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Abstract

Calcium acts as a universal signal that is responsible for controlling a spectrum of cellular processes ranging from fer
to apoptosis. For a long time, calcium was regarded solely as an intracellular second messenger. However, the disc
calcium can also act as an external ligand together with the molecular cloning of its cell surface receptor, the Calcium
Receptor (CaSR), demonstrated that calcium also acts as an important extracellular or first messenger. Here, we give a
of the main structural, pharmacological and physiological features of the CaSR and provide an assessment of its func
cellular and molecular mechanisms of action. In addition, we propose possible avenues for future research into the t
of CaSR and the role(s) of this receptor in the central nervous system.To cite this article: T. Bouschet, J.M. Henley, C. R.
Biologies 328 (2005).
 2004 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

Le calcium en tant que premier messager extracellulaire : perspectives sur le récepteur du calcium extracellulaire dans
le cerveau. Le calcium est un signal universel contrôlant un large spectre de processus biologiques, allant de la fertil
l’apoptose. Cet ion a longtemps été seulement considéré comme un second messager intracellulaire. La découverte
le calcium peut agir en tant que ligand extracellulaire et le clonage moléculaire de son récepteur à la surface cellu
récepteur du calcium extracellulaire :Calcium Sensing Receptor, CaSR) démontrent que le calcium peut non seulement
comme un second mais aussi comme un important premier messager extracellulaire. Nous donnons ici une vue d’ens
principales propriétés structurales, pharmacologiques et physiologiques du récepteur du calcium extracellulaire et li
synthèse des connaissances actuelles concernant ses mécanismes d’action moléculaire et cellulaire. De plus, nou
certaines hypothèses de travail pour étudier le trafic intracellulaire du CaSR ainsi que ses rôles potentiels dans l
nerveux central.Pour citer cet article : T. Bouschet, J.M. Henley, C. R. Biologies 328 (2005).
 2004 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. Introduction: the ins and outs of calcium

Calcium is of fundamental importance for ma
biological processes. For example, one of the ea
est events in the development of multicellular org
isms, egg activation at fertilization, is triggered by
influx of calcium[1]. The death of neuronal cells in
duced by the neurotransmitter glutamate is also
diated by a raise in the intracellular calcium conc
tration ([Ca2+]i ) [2,3]. The pro-death or pro-surviva
outcomes for cells of changes in [Ca2+]i depend on its
amount, kinetics and source of entry into the cell[2,3].
Thus, since it is essential that [Ca2+]i is maintained
within strict limits there are multiple cellular mech
nisms that buffer, sequester and accumulate Ca2+ and
changes in concentration are usually highly localiz
within the cell.

Calcium is an abundant ion and multicellular orga
isms constantly need to monitor and adjust Ca2+ levels
outside cells ([Ca2+]out) in body fluids to maintain a
stable environment. This process is termed calc
systemic homeostasis and it requires an extrace
lar calcium detector. Before the molecular identific
tion of this sensor, it had been known for many ye
that a raise or a decrease in systemic ionized calc
(which is normally∼1.2 mM) lowers or increase
respectively levels of parathyroid hormone (PTH)
the blood[4]. PTH is a hormone secreted from t
parathyroid gland whose three principal actions
to favour calcium conservation from kidney, upta
from intestine and, at longer term, release from b
(Fig. 1). Hence, PTH secretion acts to balance chan
in [Ca2+]o through a negative feedback mechani
(Fig. 1).

Despite these physiological observations, the id
tity of the extracellular calcium sensor remained e
sive. Experiments performed in vitro using parath
roid cells in culture suggested that the extracellu
calcium detector is situated at the cell surface. Inde
increasing the concentration in divalent or trivale
cations less membrane permeable than calcium (
as Mg2+ or Gd3+, which are now established calciu
sensing receptor activators) mimicked calcium eff
Fig. 1. Role of the Calcium Sensing Receptor (CaSR) in calc
homeostasis and parathyroid hormone (PTH) secretion. Hom
imers of the CaSR situated at the parathyroid cell membrane s
changes in extracellular calcium concentration ([Ca2+]out) by their
external flytrap lobes. A raise in [Ca2+]out is transduced by the
CaSR into intracellular signal cascades leading to a decrease in
secretion. Since PTH acts to increase [Ca2+]out, CaSR-mediated
PTH release inhibition ensures return to normocalcemia throu
negative feedback mechanism.

in that these ions induced intracellular calcium m
bilization and decrease in PTH secretion[5,6]. It is
interesting to note that in contrast to most stimul
regulated secretion systems where increasing [Ca2+]i
favours secretion, the raise in [Ca2+]i in the parathy-
roid following activation of the extracellular calcium
receptor is linked to a reduction in PTH secretion[7].

2. Cloning of the Calcium Sensing Receptor
(CaSR)

In 1993, Brown and colleagues screened poly(A+
RNAs from a bovine parathyroid gland library fo
their capacity to induce Ca2+-activated Cl− current
in Xenopus laevisoocytes following Gd3+ addition
[8]. This expression cloning strategy yielded a s
gle 5.3-kb clone that when expressed conferred
ability to recruit transduction cascades following
evation of [Ca2+]o, and thus reproduced one of th
major features of native calcium sensing receptor
pressed in the parathyroid[8]. Since the identification
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of this clone (named BoPCaR for Bovine Parathyr
Calcium-Sensing Receptor), the receptor for extra
lular calcium has been identified in numerous spe
including salamander[9], rat [10], human[11], and in
a wide range of tissues including bone, intestine, p
creas and brain (for an extensive inventory see[12]).
Interestingly, a closely related receptor has been id
tified in dogfish shark and salmon[13], whose possible
function would be to detect alterations in water sa
ity and orientate these fishes during their migration

3. The CaSR is a G Protein-Coupled Receptor

Sequence analysis of the CaSR has revealed th
comprises a fusion of two distinct domains that ha
proved successful during evolution[8]. One domain
is the seven-transmembrane-spanning topology
is characteristic of members of a G-protein-coup
(GPCR) proteins, a family of proteins that is wide
expressed in eukaryotic cells and play fundame
roles in transducing signals as diverse as light and
mones[14] (Fig. 1). The other domain is extreme
large (605 amino acids in BoPCaR[8]) extracellular
Venus flytrap domain that is a hallmark of bacterial d
tectors for nutrients and ions (Fig. 1). The CaSR show
significant homology with the metabotropic glutama
(mGluR) and GABAB receptors. These neurotran
mitter receptors also contain 7TM and Venus flytr
domains and all three receptor families belongs
the class III of GPCR superfamily[8]. The ability
to detect extracellular cations seems to be conse
among this family of receptors since metabotropic g
tamate and GABAB receptors are sensitive to chang
in [Ca2+]out [15,16].

The events that occur downstream of CaSR a
vation are complex and can be mediated via sev
different signalling pathways. The functional CaS
assembles as a homodimer[17] that recruits the het
erotrimeric Gq protein, resulting in stimulation o
phospholipase C activity and subsequent calcium
bilization through the generation of inositol-1,4,
triphosphate and protein kinase C activation[18]
(Fig. 2). The CaSR can also bind to and activate Gi/o

and G12/13 resulting in an inhibition of adenylate cy
clase activity and stimulation of Rho-GEF (a Guan
to the re-
,

Fig. 2. Signalling and multi-sensing by the Calcium Sensing Receptor. A plethora of substances stimulates CaSR activity leading
cruitment of multiple intracellular pathways. These transduction cascades are detailed in the text. Abbreviations are:AC (Adenylate Cyclase)
cAMP (cyclic AMP), PLC (Phospholipase C),DAG (diacylcerol),PKC (Protein Kinase C),IP3 (inositol-1,4,5-triphosphate),Rho-GEF
(Rho-Guanine nucleotide Exchange Factor),ERK1/2 (Extracellular signal Regulated Kinases 1 and 2),MP (metalloproteinases),HB-EGF
(Heparin Bound-Epidermal Growth Factor),EGFR (EGF receptor).
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nucleotide Exchange Factor for the small G prot
Rho), respectively[18] (Fig. 2). In addition the CaSR
can bind directly to the Filamin-A protein and th
interaction is necessary for stimulation of the Extrac
lular signal Regulated Kinases ERK1 and ERK2[19,
20] (Fig. 2). Recent data suggest that CaSR-indu
ERK1 and ERK2 activation is also, in part, depe
dent on the dynamic release of heparin bound-E
(HB-EGF) through metalloproteinase activation a
subsequent transactivation of the Epidermal Gro
Factor Receptor (EGFR)[21]. Interestingly, antibodie
that neutralise HB-EGF and drugs that block me
loproteinases or EGFR activities (CRM 197 and A
1478, respectively) attenuate CaSR-mediated se
tion of PTHrP (PTH related peptide), indicating
physiological role for this membrane spanning s
nalling mechanism[21].

4. The CaSR is associated with human disease

As expected for a sensor playing a pivotal role
detecting and adjusting [Ca2+]o, the CaSR is crucia
for the maintenance of systemic calcium homeosta
In human, inactivating or activating mutations in t
gene coding CaSR cause hypercalcemia or hypo
cemia, respectively[22–24]. More precisely, loss o
function CaSR mutations are associated with fam
ial benign hypercalcemia (FBH) and neonatal sev
primary hyperparathyroidism (NSHPT), a lethal d
ease resulting in skeletal demineralization and m
tiple fractures that can be corrected by the su
cal removal of the parathyroid gland of the newbo
[24,25]. Individuals having FBH or NHSPT bear re
spectively one or two defective copies of the Ca
gene. This gene dosage feature is reproduced in tr
genic animals where heterozygous mice (CaSR+/−)
mimic FBH whereas homozygous mice (CaSR−/−)
exhibit the typical hallmarks of NHSPT including e
evated levels of calcium and parathyroid hormone
the serum, parathyroid hyperplasia, bone abnorm
ties, retarded growth and premature death[26]. Con-
versely, gain of function CaSR mutations are ass
ated with hypocalcemia[23]. As for hypercalcemia
this human disorder could have its murine replica si
a recent study describes that the Nuf mouse mo
to date known to display cataract, is also subjec
to hypocalcemia, reduced levels of plasma para
-

roid hormone and carries an activating CaSR muta
[27]. In addition, autoantibodies directed against
CaSR have been identified in plasma of patients
senting hypocalcemia[28] or hypercalcemia[29,30],
suggesting that the disease has an auto-immune
ponent.

There is, therefore, considerable interest in the
velopment of CaSR agonists and antagonists for
treatment of disease. On one hand, CaSR agonists
cimimetics) are being developed to inhibit PTH sec
tion and treat primary and secondary hyperpara
roidisms[31]. On the other hand, CaSR antagoni
and other drugs that indirectly stimulate PTH s
cretion through a decrease in CaSR activity (Ca
antagonists= calcilytic compounds) could in para
lel provide potential anabolic therapies for conditio
such as osteoporosis[31].

5. The CaSR is a multi-sensor

It seems that the primary physiological functi
of the CaSR is to detect extracellular calcium in
der to restore normocalcemia. However, as mentio
the receptor also responds to other substances
as Mg2+ or Gd3+. The list of substances modifyin
CaSR activity is, in fact, extremely long and diver
suggesting that the CaSR could have several ro
For example, CaSR activity is stimulated by an
crease in extracellular pH[32], by antibiotics such a
neomycin[8] or by the amyloidβ-peptide fragmen
(which is produced in excess in Alzheimer’s disea
[33] (Fig. 2). Extensive listing of ions and compoun
that act on the CaSR are reported elsewhere[12,25].
Interestingly, CaSR activity is also stimulated by
mixture of L-amino acids[34] (Fig. 2) and L-amino
acids such asL-phenylalanine regulate PTH relea
[35]. Thus it has been suggested that the CaSR c
be involved in the molecular basis of the known
fect of dietary protein on calcium metabolism[34].
Given the plethora of substances acting on the Ca
one emerging question is if these extracellular cl
are encoded similarly or differently by the recept
Interestingly, it has been reported that calcium a
amino acids trigger different patterns of intracellu
calcium oscillations[36] suggesting that differentia
coding can occur depending on the extracellular
nal acting on the CaSR.



T. Bouschet, J.M. Henley / C. R. Biologies 328 (2005) 691–700 695

es a
-
of

CA;

at
fer
have
g
se
fi-
ent

an

ni-
that
ent
al
sary
re-

x-
all.

on-
the
a-
ble
lls

s
ich
llu-
the
co-

olu-
i-
d to
the

ues
that
r-
ne
e
lo-
6. The CaSR mediates intercellular
communication

When a substance, whatever its nature, induc
raise in [Ca2+]i , a large proportion of the ion is ex
ported to the extracellular space through activity
the plasma-membrane calcium pump ATPase (PM
Fig. 3) [25]. This results in an increase in local [Ca2+]o
and thus, possibly in activation of CaSR situated
the plasma membrane of neighbouring cells. Ho
and colleagues have tested this hypothesis and
shown that calcium extruded from one cell followin
calcium mobilizing agonist stimulation can increa
levels of calcium in the surrounding medium suf
ciently to activate CaSR on the surface of adjac
cells in a paracrine manner[37] (Fig. 3). This calcium
efflux can also activate CaSR on the same cell, in
autocrine manner[38] (Fig. 3). Further support for the
concept of extracellular calcium-mediated commu
cation, a recent study in gastric cells demonstrated
the extracellular calcium rise generated by treatm
with carbachol (which mimics the cholinergic sign
received during digestion processes) is both neces
and sufficient for the induction of pepsinogen sec
tion [39].

It is important to note that in intact tissue the e
tracellular space volume to cell volume is very sm
Since internal stores maintain a total calcium c
centration of several mM, substantial changes in
[Ca2+]o can occur in vivo. For example, the extr
cellular calcium concentration is subjected to nota
variation during synaptic activity between nerve ce
[40,41]and can reach levels of∼ 40 mM in the resorp-
tion lacunae during bone erosion[42]. Such change
would be detected by the CaSR, activation of wh
could then lead to the propagation of the extrace
lar signal to neighbouring cells through the use of
single messenger calcium. Given that the most e
nomic mechanisms are often selected during ev
tion, it is conceivable that this ‘low-cost’ commun
cation process may be present in tissues subjecte
substantial variations in calcium and expressing
CaSR. Obvious candidate tissues include bone[12],
the CNS[10,12]and the pancreas[43].

7. Perspectives on the CaSR

The CaSR is expressed in non-parathyroid tiss
and responds to a variety of agonists suggesting
this is a multifunctional receptor that may fulfil diffe
ent roles in different cell types. As for most membra
proteins including GPCRs[44], the mechanisms th
determine CaSR trafficking, surface expression and
ncentra-
by the
ce
Fig. 3. Cell-to-cell communication mediated by the Calcium Sensing Receptor. Following an increase in intracellular calcium co
tion ([Ca2+]i ) induced by a calcium mobilizing agonist, some calcium (represented by black circles) is extruded from the cell
Plasma-Membrane Calcium pump ATPase (PMCA). This results in an increase in local [Ca2+]o and activation of CaSR situated at the surfa
of the same cell (cell 1) in an autocrine manner and of the neighbouring cell (cell 2) in a paracrine manner. CaSR increases [Ca2+]i , leading to
a rise in calcium in the surrounding media and propagation of the signal to other adjacent cells.
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calisation are of crucial importance but remain alm
completely unknown. Here, we describe the curr
state of knowledge and propose some possibilities
future directions to investigate these important and
solved issues.

7.1. The CaSR and the brain

The neuronal functions of the calcium sensing
ceptor are still largely elusive[12,45]. Nonetheless
several publications have shown that the CaSR[45,
46] is expressed in the mammalian brain[10,12,45].
Significantly, immunocytochemical studies have s
gested that the GPCR occur in discrete punctate
calizations throughout the brain that appear to be
sociated with nerve terminals[10]. CaSR mRNA ex-
pression rises in hippocampus at a time when L
Term Potentiation (LTP)[47] can first be induced an
persists at high levels during the period when br
development is proceeding most rapidly[48]. In LTP,
there is a long-lasting increase in synaptic efficien
following appropriate stimulation of the synapse. T
phenomenon is believed to be an underlying cellu
mechanism for memory formation and consolidati
It is well established that in LTP, as in many forms
synaptic transmission, intracellular calcium signalli
is of fundamental importance[47]. Of particular inter-
est in the context of this review, it is now becomi
clear that dynamic changes in the levels of extra
lular calcium at and around synapses also occur[40,
41]. For example, using a novel optical method to m
sure [Ca2+]out, it has been recently demonstrated t
brief trains of synaptic transmission in the hippoca
pus CA1 region induce transient depletion of extrac
lular calcium[41]. It is thus tempting to imagine tha
these changes in [Ca2+]out would be detected by th
CaSR that is present at these synapses. Deactiv
of the CaSR will lead to inactivation of correspondi
intracellular signalling cascades that, in turn, wo
modulate synaptic responsiveness and plasticity.

This view of a possible role for CaSR in syna
tic plasticity is supported by two sets of recen
published data. First, a nonselective cation chan
can be activated by decreases in extracellular
cium at single neocortical nerve terminals[46]. How-
ever, the channel activity is insensitive to the c
cimimetic NPS R-467, suggesting that the recep
expressed at these nerve terminals is not the c
sic parathyroid-type CaSR. Secondly, the CaSR
erodimerizes with another class of GPCR, known
be important for LTP[49], the metabotropic gluta
mate receptors (mGluR1 and mGluR5) in neuro
[50]. CaSR and mGluR1 co-immunoprecipitated fro
bovine brain and co-localized in the juvenile rat bra
(in the cerebellar Purkinje and molecular layers a
in the hippocampus in areas CA1, CA3 and d
tate gyrus)[50]. Moreover, the heterodimers appear
functional since both receptors internalized upon g
tamate stimulation when co-expressed in HEK 2
cells. However, the attractive possibility that CaS
are [Ca2+]out sensors at synapses and act to mod
transmission and/or plasticity remains to be defi
tively established.

Another intriguing area of brain research in whi
the CaSR is implicated is phenyloketonurea, a d
ease associated with toxic amounts inL-Phe. As men-
tioned, an interesting property of CaSR is that it bin
L-amino-acids in addition to calcium[34]. It is well
established that in phenylketonuria, phenylalanine
duced central nervous system toxicity arises fr
L-Phe concentrations greater than 0.2 mM in the c
brospinal fluid. The CaSR is activated at concen
tions exceeding 0.1 mM and therefore could pla
role in this neurotoxicity. Furthermore, since the Ca
is coupled to the PLC/IP3/Ca2+ pathway, one inter
esting question is whether or not over-activation
CaSRs byL-Phe may cause damaging increases
[Ca2+]in leading to neuronal death, as observed w
toxic doses of, for example, NMDA[2].

The CaSR is expressed in non-neuronal cells in
brain (i.e. oligodendrocytes[51], astrocytes[52], mi-
croglia[53]) which suggests that this GPCR could ta
part to processes associated to these cell types.
cells serve many diverse functions including gener
sensing and regulating the extracellular ionic and
trient environment to support neuronal viability a
specifically regulating rapid changes at and aro
synapses. While the precise role(s) and function(s
glial CaSR remain to be determined, they will c
tainly be involved in mediating appropriate glial ce
responses to changes the local environment. For
ample, one interesting but speculative possibility
that CaSR agonists are released during brain tra
following cell damage. Consequent CaSR activat
could signal astrocytes to form the glial scar.
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7.2. Intracellular trafficking of the CaSR

Internalization and trafficking mechanisms are n
clearly established as essential regulators of GP
functions [44]. The CaSR, like many GPCRs, u
dergoes ligand-induced endocytosis[50]. Despite this
early observation, the molecular rules governing
trafficking remain unclear. To begin to shed light
these mechanisms, we have generated a CaSR ta
with the pH-sensitive GFP molecule named Sup
Ecliptic pHluorin (SEP). SEP is a GFP variant whi
is essentially non-fluorescent at pH values of< 6.0,
and whose brightness increases with pH values o
to 8.5 [54]. As shown inFig. 4, SEP was inserte
in the extracellular N-terminal domain of the CaS
Since plasma membrane-targeted proteins are d
ered to the surface via the secretory pathway in ve
ular compartments that have an acidic lumen, S
CaSR should exhibit low fluorescence inside the c
In contrast, surface-expressed SEP-CaSR shoul
brightly fluorescent as the SEP is exposed to ex
cellular media at pH 7.4. Using transfected HEK 2
d

cells, we have verified that the SEP-CaSR is ma
visualized at the cell surface (Fig. 4). In agreemen
with previous reports using SEP as a tag[55], lower-
ing extracellular pH triggered a decrease in the surf
fluorescence whereas incubation with NH4Cl (that in-
creases intracellular pH inside the cell) illuminated
entire receptor population (Fig. 4).

Given that internalized receptors are rapidly t
geted from a pH 7.4 at the cell surface to low-pH en
somes, it is possible to monitor endocytosis of a rec
tor tagged with this pH-sensitive molecule by follow
ing decreases in fluorescence in defined membran
gions after agonist addition[54]. Therefore SEP-CaSR
will be a useful tool to provide new insights into th
molecular mechanisms involved in CaSR traffickin

8. Concluding remarks

Arising from the discovery of the CaSR, the co
cept has emerged that calcium is an external
and in addition to its well documented role as int
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cellular second messenger[56,57]. So far, the best
characterized role of CaSR is in calcium homeost
via fine-tuning of PTH release from the parathyro
gland. Mutations or autoantibodies leading to abn
mal levels of this receptor activity are linked to hum
hypo- or hyper-calcemia. However, the finding that
CaSR can propagate signals from cell to cell by c
cium waves, the fact that it is expressed in a vari
of tissues and that its activity is modified by a wi
range of substances strongly suggest that the CaSR
many additional functions and that greater understa
ing will have far-reaching implications.
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