ryanodine < 10 mnol/1 
Heparin 2 jig/ml 
Doxorubicin EC50 ~ fimol/l 
InsPs 
Ryanodine > 10 /imol/1 

Ruthenium red: EC50 ~ /mrol/l 

H + : cytoplasmic pH < 7.4 
luminal pH < 7.4 
Dantrolene: ZJC50 ~ /xmol/1 
Mg 2 + : ECao ~ mmol/1 

contain only minute C a 2 + - t r a n s p o r t i n g ATPase activity (Michelangeli 1991; Račay 
et al. 1994). This fact does not, however, significantly diminish the physiological 
importance of active Ca~+ transport across the endoplasmic reticulum membrane 
in neurons (Simpson et al. 1995; Taylor 1995). Likewise, P M C A , sarco/endoplasmic 
ret iculum C a 2 + - A T P a s e (SERCA) also belongs to the P type of ATPases, however 
its homology to P M C A is very low and its biochemical properties differ markedly 
as well (Table 3). Only the tertiary s tructure and the topology in the membrane 
seem to be similar. The gene and isoform diversity of SERCA is smaller t h a n that 
of P M C A . Three genes encoding SERCA protein in a variety of tissues have been 
identified (Wuytack et al. 1996): 

- S E R C A l gene is expressed exclusively in fast-twitch skeletal muscle, and its 
splicing is development ally regulated which give rise to SERCA l a - adult isoform 
and SERCA l b - neonatal isoform 

- SERCA 2 gene encodes protein isoforms which are expressed in slow-twitch 
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skeletal muscle, cardiac muscle, smooth muscle, in the liver, the kidney and the 
brain. Two isoforms are products of alternative splicing: SERCA 2a - muscle form 
with a high affinity to C a 2 + (A'o.5 = 0.17 ^imol/1) and SERCA 2b - non-muscle 
form with lower affinity to C a 2 + (A'o 5 = 0.31 /mrol/1). 

- SERCA 3 gene is expressed in various tissues, especially in hematopoietic 
and epithelial tissues, and as has been recently shown also in the cerebellum (Baba-
Aissa et al. 1996). 

In general, it has been documented t h a t the biochemical properties of SERCA 
1 and SERCA 2a isoforms are very similar, however, there are differences between 
SERCA 2b and other isoforms with regard to lower C a 2 + affinity, lower turn
over both for ATPase activity and C a 2 + uptake, and phospholambane sensitivity. 
SERCA 3 seems to be exceptional, it shows a reduced affinity to C a 2 + , an altered 
pH optimum, and an almost 10 fold higher apparent affinity for vanadate inhibition 
(Lytton et al. 1992). SERCA 2b is the dominant isoform expressed in neuronal cells 
whereas SERCA 3 isoform is expressed in significantly smaller amounts (Burk et 
al. 1989; Wu et al. 1995). The general properties of this C a 2 + - A T P a s e are given 
in Table 3 and in recent reviews (Carafoli and Chiesi 1992; Lehotský and Kaplán 
1994). 

C a l c i u m Transport T h r o u g h M i t o c h o n d r i a l M e m b r a n e s 

Mitochondria have long been considered as important organelles in the regulation 
and buffering of intracellular calcium due to their C a 2 + uptake ability. This view 
seems to have lost favour, since the C a 2 + affinity of the energetically coupled C a 2 + 

uptake system is very low (A",„ = 10 /nnol/1) (Carafoli 1987). In addition, C a 2 + 

accumulation rate is about an order of magnitude smaller t h a n the rate of Ca~ + ac
cumulation by cardiac endoplasmic reticulum. In the brain, however, this difference 
is not so marked. A reasonable physiological significance of calcium accumulation by 
the mitochondria was clarified, when it was discovered t h a t several ATP-producing 
enzymes, all located in the mitochondrial matrix, are dependent on mitochondrial 
C a " + in the range of 1 //mol/l (Hansford 1994). Two transport systems for C a 2 + 

have been identified on the inner mitochondrial membrane (reviewed by Gunter et 
al. 1994). An electrophoretic uniporter, a membrane protein driven by oxidative 
phosphorylation, transports C a 2 + into the mitochodrial matr ix . In the brain, this 
uniporter is activated by cytoplasmic C a 2 + and polyamines, and is inhibited by 
ions of M g 2 + and ruthenium red. Backward flux of C a 2 + requires another trans
port system which exchanges ions of N a + and C a 2 + along the inner mitochondrial 
membrane. Generally, lower interest is given to C a 2 + t ransport systems on mito
chondrial membranes in comparison to systems from the plasma membrane or the 
intracellular C a 2 + store. 
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C a 2 + Transport P r o t e i n s of t h e Nuc lear M e m b r a n e 

Transient increases of nuclear C a 2 + concentration control gene transcription, DNA 

synthesis and repair, and other nuclear functions (Bachs et al. 1992). The mecha

nism of C a 2 + signalling and t ransport in the nucleus is not fully known (Csermely 

et al. 1995), but an inositol signalling system has been identified in the inner mem

brane of the nuclear envelope (Payrastre et al. 1992) and InsP3-gated C a 2 + release 

from isolated nuclei has been observed (Matter et al. 1993). The earlier suggestion 

that nuclear and cytoplasmic C a 2 + concentrations are regulated independently, has 

been recently shown to be contradictory. It has been demonstrated that in rat ba

sophilic leukaemia cells nuclear C a 2 + increases follow cytoplasmic C a 2 + increases 

and thus that those processes are not regulated independently (Allbritton et al. 

1994). The limited amount of information on this topic does not allow to make 

final conclusions and the problem of nuclear C a 2 + t ransport systems in neurons 

has to be clarified by further experiments. 
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