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Abstract

The endoplasmic reticulum (ER) is a universal signalling organelle, which regulates a wide range of neuronal func-
tional responses. Calcium release from the ER underlies various forms of intracellular Ca2* signalling by either
amplifying Ca2* entry through voltage-gated Ca?* channels by Ca2*-induced Ca2* release (CICR) or by producing
local or global cytosolic calcium fluctuations following stimulation of metabotropic receptors through inositol-1,4,5-
trisphosphate-induced Ca2* release (IICR). The ER CaZ* store emerges as a single interconnected pool, thus allow-
ing for a long-range Ca2* signalling via intra-ER tunnels. The fluctuations of intra-ER free Ca2* concentration regu-
late the activity of numerous ER resident proteins responsible for post-translational protein folding and modification.
Disruption of ER Ca2* homeostasis results in the developing of ER stress response, which in turn controls neuronal
survival. Altered ER Ca2* handling may be involved in pathogenesis of various neurodegenerative diseases includ-
ing brain ischemia and Alzheimer dementia.
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Introduction

Fluctuations of free Ca2* concentration in various
cellular subcompartments appear as a universal sig-
nalling system, which by employing a wide array of
Ca2*-dependent effectors, regulate most of the cel-
lular functions (see e.g. [1-7]). Indeed, almost every
cellular response, from contraction and exocytosis
to gene expression and cell death is controlled by
localised or global changes in free Ca?" concentra-
tion within the cytosol, as well as Ca2" tides and
ebbs within various organelles, such as mitochon-
dria, nucleus and endoplasmic reticulum. For many
years the cytosolic Ca2" signals received a particu-
lar attention, so that local Ca?* domains became
accountable for exocytosis and regulation of plas-
malemmal channels, whereas global propagating
Ca2* waves were identified as means for inter- and
intracellular communication. Very recently howev-
er, dynamic Ca2" changes within the specific intra-
cellular compartment, the endoplasmic reticulum
(ER) attracted much attention, as these changes
became implicated in regulation of many cellular
functions, from rapid signalling to long-lasting
adaptive responses, and determining the cell fate. In
this review we will outline the importance of the
ER as a universal signalling organelle, and sum-
marise the role of ER Ca2* homeostasis in neuronal
pathology.

ER as a universal signalling organelle

The endoplasmic reticulum (ER) is an intracellular
organelle of fundamental importance, represented
by an extensive network formed by cisternae and
microtubules, which stretches from the nuclear
envelope to the cell surface in all eukaryotic cells
[8, 9]. The endoplasmic reticulum is most likely the
largest organelle, with endomembrane accounting
for more than 50% of all the cellular membranes,
and occupies a substantial part (> 10 %) of the cell
volume. The ER plays several vital functions.
Firstly, the ER is the place for protein synthesis in
the rough endoplasmic reticulum and correct post-
translational “folding” of these proteins [10].
Secondly, the ER serves as a common transport
route by which numerous proteins are delivered to
their destination [11]. Thirdly, the ER acts as an

352

indispensable source for fast physiological sig-
nalling being a dynamic Ca2* reservoir, which can
be activated by both electrical and chemical cell
stimulation [2, 12-15]. Moreover, it emerges that
the ER plays a key role in redistributing CaZ" ions
within the cell, as the excitable ER membrane
forms propagating cytosolic Ca2* waves [16] and
the ER lumen functions as an intracellular CaZ*
tunnel [17].

All these processes demonstrate a high degree
of co-ordination and therefore the ER can be
regarded as a signalling organelle capable of
receiving, integrating and transmitting various sig-
nals [2, 14]. The input signals to the ER are many
(Fig. 1) and they include Ca?* ions, cytoplasmic
messengers such as cADPR and InsP;, reactive
oxygen species, and various proteins synthesised
within the ER lumen [14]. The output signals are
represented by Ca?" ions released from the ER via
intracellular CaZ* channels, various transcription
factors (e.g. NF-kB) and factors of stress response
[18, 19]. The nature of the integrative mechanisms
taking place within the ER lumen is yet to be fully
characterised, however a substantial part of intra-
ER integration is likely to be regulated by Ca2*
ions. Indeed, intraluminal space contains a high
concentration of free Ca?*, varying from 0.2-1
mM [20-22]. Simultaneously, high intraluminal
free Ca2* concentration appears to be a key factor
determining the activity of synthesis and process-
ing of proteins within the endoplasmic reticulum
[23]. Within the framework of this theory, the Ca2*+
ion emerges as a messenger molecule which inte-
grates various signals within the endoplasmic
reticulum: the fluctuations of [Ca2*]; induced by
signals originating at the level of the plasmalem-
ma (i.e. Ca2* entry or activation of metabotropic
receptors) regulate in turn protein synthesis and
processing via generating secondary signalling
events between the endoplasmic reticulum and the
nucleus. Disruption of endoplasmic reticulum
Ca2" homeostasis triggers endoplasmic reticulum
stress response [24]. When deficits of endoplasmic
reticulum Ca2* handling are severe and persisting
the endoplasmic reticulum becomes a source of
cell death signals. This is particularly important
for numerous pathological processes, and disrup-
tion of ER CaZ" homeostasis may be implicated as
a trigger factor in many forms of cellular patholo-
gy [25-27].
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Fig. 1 Signal integration within the ER: intraluminal free Ca2* assumes the leading role. The intraluminal free Ca2*
concentration is determined by the balance between Ca2" transport across the endomembrane and intra-ER Ca2* buffer-
ing. CaZ" transport is the function of ER Ca2" channels (the InsP5 receptor, InsP5;R and the ryanodine receptor, RyR) and
ER CaZ" pump of SERCA (Sarco(Endo)Plasmic reticulum ATPase) type. Functional activity of InsPsRs is controlled by
both InsP; and cytosolic free Ca2*, whereas RyRs are directly activated by [Ca?*]; and may be modulated by cyclic ADP
rybose (CADPR). Intraluminal concentration of free Ca2* regulates the availability of Ca2" release channels (rise in
[Ca2*]; increases the sensitivity of RyRs/InsP;Rs to [CaZ"]; and/or InsP5) and the activity of SERCA (decrease in [Ca®*];
dramatically increases the velocity of SERCA-dependent Ca2" pumping across the endomembrane). Disruption of ER
CaZ* homeostasis affects [Ca2™];, which in turn alters functional activity of CaZ*-dependent chaperones responsible for
post-translational protein processing and activates ER stress response; the latter being manifested in two forms, the
unfolded protein response (UPR) and endoplasmic reticulum overload response (EOR). The ER stress activates numer-
ous signals accountable for long-lasting adaptive responses, including cell survival/death signals.
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The ER and neuronal Ca2* signalling

The function of ER as a CaZ" signalling organelle is
executed by several families of proteins localised in
the endomembrane as well as within the ER lumen,
specifically by Ca2* pumps of SERCA (Sarco (En-
do) PlasmicReticulum calcium ATPase) type [28],
Ca?* release channels and intraluminal CaZ" bind-
ing proteins, many of which also serve as Ca2*-reg-
ulated enzymes (see e.g. [15, 29]). Out of the sev-
eral types of currently known CaZ" release channels
(ryanodine receptors - RyRs, InsP; receptors -
InsP;Rs; NAADP receptors - NAADPRs, see [30-
33] for review) all three types of RyRs and all three
types of InsP;Rs are found in the central and
peripheral nervous system [20]. The NAADP
receptors were found in brain microsomes [34] and
NAADP-regulated Ca2* release was described in
neurones from buccal ganglion of Aplysia californi-
ca [35], yet their relevance for Ca2* signalling in
vertebrate neurones is still not yet established.
Initial studies of the role of ER Ca2* stores in neu-
ronal signalling employed electrophysiological
recordings from single cultured neurones. These
experiments found that treatment of sympathetic
neurones with caffeine, a known activator of ryan-
odine receptors, led to the activation of Ca?*-depen-
dent K* conductance, manifested in rthythmic hyper-
polarisations. Activation of CaZ"-dependent K*
channels was inhibited by dantrolene, thus linking
this process to Ca?* release from the ER [36, 37].
Later on, the similar activation of CaZ"-dependent K*
channels resulted from a caffeine-induced release of
intracellular Ca2* was also described in several other
types of neurones from both invertebrates and verte-
brates (e.g. [36, 38, 39]). Introduction of CaZ*-sensi-
tive fluorescent probes [40] allowed Neering and
McBurney to demonstrate, for the first time, the
cytosolic Ca?* increase following application of caf-
feine to single mammalian peripheral neurones. This
[Ca2*]; elevation did not require extracellular Ca2",
being thus solely produced by a release of Ca2* from
intracellular store [41]. This key observation was
subsequently confirmed in numerous experiments on
acutely dissociated or cultured neurones from inver-
tebrates and mammals, isolated from peripheral [42-
48], as well as from the central nervous system [49,
50]. All these studies have convincingly demonstrat-
ed that caffeine in 10 - 20 mM concentration applied
in a Ca?*-free extracellular solution, triggers tran-
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sient increase in [CaZ"];, which is sensitive to phar-
macological agents known to interact with the ER
Ca?* movements (e.g. ryanodine, dantrolene, thapsi-
gargin and ruthenium red - see [51-54]).
Furthermore, the caffeine-induced Ca2* release from
the ER was identified in experiments in situ in brain
slices [55-57] substantiating thus the physiological
relevance of neuronal ER Ca2* store.
Simultaneously the InsP;-induced Ca2* release
(IICR) in neurones was also identified. Initial find-
ings have shown that stimulation of metabotropic
receptors in sympathetic neurones by acetylcholine,
substance P and LHRH increased intracellular InsP;
levels and initiated intracellular Ca2* release [58].
Morphological studies localised the InsP; receptors
in many different neurones and showed their
appearance in neuronal sub-compartments, includ-
ing somata, axons and dendrites [59, 60]. Further
experiments demonstrated that the UV photolysis
of exogenous “caged” InsP;, dialysed into a single
Purkinje neurone via patch pipette, resulted in Ca2*
release from the ER [61, 62]. Later on, the IICR
triggered by stimulation of various metabotropic
receptors was described in several types of isolated
peripheral and central neurones [63, 64], as well as
in neurones in acute brain slices (see e.g. [55, 65]).

Ca2* release and intra-ER Ca2*t
dynamics

The level and dynamic changes in the free Ca2* con-
centration within the ER lumen ([Ca?*]; ) determines
the ER function as a CaZ" signalling organelle, and
regulates the activity of intra-ER resident enzymatic
cascades. A number of experimental techniques for
monitoring [Ca?™]; level were developed recently.
Two distinct technical approaches were proposed so
far. The first method employed cell transfection with
an endoplasmic reticulum-targeted Ca2* probe, such
as the luminescent indicator aequorin [66] or fluores-
cent indicators based on fluorescence resonance
energy transfer between two modified fluorescent
proteins (e.g. green and blue) known as “cameleon”
probes [67]. The alternative approach used “conven-
tional” low-affinity CaZ'-sensitive fluorescent
probes such as Mag-Fura-2, Mag-Fluo-4, Fluo-3FF
etc. with K’s high enough to monitor [CaZ"]; with-
in the range of 100’s of uM ([68] for review).



Both techniques were used recently to measure
[CaZ™]; in neurones and neurone-related cells. First,
the endoplasmic reticulum-targeted aequorin tech-
nique was applied to a PC12 cell line [69]. Second,
the low-affinity fluorescent probes Mag-Fura-2 and
Fluo-3FF were used in primary cultured sensory and
central neurones [21, 68, 70, 71]. Importantly, these
dyes were combined with monitoring of membrane
currents in the whole-cell mode, thus permitting
direct correlation between transmembrane currents
and intra-ER /cytosolic Ca2* dynamics.

These experiments led to the first direct demon-
stration of CaZ'-induced Ca?" release triggered by
Ca?* entry through voltage-gated Ca2* channels [21].
It was demonstrated that (i) brief applications of caf-
feine triggered a rapid transient fall in [Ca2*]; and (ii)
that CaZ" currents triggered by depolarisation resulted
in a transient decrease in [Ca?'], the latter being
indicative of physiological CICR. This CICR in
response to Ca2* entry was blocked by 50 uM ryan-
odine and potentiated by 1 mM caffeine. Most impor-
tantly, these experiments revealed the linear relation
between Ca2* entry and the amplitude of [Ca2],
indicating the gradual activation of CICR in neurones
under physiological conditions. Further investiga-
tions of [Ca2™]; dynamics in nerve cells have shown
the co-existence of IICR and CICR and demonstrated
that neuronal ER acts as a single functional CaZ" store
[70, 71].

The functional availability of Ca2* release ulti-
mately depended on CaZ" uptake into the store via
SERCA pumps, as inhibition of the latter by thapsi-
gargin resulted in substantial decrease in [CaZ"];
and completely eliminated both CICR and IICR.
Importantly, the rate of SERCA-mediated Ca2*
uptake is primarily regulated by the ER CaZ* con-
tent, as depletion of the ER from releasable CaZ"
increased the rate of uptake from ~ 1 uM/s under
the resting condition to 5 - 7 uM/s; as replenish-
ment of the stores progressed the uptake rate dimin-
ished towards the resting level [21].

The ER Ca2* homeostasis and
neuronal death

Dysfunction of cellular CaZ* homeostasis is inti-
mately connected with neuronal cell function, regu-
lation of neuronal survival and induction of neu-
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ronal death [72, 73]. For many years fluctuations in
free Ca2"™ concentration in the cytosol have been
regarded as a major substrate for Ca2* signalling. In
CNS neurones excessive glutamate-induced Ca?*
influx results in numerous CaZ*-regulated pathways
becoming over-stimulated resulting in free radical
production, lipid peroxidation, mitochondrial depo-
larisation and impaired ion channel function [74,
75]. However, dynamic changes in free Ca?* con-
centration within the ER and alterations in ER CaZ*
homeostasis may be even more important in regu-
lating cell function and cell survival [15, 25, 76, 77]
and distortion of ER Ca?" handling may trigger var-
ious forms of neurodegeneration/neuropathy [78].
Furthermore, changes in Ca2* homeostasis are inti-
mately involved in age-dependent changes in the
CNS, particularly in the demise of synapses and
loss of axons [79-83].

As mentioned above, ER lumen provides for both
protein synthesis and post-translational proteins fold-
ing. The proper folding of proteins, during which
they acquire their tertiary and quaternary structures,
is controlled by several enzymatic systems including
peptydil prolyl isomerases and glycosylation
enzymes (glycosidases and mannosidases - see [10]
for review), as well as by several families of chaper-
ones [23], such as glucose regulated proteins (grp78,
grp94, etc), lectin-like chaperones (calreticulin, cal-
nexin and calmegin) and protein disulfide isomeras-
es (PDI, ERp57). Any disturbances in correct protein
folding leads to accumulation of unfolded proteins
within the endoplasmic reticulum inducing a condi-
tion generally referred to as the endoplasmic reticu-
lum stress response [18, 23].

The endoplasmic reticulum stress response has
been described in two forms, the unfolded protein
response, UPR, and the endoplasmic reticulum-over-
load response, EOR (see [18, 84] for review).
Overall the UPR is characterised by an activation of
the expression of endoplasmic reticulum resident
chaperones and by overall suppression of protein
synthesis. The second type of endoplasmic reticulum
stress response, the EOR is manifested by an activa-
tion of the transcription factor NF-kB, which in turn
induces transcription of numerous pro-inflammatory
proteins, and cell-adhesion molecules [18].

Importantly, both UPR and EOR may be trig-
gered not only by biochemical stress, but also by
disturbance in the endoplasmic reticulum Ca2*
homeostasis. In particular this pathway was found to
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be operative in various types of neurones. The irre-
versible inhibition of SERCA by thapsigargin and
hence constant depletion of the endoplasmic reticu-
lum Ca?" content effectively kills nerve cells (Fig. 2)
and triggers a 200-fold increase in grp78, grp94,
gadd34 and gaddl53 in cultured cortical neurones
[85], whereas the overall protein synthesis was
inhibited [86], thus very much resembling the UPR.
The EOR like response with a significant NF-xB
activation was also shown in cortical neuronal cul-
tures in response to endoplasmic reticulum deple-
tion [87]. These observations fit together with the
firmly established fact that treatment of neurones
with thapsigargin triggers cell death by apoptotic
mechanisms ([24, 26]. These findings naturally ini-
tiated the hypothesis that intra-endoplasmic reticu-
lum Ca2* content plays a critical role in the instiga-
tion of the endoplasmic reticulum stress response.
Indeed this hypothesis seems to be quite logical,
especially remembering that at least one class of
chaperones, the lectin-like ones, such as calreticulin,
are the major Ca2" binding proteins within the endo-
plasmic reticulum lumen, and [Ca?"]; fluctuations
inevitably affect them [23]. Interestingly also, the
grp78, the chaperone which is up-regulated upon
URP and plays a defensive role in fighting against
the excess of unfolded proteins, also acts as a sta-
biliser of the endoplasmic reticulum Ca2* content
[88, 89]. Moreover, as the endoplasmic reticulum
stress response induces expression not only of chap-
erones, it also up-regulates the expression of SERCA
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pumps [90] with the obvious aim of restoring the dis-
turbed endoplasmic reticulum CaZ* homeostasis.

ER Ca?* homeostasis and brain ischemia

Disturbances in the ER Ca?* homeostasis may also
account for cell damage upon brain ischemia and
excitotoxicity. This suggestion is based on several
findings, produced by Japanese investigators [91-
93]. First, they cloned ER resident chaperone, a 150-
KDa oxygen-regulated protein (orp50) from astro-
cytes subjected to ischemic stress. The limited sus-
ceptibility of astrocytes to excitotoxicity and oxygen
deprivation is well documented, and naturally it was
suggested that orp150 is somehow linked to it. More
detailed investigations found that orpl50 is up-reg-
ulated in human brain subjected to a seizure attack
and in mice hippocampus following kainate-induced
lesion. Even more interestingly, hippocampal neu-
rones isolated from orp150 deficient mice respond-
ed by larger [Ca2"]; increases when treated with glu-
tamate or NMDA; this correlated with higher rates
of glutamate-induced cell death. Furthermore, the
survival of neurones from orpl50 deficient animals
following kainate-induced brain lesions was signifi-
cantly impaired. In contrast, increasing the levels of
orpl50 in nerve cells by targeted overexpression,
markedly improved neuronal survival after excito-
toxic shock [91]. The glutamate-induced [Ca?'];



loads were substantially reduced in cultured neu-
rones with an increased level of orpl50, thus
demonstrating that this protein also stabilises cellu-
lar Ca2" homeostasis, most likely by limiting CaZ*
release from the endoplasmic reticulum occurring
upon excessive glutamate stimulation [91]. Finally,
depletion of endoplasmic reticulum Ca2* and conse-
quent endoplasmic reticulum stress may participate
in neurodegeneration during epileptic seizures, as
the RyR blocker dantrolene had a significant neuro-
protective action in various epilepsy models [94].

ER Ca2* homeostasis and Alzheimer
disease

The key role of disrupted ER Ca?" homeostasis in the
pathogenesis of AD has been suggested by several
groups (see [27,95,96] for review), although the
changes in the ER Ca2* signalling in AD models have
never been directly tested. The synthesis of a highly
toxic isoform of amyloid beta peptide, AB(1-42), is
controlled by presenilins, which are ER resident pro-
teins [97]; and, moreover, the ER has been identified
as a site of AB(1-42) synthesis. A direct role of the ER
stress response in the pathogenesis of Alzheimer dis-
ease has been further substantiated by the recent
observation that artificial expression of familial AD-
specific mutations of presenilin-1 (PS-1) gene down-
regulate the adaptive parts of the UPR, most notably
by decreasing the levels of grp78 [98, 99]. These
observations gained pathophysiological significance
after reduced levels of grp78 were detected in the
brains of familial AD patients [100]. Later it was
found that an alternatively spliced form of presenilin
2 (PS-2) expressed in sporadic AD has the very same
effect on the ER stress response [101]. Almost every
manipulation with presenilins (either mutation in PS1
or PS2, or presenilin knockouts) resulted in the dis-
ruption of ER Ca?* homeostasis [95]. As a general
rule, overexpression of mutant forms of presenilins
results in an increase in both IICR and CICR [102-
104], whereas presenilin deficiency resulted in a
decreased amplitude of Ca2* release [95]. These find-
ings led to the suggestion that presenilins might regu-
late the level of [Ca2"]; and their up-regulation or
expression of mutant forms (i.e. in AD-related pathol-
ogy) results in an increase in intra-ER Ca?" content.
This particular suggestion was strengthened by the
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discovery that overexpression of Ca?" binding pro-
teins calbindin-D and calsenilin reversed the
enhanced Ca?* release in mutant PS1 and PS2 cells
[104]. Furthermore, a store depletion-operated
(capacitative) CaZ" entry in cells expressing mutant
PS1 or PS2 was enhanced [103, 105], whereas the
genetic knockout of PS1, or the expression of an inac-
tive form of PS1, potentiated this Ca2" influx through
the store-operated mechanism [105]. The latter results
also suggest a role of presenilin in the regulation of
[Ca2]; and it is interesting to note that the size of the
InsP;-mediated [Ca2"]; responses in fibroblasts isolat-
ed from patients with high risk of family AD were
much larger than those with a low risk of AD devel-
opment [106]. These abnormalities in ER function
could be detected much earlier than the onset of clin-
ical symptoms, once more pointing to the possible
aethiopathological role of ER CaZ* dysregulation in
the development of AD.

Conclusions

The ER Ca?" homeostasis emerges as a main mecha-
nism responsible for signal integration and processing
within the endoplasmic reticulum. In physiological
conditions, fluctuations of intra-ER free Ca2* concen-
tration link cellular activity with protein synthesis and
post-translational modification. Disruption of the ER
Ca?* homeostasis triggers ER stress responses, which
in turn may result in neurodegeneration and deter-
mine survival or death of neuronal cells.
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