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m Abstract The cloning of the G protein-coupledextracellula calcium (Cat,)-
sensiigy recepto (CaR has identified acentrd mediata of the mechanim governing
systemi C&+, homeostasisThis systen enable organisns to adap successfull to
wide variatiors in dietary Caf*, intake while maintainirg nea constamy of C&+,,
Wherea discussios of C&+, homeostasihave generaly focusel on the key role of
cé&t, -elicited changein parathyroil hormore secretionthe presene of the CaRsin
effectar tissues of this systen enable dired regulation of processg(e.g rend tubular
C&t reabsorptia and possiby bore formation ard resorption tha add additional
layers of homeostati control As we understad more abou how the CaR regulates
thesetissueswe may find tha it participatsin othe processgrelevan to minerd ion
homeostasisncluding the contrd of the 1-hydroxylatior and actvation of vitamin D5
or reabsorptia of phosphatin therend proximd tubule. Regardlessthe remarkable
sensitvity of the CaR to smal changsin C&*, allows adjustmergin the respons of
the Ca+, homeostati systen to increase or decreasein the intake of dietary Ca™*,
for instancetha cau® barey detectake alteratiors in Caf*,. Furthermorethe CaR
likely participate in coordinatirg interactiors amorg severd differert homeostatic
contrd systens (including those for wate, Mg2+o, Nat, extracellula volume and/or
blood pressure)despie the fadt tha thes systens are often considerd to function
largely independenyl of minerd ion metabolism.
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INTRODUCTION

Calcium (C&") is a key nutrient because of its diverse intra- and extracellular
roles. Intracellular C&, particularly the cytosolic free calcium concentration
(Catt)), is an important second messenger and cofactor for proteins and enzymes
regulating key cellular processes (i.e. neurotransmission, motility, hormonal se-
cretion, and cellular proliferation) (12). ExtracellulargCa*t,) serves as a
cofactor for adhesion molecules, clotting factors, and other proteins; regulates
neuronal excitability; and is an essential part of the mineral phase of bone. The
skeleton provides a structural framework that protects critical bodily structures and
facilitates locomotion, as well as a large reservoir of mineral ions (e.g. calcium
and phosphate) that can be mobilized when needed (87). Ultimately, however,
all C&t, whether it is intra- or extracellular, originates in the diet. The increasing
recognition of the importance of dietary €as the ultimate source for the myriad
biological roles of C&+, has recently led some to call it a “superstar of nutrients”
(11).

Itis not surprising, therefore, that the level of<ais precisely regulated (12).
Inthe past decade, our understanding of ho#'Cis sensed and, in turn, regulated
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has advanced greatly. The €gsensing mechanism is the body’s thermostat
for C&+,, or its “calciostat” (16). It may be surprising that this calciostat is a
G-protein-coupled receptor (GPCR). Nevertheless, remarkably diverse extracel-
lular ligands, namely proteins, prostaglandins, and photons (e.g. via rhodopsin),
use GPCRs to transduce changes in their extracellular concentrations into appro-
priate biological responses. Now, with the cloning of thé‘Gaensing receptor
(CaR), an inorganic ion has been shown to use a GPCR as well.

The CaR (sometimes designated CaSR or CasR) ensures the remarkable
stability of C&*, in bodily fluids by precisely adjusting—through its direct and
indirect actions on kidney, bone, and intestine—the movements4fié® and
out of the extracellular fluid (ECF) (16). Indeed, its existence has proved defini-
tively that C&* is not only a key intracellular second messenger but also an
important extracellular “first” messenger (12). Thus despite its near constancy,
Ca’*, encodes the information that cells “decode” via the CaR to maintaih,Ca
homeostasis.

In this chapter, | describe the importance of’Gasensing for maintaining
Cat*, homeostasis, briefly review the indirect evidence suggesting the existence
of the CaR and leading to its isolation by expression cloning, and describe the
receptor’s role in coordinating the tissues that maintaid*Gaomeostasis. |
emphasize how regulation of dietary intake and absorption 6éf,Gas well as
its renal tubular handling and skeletal disposition, is a key mechanism through
which the CaR adjusts the metabolism of this crucial nutrient to its availability.
Finally, | review interactions between the CaR regulation of*ganetabolism
and homeostatic mechanisms for other nutrients, including magnesiuft)Mg
salt, and water—some of which use the capacity of the CaR to integrate multiple
homeostatic signals.

Ca*™, BALANCE AND THE IMPORTANCE
OF C&*, SENSING FOR C&* HOMEOSTASIS

Annu. Rev. Nutr. 2000.20:507-533. Downloaded from www.annualreviews.org
by Morehead State University on 01/04/12. For personal use only.

Calcium Balance

Figure 1 illustrates the approximate magnitudes of the movementsZfitta

and out of the ECF in a normal human via kidney, bone, and intestine. These fluxes
of C&+ are large compared with the total €acontent of the ECF, particularly
those fluxes that occur in the kidney, wher&0 g of C&™ is filtered daily and 9.8

g (98%) is reabsorbed. That is, about every 2 h, an amount%f &pivalent to

the total quantity in the ECF is filtered and reabsorbed. Nevertheless, this renal
Ca* turnover pales in comparison with that in an egg-laying chicken (47). Here,
the depositing of>1 g of C&* over several hours in the shell of a soon-to-be-
laid egg requires total turnover of plasma’Cavery few minutes. Therefore,

in humans, birds, and other free-living terrestrial organisms, these fluxegof Ca
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1 g of elemental C& ingested daily. Balance is achieved by renal excretion of 200 mg f Ca
because equivalent amounts of skeletat‘Care deposited and resorbed dalBCF, extracellular
fluid. (Adapted from Reference 14d.)

must be precisely coordinated, lest, for instance, large reductiongiy @aduce
life-threatening compromise of cardiac contraction.

Importance of Ca’", Sensing in Calcium Homeostasis

Mammals and other tetrapods (e.g. mammals, birds, reptiles, and amphibians) only
intermittently ingest C& and have evolved a complex homeostatic mechanism that
ensures near constancy ofCga(Figure 2). Specific cells “sense” changesifGa
and respond so as to restore normocalcemia (12). Classiésj-8ensing cells
include the parathyroid hormone (PTH)-secreting chief cells of the parathyroid
glands and the calcitonin (CT)-secreting C cells of the thyroid, which secrete
less and more of these hormones, respectively, wheri Gses. There is a
steep inverse sigmoidal curve relating circulating PTH levels t& Qia normal
humans (Figure 3). Increases in circulating PTH in response to hypocalcemia
stimulate tubular C& reabsorption, bone resorption, and, if prolonged for several
hours, renal proximal tubular 1-hydroxylation of 25-hydroxyvitamig tb its
active form, 1,25-dihydroxy vitamin J1,25(OH)D] (12, 87), which increases
intestinal C&" absorption.

Raising C&", reduces PTH, modulating the functions of kidney, bone, and
intestine so as to dispose of the extra®Calhe positive relationship between
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Figure 2 Schematic diagram illustrating the & homeostatic systenSolid arrowsandlines
delineate actions of PTH and 1,25(QBY}; dotted arrowsandlinesshow direct actions of Cd,
and phosphate ions on target tissues. Abbreviations and symbdts; daicium; PQ, phosphate;
ECF, extracellular fluid; PTH, parathyroid hormone; 1,25(alb4) 1,25-dihydroxyvitamin B;
25(0OH)D;, 25-hydroxyvitamin I3; circled minusesinhibitory actions;circled pluses positive
actions. (Reproduced with permission from Reference 14e.)

Ca’*, and CT secretion also elevates CT levels during hypercalcemia (3, 12, 87).
CT lowers C&", by inhibiting osteoclastic bone resorption and enhancing re-
nal C&*+ excretion (3). Although CT exerts only modest hypocalcemic actions
in adult humans, in whom bone turnover is slow, it can be an effective thera-
peutic agent in conditions in which bone turnover is high (i.e. osteoporosis,
Paget’s disease of bone, and hypercalcemia of malignancy caused by bony metas-
tases).

The steepness of the curve relating PTH anéCis a major contributor to the
near constancy of G4, in vivo, because small perturbations ir’Cga(of only a few
percent) elicit large changes in PTH (12). An additional parameter, the midpoint
or “set-point” (e.g. Figure 3), is an important determinant of the level at which
Catt, is “set” In certain inherited and acquired diseases of"Gaensing, the
set-point is increased in hypercalcemic conditions and reduced in hypocalcemic
disorders (13). That is, the calciostat is reset upward or downward, causing stable
hypercalcemia or hypocalcemia, respectively.
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Figure 3 (A) Steep inverse sigmoidal relationship between PTH arft Cia vivo. Re-
produced in modified form with permission from Reference B}.Hour-parameter model

of the inverse sigmoidal relationship betweef€gand PTH release based on the equation,

Y = {(A— D)/[1 + (X/C)B]} + D.Y, maximal secretory rate. The slope of the curve at
its midpoint or set point and the minimal secretory rate are indicated. (Reproduced with
permission from Reference 11a.)
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Additional tissues involved in calcium homeostasis likewise sense,Caihe
1-hydroxylation of 25-hydroxyvitamin pto 1,25(OH)D, is directly regulated by
Ca’*,—a physiologically appropriate response to reducing"Gebsorption and
availability (97). Moreover, raising peritubular but not luminaP€adiminishes
both C&* and Mg+ reabsorption in the thick ascending limb of Henle’s loop
(30, 90), thereby enhancing €aexcretion—another homeostatically logical re-
sponse. High G4, inhibits bone resorption by osteoclasts (104), which are the
cells that normally break down bone mineral and matrix during skeletal turnover.
Because C#, beneath a resorbing osteoclast can be as high-49 8nM (85),
this resorbed Cd, upon release into the bone microenvironment, could poten-
tially act on nearby osteoclasts to limit further bone resorption. Raisirfg,Ca
also stimulates the functions of bone-forming osteoblasts (72). Thés, Belf,
like the more classical calciotropic hormones PTH, CT, and 1,25{D41tan act
as a local or systemic calcium-regulating “hormone” that plays a central role in
maintaining C&", homeostasis (12; Figure 2).

Indirect Evidence for the Existence of
a Calcium-Sensing Receptor

How do cells sense €&,? Indirect evidence accumulated in the 1980s strongly
implicated a “receptor-like” C& ;-sensing mechanism that had the properties of

a GPCR (12). For instance, raisingaactivated phospholipases C (PLC) and

A, (PLA,) and elevated C4; in bovine parathyroid cells (66)—responses that are
characteristic of the so-called “€amobilizing” hormones acting through their
GPCRs. Moreover, high &4, caused a pertussis toxin-sensitive inhibition of
cyclic AMP (cAMP) accumulation (12), suggesting that the putative CaR inhib-
ited adenylate cyclase via the inhibitory G protein, Ghese data suggested that
parathyroid cells and perhaps otheP€asensing cells detected changes ifGa

viaa GPCR that was coupled to adenylate cyclase and one or more phospholipases.
The use of expression cloning Xenopus laevisocytes provided a possible av-
enue for cloning the putative CaR, because this approach did not require specific
probes for the gene in question (e.g. DNA probes or specific antibodies) (27).

CLONING AND SELECTED STRUCTURAL AND
FUNCTIONAL FEATURES OF THE CALCIUM-SENSING
RECEPTOR

Cloning of the Calcium-Sensing Receptor

Indeed, the application of expression cloning yielded a single 5.3-kb cDNA
encoding a CaR with pharmacological properties that were virtually identical
to those of the CH ,-sensing mechanism in parathyroid cells (14; Figure 4).

Full-length CaRs were later cloned from diverse tissues in several mammals,
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Figure4 Predicted structure of the calcium-sensing receptor. See text for details. Abbreviations:
SP, signal peptide; HS, hydrophobic segment. Also delineated are missense and nonsense mu-
tations causing either FHH or autosomal dominant hypocalcemia, indicated with the three-letter
amino acid code, with the normal amino acid preceding and the mutated amino acid after the
number of the relevant codon. (Reproduced with permission from Reference 13a.)

including human parathyroid (39); rat (76), human (1), and rabbit (18) kidneys;
rat C cells (36, 40); and rat brains (80). All are very similar in their amino acid
sequences>90% identical) and are tissue and species homologs of the same
ancestral gene.

A full-length chicken parathyroid CaR (33) and a smaller CaR fragment from
the mudpuppy, an amphibian (25), are also highly homologous to mammalian
CaRs (80% amino acid and nucleotide identities). This CaR gene’s great sim-
ilarity among mammals, birds, and amphibians indirectly supports its functional
importance. Furthermore, humans or mice with two defective CaR genes exhibit
marked hypercalcemia, firmly establishing the central, nonredundant role of the
CaR in maintaining C&, homeostasis. Surprisingly, however, given the diversity
of related GPCRs (see next section), no additional CaR genes have been identified
to date, although splice variants that are of uncertain physiological relevance have
been identified.

The Principal Structural Features of the
Calcium-Sensing Receptor

Figure 4 illustrates the overall topology of the CaR, including its large, amino
(NH2)-terminal extracellular domain (ECD), central core with the “serpentine”
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seven-membrane-spanning motif characteristic of the GPCRs, and intracellular
carboxyl-terminal (C-) tail (14). Ca, binds to the ECD of the CaR; this ECD also
contains several N-linked glycosylation sites (14), whereas its intracellular regions
have several protein kinase C (PKC) and protein kinase A (PKA) phosphoryla-
tion sites. The PKC sites modulate the activity of the CaR—reducing its coupling
to PLC—but the importance of the PKA sites, if any, is unknown (8, 14). The
CaR resides on the cell surface largely as a dimer (6, 96), and the subunits of
the dimeric CaR interact functionally (7). Determining the three-dimensional
structure of the CaR by X-ray crystallography or other techniques will eluci-
date how the CH, signal is sensed and transduced into changes in intracellular
signaling.

The Homology of the Calcium-Sensing Receptor to
Other G-Protein—Coupled Receptors and Related
Evolutionary Issues

The CaR belongs to the recently described family C GPCRs, comprising three
subfamilies with>20% amino acid identity in their seven-membrane-spanning
regions. Group | includes the metabotropic glutamate receptors 1-8, which are
GPCRs for the excitatory neurotransmitter glutamate (65). Group Il has at least
two members: the CaR and a multigene family of putative pheromone receptors
in neurons of the vomeronasal organ, a small sensory organ that is prominent in
rodents and regulates instinctual behavior (60). Additional receptors similar to
the CaR and these vomeronasal receptors have been described in mammals (46)
and fish (19) that are, respectively, taste and putative odorant receptors. Group lll
includes the GABA receptors, which are GPCRs for gamma-aminobutyric acid
(GABA), the key inhibitory neurotransmitter (52).

The extracellular, ligand-binding domains of the family C GPCRs are homol-
ogous to the bacterial periplasmic nutrient-binding proteins (PBPs) (26), sup-
porting an evolutionary relationship between the ECD of these GPCRs and the
PBPs, which bind diverse extracellular solutes that are destined for cellular uptake
and/or that elicit chemotactic responses (84). The PBPs recognize organic nutrients
(i.e. amino acids) as well as inorganic ions (e.g. phosphate and nickel) (84). Af-
ter binding their respective ligands, they interact with integral membrane proteins
that transmit the chemotactic signal or transport the nutrient intracellularly. Thus
the family C GPCRs likely represent “fusion proteins” composing an ECD de-
rived from an ancient family of solute-binding sensing proteins (the PBPs) and the
seven-membrane-spanning motif that evolved separately to transmit extracellular
signals into eukaryotic cells.

The CaR also shares functional properties with the PBPs. It recognizes a key
nutrient, C&*. The CaR usually senses £gawithin enclosed bodily fluids, but
in the gastrointestinal tract, for example, it sense$Cim a fluid arising, at least
in part, from outside the organism, analogous to nutrient sensing by the PBPs.
The CaR also mediates stimulation of chemotaxis by"Ga monocytes (101)
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and, perhaps, osteoblasts and their precursors (41, 99, 100). Thus both structural
and functional attributes of the PBPs may have been conserved over a very broad
evolutionary scale.

The Signal Transduction Pathways of the
Calcium-Sensing Receptor

Phospholipases The CaR activates PLC, PLA81), and phospholipase D (PLD)
(53). CaR-induced stimulation of phosphoinositide (Pl)-specific PLC likely in-
volves adirect, G protein-mediated process (16), probably usjpg &nd elevates
Ca*;, owing to both mobilization of intracellular €avia inositol trisphosphate

and activation of C& influx. Stimulation of PLA and PLD is largely indirect,
involving CaR-mediated, PLC-dependent activation of PKC (53). The CaR can ac-
tivate the cytosolic form of PLAthrough its phosphorylation by mitogen-activated
protein kinase (MAPK) (O Kifor, R Diaz, | Kifor, and EM Brown, submitted for
publication). The CaR is thought to stimulate phosphatidylcholine-specific PLC in
sheep C cells. Inhibitors of phosphatidylcholine-specific PLC partially block CaR-
evoked secretion in this model (63), but further studies are needed to understand
how the CaR exerts this action.

Mitogen-Activated Protein Kinase The CaR stimulates the MAPK family mem-

ber Erk-1, in association with activation of the cytoplasmic tyrosine kinase, c-Src,
and stimulation of cellular proliferation, in rat-1 fibroblasts (64). Herbimycin,

a tyrosine kinase inhibitor, inhibits stimulation of both Erk-1 and proliferation,
suggesting that CaR-mediated activation of c-Src is upstream of these biological
responses. Furthermore, inhibiting MAPK kinase, a protein kinase that activates
MAPK, also blocks CaR-evoked proliferation (64), further supporting the me-
diatory role of MAPK. Future studies will reveal whether the CaR modulates
other MAPKSs, such as the c-Jun terminal kinase/stress-activated kinase or p38
MAPK.

Adenylate Cyclase The CaR inhibits adenylate cyclase in parathyroid (21) and
in medullary thick ascending limb (MTAL) of mouse kidney (89) by a direct,
G;-mediated mechanism. In other cases, CaR-induced inhibition of adenylate cy-
clase is indirect, e.g. via the effect of a CaR-induced rise ifif Qan a C&*-
inhibitable isoform of adenylate cyclase (29). In contrast, in AtT-20 cells (34)
and pituitary adenomas (79), high €araises cAMP. Whether this involves a
Ca*-stimulated adenylate cyclase or directiGediated activation requires fur-
ther study. Thus the CaR regulates several signaling pathways, enabling it to exert
both rapid actions (i.e. on secretion or ion channel/transporters) and longer-term
effects (e.g. on cellular proliferation and gene expression) relevanttol@ane-
ostasis (16).
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THE TISSUE DISTRIBUTION AND FUNCTIONS OF THE
CALCIUM-SENSING RECEPTOR IN C&*, HOMEOSTASIS

Parathyroid Gland

Parathyroid glands of humans (54), rats (4), mice (44), rabbits (18), and chickens
(33) express abundant CaR. Studies of inherited diseases?df Gameosta-

sis caused by inactivating CaR mutations and of mice with targeted disruption
(e.g. “knockout”) of the CaR gene strongly support the receptor’s central role in
Cat*,-regulated PTH secretion (for review, see 13). Persons who are heterozy-
gous for inactivating mutations and mice that are heterozygous for CaR knockout
(44) show modest (10%—-20%) increases in their parathyroid set-points. Humans
that are homozygous for inactivating mutations—with a condition termed neona-
tal severe hyperparathyroidism—and mice that are homozygous for CaR knockout
(44) exhibit severe hypercalcemia and parathyroid “resistance”4b,Cln addi-

tion, persons harboring activating mutations, which render the parathyroid overly
sensitive to C&,, exhibit hypocalcemia and inappropriately normal or low PTH
levels (i.e. a stimulus that normally increases PTH fails to do so) (13). Despite
the compelling evidence that these experiments in nature provide for the central,
nonredundant role of the CaR in mediating higl¥ Ganhibited PTH release, the
underlying intracellular mechanism(s) remains uncertain.

The CaR also tonically suppresses parathyroid proliferation, because, in neona-
tal severe hyperparathyroidism (13) and homozygous CaR knockout mice (44),
there is marked parathyroid hyperplasia. Furthermore, treating rats with renal im-
pairment caused by subtotal nephrectomy with the “calcimimetic” CaR activator
R-568 (which activates the receptor through an allosteric mechanism) prevents
the parathyroid hyperplasia that otherwise develops in renal insufficiency (93).
These agents are currently in clinical trials for primary and secondary hyper-
parathyroidism and may provide the first effective medical therapy for parathyroid
overactivity in hyperparathyroidism (86). The CaR likely also controls PTH gene
expression, because R-568 decreased PTH mRNA levels in parathyroid cells (38).

C-Cells

Studies with sheep C-cells have suggested that the CaR stimulates CT secretion
by activating phosphatidylcholine-specific PLC, which generates diacylglycerol,
thereby activating PKC. The latter stimulates a nonselective cation channel, en-
hancing cellular uptake of Nand C&*, producing concomitant cellular depolar-
ization, and activating voltage-gated, principally L-type#Cahannels (63). The
resultant rise in C&; stimulates CT secretion.

Kidney

Localization of the Calcium-Sensing ReceptorCaR mRNA is present along
essentially the entire nephron: in the glomerulus, proximal convoluted tubules
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(PCTs) and straight tubules, MTAL, cortical thick ascending limb (CTAL), distal
convoluted tubule (DCT), cortical collecting duct, and inner medullary collecting
duct (IMCD) (75). Immunohistochemistry with CaR-specific antisera has local-
ized CaR protein to PCTs and straight tubules (74), MTAL (74), CTAL (18, 74),
DCT (74), cortical collecting duct (74), and IMCD (18, 83). In PCTs, the CaR
is at the base of apical brush border (74). The CaR is also localized apically in
IMCD (18, 83), whereas CTAL exhibits a high basolateral level of CaR expression,
enabling it to sense €4, in blood rather than tubular fluid (18, 74). The receptor
likewise resides basolaterally in MTAL and DCT (74). In cortical collecting duct,
the CaR is expressed in some, but not all, of the type-A intercalated cells, which
participate in acid-base homeostasis (74).

Role of the Calcium-Sensing Receptor in Regulating Tubular Reabsorption of
C&t and Mg?" Raising peritubular Ga, or Mg®*, decreases tubular reab-
sorption of both ions (71). Ga and Mg reabsorption in CTAL occurs by the
paracellular route, driven by the lumen-positive, transepithelial potential difference
(V) generated by the transport of N&K*, and Cl by the apical Na/K/2Cl cotrans-
porter coupled with the recycling of ¥nto the lumen by an apical Kchannel
(Figure 5; for reviews, see 30, 43). PTH and other hormones that elevate cAMP
(e.g. glucagon) stimulate €aand Mg+ reabsorption by increasing and by
stimulating overall cotransporter activity (30, 43). High*€a presumably acting
through the CaR, inhibits this ®channel, in part, through an arachidonic acid
metabolite(s) generated by the P-450 pathway, probably 20-hydroxyeicosatetrae-
noic acid (94; Figure 4). Reduced recycling of Himinishes luminal levels of

K™, overall cotransporter activity;,, and pari passu paracellular &and Mg+
transport (43).

The CaR may modulate the function of the thick ascending limb through ad-
ditional or alternative mechanisms. In rat CTAL, high’Ga-evoked inhibition
of NaCl reabsorption involves lowering of cAMP (28). In rabbit CTAL, high
Ca*-induced increases in &g result from C&" influx via basolateral Ca
channels rather than activation of PI-PLC (31). Finally, in mouse CTAL, high
Cat, inhibits C&* and, to a lesser extent, Kigbut not NaCl transport; this
is accomplished by lowering cAMP (32). Clearly, further studies are needed to
firmly establish the roles of the CaR in these processes and the relative importance
of various signaling pathways.

Very little is presently known about the role of the CaR in regulatingCa
reabsorption in DCT. The CaR is expressed in a murine DCT cell line in which
elevating C&t, or Mg?*, raises C&"; and inhibits adenylate cyclase (9). The
second of these actions could inhibit PTH-stimulatetf@aabsorption (37). Thus,
as in CTAL, the CaR and PTH receptor in DCT could potentially exert mutually
antagonistic actions on €areabsorption. Ca-permeable channels have recently
been cloned that are expressed in rat intestine (70) and DCT of rabbit kidney
(45), respectively, and likely represent the apicaf‘Captake mechanisms for
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Figure 5 Possible mechanism by which the CaR regulates intracellular second messengers and
ionic transport in the thick ascending limb. Hormones elevating cAMP (e.g. PTH) activate para-
cellular C&T and Md?* reabsorption by stimulating the Na-K-2Cl cotransporter and an apical
K* channel and increasing. The CaR, also on the basolateral membrane, stimulates E)A
increasing free arachidonic acid, which is metabolized via the P-450 pathway to an inhibitor of
the apical K- channel (4) and, perhaps, the cotransporter (3). Both actions reduce overall cotrans-
porter activity, reduc#/, and, therefore, inhibit paracellular divalent cation transport. The CaR
also inhibits adenylate cyclase (1) and, therefore, hormone-stimulated divalent cation transport.
(Reproduced with permission from Reference 14b.)

transcellular C& absorption and reabsorption in intestine and distal nephron,
respectively. These channels have been termed CaT1 (calcium transport proteins,
subtype 1) and ECaC (epithelial calcium channel) (45, 70), respectively. Both
proteins have PKC sites that may inhibit their functions, as well as PKA sites. Thus
the PTH receptor and the CaR could potentially exert opposite actions on distal
tubular C&* reabsorption by phosphorylating these channels on different sites.
Regardless of exactly how the CaR modulates renal tubular handling of diva-
lent cations, the reduced capacity of persons with inactivating CaR mutations to
increase urinary Ca excretion in response to hypercalcemia indirectly supports
the role of the CaR in this process (2, 43). Conversely, individuals with activating
CaR mutations have excessively high urinaryCaxcretion, presumably caused
by activated CaRs in CTAL (13).



Annu. Rev. Nutr. 2000.20:507-533. Downloaded from www.annualreviews.org

by Morehead State University on 01/04/12. For personal use only.

520

BROWN

Bone and Cartilage

Osteoclasts and Their PrecursorsThe CaR is expressed in cells of the mono-
cyte/macrophage lineage (102) that can serve as osteoclast precursors by differen-
tiating and fusing to form mature, multinucleated osteoclasts (56, 87). Moreover,
Ca’*, and the calcimimetic CaR activator, NPS R-467 (68), inhibit the formation

of osteoclasts from their precursors in vitro (51), which suggests a role for the
CaR inregulating osteoclastogenesis. Other studies, however, have suggested that
the osteoclast G4 -sensing mechanism differs pharmacologically from the CaR
(103). Further studies are needed, therefore, to understand at a molecular level
how the osteoclast senses’Ga If the CaR is expressed in osteoclasts and/or their
precursors and mediates ginduced inhibition of osteoclastogenesis, it could
clearly contribute to C&, homeostasis by its direct actions on these bone cells
and/or their precursors in addition to doing so indirectly through CaR-mediated
alterations in PTH and 1,25(OD; levels.

Osteoblasts, Their Precursors, and Osteocytebhe CaR is expressed in os-
teoblastlike cell lines (100), as well as in osteoblasts in bone sections (23). This
makes the CaR a candidate for mediating known actions of high,@m os-
teoblast function, such as the stimulation of preosteoblast proliferation and chemo-
taxis, which may contribute to their appearance at sites of recent bone resorption
in preparation for eventual osteoblastic replacement of the missing bone. The
murine ST-2 stromal cell line also expresses the CaR, and high, Gamulates

the proliferation and chemotaxis of these cells (99). Stromal cells can serve as
osteoblast precursors and also produce mediators that modulate osteoblast and
osteoclast function (56). Therefore, the CaR in stromal cells could participate in
bone turnover either directly (if these cell differentiate to osteoblasts) or indirectly
(by influencing production of these mediators).

Osteocytes are osteoblasts that have completed their role as bone-forming cells
and have become encased within the bone substance, in which they extend pro-
cesses into narrow bony canaliculi and may sense mechanical forces and/or di-
rectly regulate C& fluxes into and out of bone (87). Raising®aincreases
Ca*; in chick osteocytes by mobilizing intracellular €a—presumably by a
Ca’*,-sensing mechanism (50). The pharmacology for the effects of various di-
valent cations on C4&; in osteocytes suggests that the#Gasensing mechanism
of the osteocyte is more similar to that of the osteoclast than to the CaR (103).
Thus, additional work is needed to clarify the Zgsensing mechanism(s) in
bone cells. Genetic approaches [e.g. bone cells from CaR knockout mice (44) and
dominant negative CaRs (5, 64)] and/or pharmacological tools [i.e. specific CaR
agonists (68) and antagonists (67)] should clarify the role of the CaR in various
bone cells.

Cartilage C&t is important for the transformation of the skeleton’s cartilagi-
nous model to bone during growth. Moreover?€anodulates the differentiation
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and other functions of cartilage cells (98), which arise from the same mesenchy-
mal stem cell that gives rise to osteoblasts, adipocytes, smooth muscle cells, and
fibroblasts (20). Itis interesting that the RCJ3.1C5.18 chondrocytic cell line ex-
presses the CaR and that raisingGalose dependently reduces the mRNAs for
aggrecan (a major proteoglycan in cartilage),dhehains of types Il and X col-
lagen (components of the cartilaginous matrix), and alkaline phosphatase (which
contributes to cartilage mineralization) (22). Thus the CaR, by its actions on both
cartilage and bone cells as well as other elements of theé,C@meostatic sys-

tem, may coordinate the need for mineral ions in the growing skeleton with their
availability.

Intestine

The duodenum and proximal colon are the major sites éf @asorption in the
intestine. C&" taken up by the apical (e.g. luminal) plasma membrane diffuses
down its intracellular concentration gradient to the basolateral cell membrane—
likely using the C&t-binding protein, calbindin, as a “shuttle’—and is extruded

by the C&"-ATPase and N&-C&* exchanger (87). Researchers have cloned and
characterized Gd channels that likely represent the major apicafCaptake
mechanisms in intestine and distal renal tubule (45, 70; see also above). The CaR
is expressed in small intestinal villus and crypt cells, as well as colonic surface
and crypt cells (24). The villus and surface cells both absof CEhus, the CaR
could directly or indirectly participate in €ahomeostasis through its actions on
these small and large intestinal epithelial cells, but no such actions have been in-
vestigated. The CaR on the apical surface of colonic crypt cells could potentially
mediate the known inhibitory action of €g on crypt cell proliferation that has
been implicated in the protective effect of dietary’€pagainst colon cancer (49).

The CaR is also expressed in the enteric nervous system (24), in which it may
contribute to clinically significant actions of €g on intestinal motility, which

is reduced in hypercalcemia and increased in hypocalcemia (87). The physio-
logical importance of any such role in the enteric nervous system, however, is
unknown.

Placenta

The placenta s crucial for fetal Eametabolism because itis the source of all fetal
mineral ions. The fetal skeleton forms in the third trimester, during wkigh g

of skeletal calcium is laid down (77). €a-sensing placental cytotrophoblasts
could potentially regulate Ga transport between mother and fetus. These cells
express both full-length CaR transcript(s) and an additional, alternatively spliced
transcript (10) that lacks exon 3 and encodes a truncated, presumably inactive
receptor protein. The presence of the full-length CaR, however, makes it a candi-
date for mediating the actions of &g on placental function. Recent studies with
CaR knockout mice have suggested that the CaR contributes to placental calcium
transport, although the relative contributions of maternal and fetal CaRs require
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further study (55). Thus, the CaR directly or indirectly influences placental Ca
transfer, a key parameter for providing®dor the mineralizing fetal skeleton.
The CaR is also essential for normalCg-regulated fetal PTH release and, indi-
rectly, for normal fetal bone turnover and renaf€axcretion (by ensuring normal
fetal levels of PTH and Gd,) (55).

Possible Central Mechanisms Regulating Ca’>", Homeostasis

Itis generally thought that C&, homeostasis does not involve a central endocrine
control mechanism(s) (e.g. analogous to pituitary adrenocorticotropic hormone
secretion). Itis interesting that the CaR is expressed in numerous regions of brain
(78, 80), including those involved in the central regulation of other endocrine
systems, such as hypothalamus, pituitary, and circumventricular organs of the
third ventricle (78). Some of these CaRs could potentially participate in “central”
control of C&*, homeostasis, as described below, whereas others may coordinate
Ca*, homeostasis with homeostatic systems for other key constituents in the
ECF, as described in the next section. For instance, rats exhibit a specific “calcium
appetite” (92) that could promote intake of calcium-containing food during calcium
deficiency, although the role of the CaR in this process has not been investigated.
The CaR is expressed in the area postrema of the hypothalamus, an important
center for generating sensations of nausea or anorexia (78). If the CaR contributed
to the anorexia occurring during hypercalcemia (87), it could reduce ingestion of
food and, therefore, calcium intake. Studies in CaR knockout mice or the local
application of specific CaR agonists or antagonists in the brain should permit direct
testing of these hypotheses.

The CaR and the Integrated Control of Systemic
Mineral Ion Homeostasis

An important consequence of the cloning of the CaR was the recognition that it
is expressed not only in €g,-sensing cells that secrete calciotropic hormones
(e.g. parathyroid and C cells) but also in effector tissues that are acted on by these
hormones (e.g. kidney and bone) (16). Thus;‘Gaerves as a local and systemic
Ca*-regulating “hormone” (Figure 2) controlling both calciotropic hormone se-
cretion and the functions of these effector tissues.

For example, the CaR directly regulates renal tubuldt@sabsorption (Figure
5) and may mediate local feedback inhibition of bone resorption by its actions
on mature osteoclasts and/or the process of osteoclastogenesis, as well as the
“coupling” of bone resorption to formation through actions of Gan chemotaxis
and proliferation of preosteoblasts (72). Although the CaR may be an important
mediator of these actions of &g, however, additional G4, sensors/receptors
may also contribute (72, 103). The dashed lines in Figure 2 illustrate direct actions
of Ca*, on tissues involved in mineral ion metabolism. This figure also points
out that phosphate directly modulates cellular function. There may well be some
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type of phosphate-sensing mechanism (12), but its structure and properties remain
obscure.

POSSIBLE ROLES OF THE CALCIUM-SENSING
RECEPTOR IN Mg**,, WATER, AND SALT METABOLISM
AND THEIR INTERRELATIONSHIPS

Role of the CaR in Sensing and Regulating Mg?*,

Mg?*, has long been known to mimic the actions o€gon certain cells. For
instance, raising Mg, inhibits PTH secretion (42), reduces cAMP accumula-
tion (59), and diminishes renal tubular Kfgreabsorption (71). Both Md, and

Cat, are agonists of the cloned CaR (14, 18, 21, 33, 81), althougt Mg two-

to threefold less potent than &g (18,21,81). Because Mg, in the ECF is,

if anything, slightly lower than C&,, can Mg, serve as a physiologically rel-
evant CaR agonist in vivo? Genetic diseases of the CaR suggest that it does,
in fact, contribute to “setting” Mg, (13). Individuals with inactivating CaR
mutations can have mildly elevated levels of Mg(57), whereas those with ac-
tivating mutations may have mild hypomagnesemia (13). >#jgould act in
several ways to control its own homeostasis. All CaR agonists potentiate one
another’s actions (15, 81). Therefore, raising¥gmay activate the CaR by
sensitizing it to C&',. Furthermore, Mg, in specific microenvironments differs
from its blood level. The proximal tubule reabsorbs lessMtpan Na, CI-,

Ca*, and water. Therefore, Mg, rises progressively along the nephron and

is 1.6- to 1.8-fold higher in the thick ascending limb than in PCTs (30). This
level of Mg?t, may activate CaRs in CTAL that regulate both?’€and Mg+
reabsorption. An elevated Mg, would promote urinary Mg loss, whereas

low Mg+, would increase Mg retention in CTAL, thereby promoting Mg,
homeostasis.

Possible Roles of the Calcium-Sensing Receptor in Sodium
Chloride, Volume, and Blood Pressure Regulation

Roles ofthe CaR in Volume and Blood Pressure Regulatiofrigure 5 shows that
activating the CaR reduces transcellular NaCl transport in CTAL by inhibiting the
Na/K/2Cl cotransporter and thpari passureduces paracellular NaCl reabsorp-
tion by diminishingV,. Therefore, high C&, exerts a “loop diuretic-like” action

that likely contributes to the volume depletion of severely hypercalcemic persons
(e.g. via urinary loss of NaCl) (43). The action ofacould also potentially
contribute to the salutary action of dietary calcium supplementation in certain
forms of genetic hypertension in experimental animals (e.g. the spontaneously
hypertensive rat) (62, 69) and, perhaps, in treating pregnancy-induced hyperten-
sion (91) or preventing preeclampsia (61). Because of its exquisite sensitivity to
changes in C&, resulting from alterations in dietary calcium intake, the CaR in
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the kidney could potentially modulate NaCl reabsorption and sensitize the kidney
to other agents that promote diuresis.

There are additional actions through which the CaR could modulate blood
pressure. It is expressed in perivascular sensory nerve endings in rat mesen-
teric artery (17) and other vascular beds (e.g. mesenteric branch arteagilar
artery = renal interlobar artery= main renal trunk artery- left anterior de-
scending coronary artery) (95). Moreover, stimulating the CaR in nerve endings
releases a vasodilatory substance—likely an endogenous cannabinoid [e.g. N-
arachidoylethanolamine (anandamide)]—that then acts on a cannabinoid receptor
in the vascular wall (48). It is possible that the inhibition of renin release from
the juxtaglomerular apparatus by high®Cginvolves the CaR (35). Further stud-
ies, therefore, may reveal that the CaR regulates renal fluid transport, electrolyte
metabolism, vascular tone, and, perhaps, central vasomotor control by multiple
mechanisms. These effects of the CaR could contribute to overall blood pressure
regulation and therefore provide therapeutic targets for novel CaR-based, dietary
and/or pharmacological treatments of hypertension and, perhaps, other vascular
disorders.

Sensing of lonic Strength by the CaR Increases in ionic strength reduce the
sensitivity of the CaR to Cd, and vice versa (73). These effects occur inde-
pendently of the monovalent cation (e.g. sodium or choline) or anion (chloride or
iodide) used to alter ionic strength. Changes in osmolality per se (e.g. achieved
via substitution of sodium chloride with sucrose), in contrast, do not modify
Ca*, sensing by the CaR (73). Substantial alterations in ionic strength occur in
specific microenvironments even under normal circumstances. For example, the
urinary sodium concentration (and, therefore, ionic strength) in the distal collect-
ing system varies frony50 to 300 mM. The CaR on the IMCD apical membrane,
therefore, may experience changes in ionic strength that are sufficient to alter sub-
stantially the 50% effective concentration for its activation by‘GaMoreover, in
CTAL, NaCl is reabsorbed largely without water because of the low permeability
of this nephron segment to water (43). Therefore, the basolateral CaR in CTAL
epithelial cells may experience elevated levels of ionic strength that could change
its C&*-sensing capacity in physiologically relevant ways.

Role of the Calcium-Sensing Receptor in Renal Integration of
Ca", and Water Homeostasis

Severely hypercalcemic patients can exhibit defective urinary concentrating ability
and, occasionally, frank nephrogenic diabetes insipidus (88). The CaR in nephron
segments involved in urinary concentration (74, 83) may provide a mechanism
that underlies this action of high &a. Perfusing rat IMCD with high C&,
reversibly decreases vasopressin-stimulated water flow by 35%—40% (83). Vaso-
pressin, whose hypothalamic secretion is activated by dehydration and resultant
increases in serum osmolality, increases water reabsorption in the collecting duct
by stimulating insertion of water channel-containing endosomes into the apical
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plasma membrane, thereby enhancing their water permeability. The CaR may
inhibit water flow by stimulating the removal and/or inhibiting the insertion of
water channels into the apical plasma membrane (83). Moreover, chronic vita-
min D-induced hypercalcemia in rats reduces water channel levels in IMCD (82),
thereby diminishing further vasopressin-stimulated water flow. CaR-induced in-
hibition of vasopressin-evoked water flow in IMCD during hypercalcemia may set
an upper limit for C&*, in this nephron segment, thereby mitigating the risk of
forming calcium-containing stones. Of interest, the CaR modifié$JaIMCD

by altering water flow rather than €atransport, as it does in systemic Ta
homeostasis.

In addition to CaR-mediated actions in IMCD, the receptor regulates urinary
concentrating ability and water intake in additional ways. For instance, CaR-
induced inhibition of NaCl reabsorption in MTAL (94) diminishes the medullary
countercurrent gradient, thereby reducing urinary concentrating power (Figure 6).

Moreover, abundant CaRs in the subfornical organ (78), an important hypotha-
lamic thirst center, may promote a CaR-mediated increase in thirst that could
minimize dehydration from accompanying renal water loss caused by reduced uri-
nary concentrating ability (see Figure 6B). It is interesting that individuals with
inactivating CaR mutations concentrate their urine normally and do not manifest
excessive thirst despite their hypercalcemia (58), presumably because they are re-
sistant to the effects of €4, on the renal concentrating mechanism and hypothala-
mic thirst centers. Conversely, persons with activating CaR mutations can develop
diminished urinary concentrating capacity and excessive thirst at normal or even
low levels of C&*, when treated with vitamin D and calcium supplementation,
probably because their CaRs are overly sensitive {6 4%43). Thus, the CaR may
provide a mechanism for integrating the renal handling éfGad water, permit-
ting appropriate “tradeoffs” in how these parameters of renal function are regulated
under specific physiological conditions (43). For instance, when disposing of a
systemic C&" load, a CaR-mediated increase in luminafGan IMCD, partic-
ularly in a dehydrated individual, could predispose one té*@mntaining renal
stones, were it not for the concomitant CaR-mediated inhibition of maximal uri-
nary concentrating capacity. Thus, there may be multiple layers of CaR-mediated
integration and coordination of water and calcium metabolism that optimize the
ability of terrestrial organisms to adapt to intermittent dietary accessb &l
water (43). Therefore, the CaR likely participates in coordinating several of the
body’s homeostatic systems (e.g. forN&a*,, Mg?*,, and water) via C& -
induced actions on their central control centers as well as their effector tissues.

Figure 6 Possible mechanisms interrelating systemié'Gaand water homeostasis. See text

for details.Upper paneillustrates renal mechanisms by which the CaR inhibits maximal urinary
concentrating capacity. (Reproduced with permission from Referencellzieer panelshows

that activating CaRs in the subfornical organ could increase water intake and mitigate loss of
free water resulting from diminished urinary concentration. (Reproduced with permission from
Reference 14a.)
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SUMMARY AND CONCLUSIONS—A NUTRITIONAL
PERSPECTIVE ON THE CALCIUM-SENSING RECEPTOR

The cloning of the CaR has identified a key player in systemfc¢ faomeostasis,
enabling maintenance of near constancy of'Gaia its coordinated actions on

the tissues involved in mineral ion homeostasis. This system enables organisms to
adapt successfully to wide variations in dietaryGantake. Whereas descriptions

of the C&*+, homeostatic system have traditionally focused on the crucial role of
Cat*, -induced changes in PTH and, to a lesser extent, CT secretion, the presence
of the CaR in effector elements of this system likely enables direct regulation of
processes (such as renal tubulafCaeabsorption, osteoblastic bone formation,
and osteoclastic bone resorption) that add further layers of homeostatic control.
As more is learned about the role of the CaR in these tissues, researchers may find
that it participates in other processes that are also relevant to mineral ion homeosta-
sis, such as controlling 1-hydroxylation of vitamin D or phosphate reabsorption
in the proximal tubule. In any event, the exquisite sensitivity of the CaR to even
minute changes in G4, permits adjustments in the &g homeostatic system’s
responses, for example, to increases or decreases in dietaryn@eke that pro-

duce barely detectable changes irfGaMoreover, it appears increasingly likely

that the CaR patrticipates in additional, previously unappreciated complexities in
the regulation of mineral ion metabolism. Finally, it may participate in coordinat-
ing interactions among several different homeostatic systems, such as those for
water, Mg, Na+, extracellular volume, and/or blood pressure, which are usually
thought of as functioning largely independently of mineral ion metabolism.
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