Calcium-Sensing Receptors
By William G. Goodman

It is now known that variations in extracellular calcium concentration exert diverse physiologic effects in a variety
of tissues that are mediated by a calcium-sensing receptor (CaSRs). In parathyroid tissue, the CaSR represents the
molecular mechanism by which parathyroid cells detect changes in blood ionized calcium concentration, modulate
parathyroid hormone (PTH) secretion accordingly, and thus maintain serum calcium levels within a narrow
physiologic range. In the kidney, the CaSR regulates renal calcium excretion and influences the transepithelial
movement of water and other electrolytes. More generally, activation of the CaSR represents an important signal
transduction pathway in intestine, placenta, brain, and perhaps bone. Some of these actions involve cell cycle
regulation, changes that may be relevant to understanding the pathogenesis of parathyroid gland hyperplasia in
secondary hyperparathyroidism caused by chronic kidney disease. The CaSR represents an appealing target for
therapeutic agents designed to modify parathyroid gland function in vivo, offering the prospect of novel therapies
for selected disorders of bone and mineral metabolism. Other receptors capable of responding to extracellular
calcium ions also have been identified, but the functional importance of these interactions remains to be

determined.
© 2004 Elsevier Inc. All rights reserved.

HE IDENTIFICATION OF the calcium-sens-

ing receptor (CaSR) and its subsequent clon-
ing in 1993 were semina events that have en-
hanced our understanding of calcium metabolism
in health and disease markedly.1-3 These develop-
ments definitively established the molecular mech-
anism that accounts for the regulation of parathy-
roid hormone (PTH) secretion by calcium, and
they made it possible to define the genetic basis of
severa clinical disordersincluding familial benign
hypocalciuric hypercalcemia, neonatal severe hy-
perparathyroidism, and autosomal-dominant hy-
pocalcemia4? Apart from its role in controlling
PTH secretion, the CaSR is now recognized as an
important signal transduction pathway in a variety
of tissues including kidney, gastrointestinal tract,
placenta, pancreas, and brain.8 In the kidney, CaSR
activity not only regulates renal tubular calcium
transport but also influences the transepithelial
movement of water and other electrolytes in sev-
era nephron segments.® The level of activation of
the CaSR is now known to modify cell prolifera-
tion, cell differentiation, and apoptosis, and distur-
bances in this signal-transduction pathway may
contribute substantively to the proliferation of
parathyroid cells and to the development of para-
thyroid gland hyperplasiain chronic renal failure.10
As such, the CaSR affects several key components
of parathyroid gland function.

The current discussion provides abrief overview
of selected structural components of the CaSR and
their impact on signal transduction and receptor
expression, particularly in parathyroid cells. The
central role of the CaSR in regulating PTH secre-
tion is reviewed, giving special attention to

changes in parathyroid gland function that occur in
renal failure. The CaSR as a potential molecular
target for therapeutic agents designed to modify
bone and mineral metabolism and to influence
PTH secretion aso is discussed.

STRUCTURAL AND FUNCTIONAL
COMPONENTS OF THE CaSR

The CaSR is a member of the C family of
G-protein—coupled receptors and, in humans, is
1,078 amino acids in length.2 The amino-terminal
portion of the molecule contains approximately
600 amino acid residues and forms a very large
extracellular domain.t2 Clusters of acidic amino
acids in this portion of the CaSR are thought to
interact with extracellular calcium ions, thereby
modulating the levels of receptor activation and
signal transduction.11-13 But the details of ligand
binding to the CaSR and the specific loci within the
extracellular domain that are responsible for li-
gand-receptor interactions remain to be defined.
Although calcium ions represent the physiologi-
cally relevant ligand for the CaSR in vivo, a num-
ber of divalent, trivalent, and polyvalent cations,
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and various amino acids, also can activate the
CaSR in vitro.t

The extracellular domain of the CaSR undergoes
N-glycosylation at several sites, a process that af-
fects both receptor localization within the cell
membrane and the level of receptor activa
tion.1214.15 Cysteine residues in the extracellular
domain participate in the formation of receptor
dimers, further modifying receptor function.16-18

The central portion of the CaSR contains ap-
proximately 250 amino acids. This region of the
molecule forms the 7 membrane-spanning domains
that characterize G-protein—coupled receptors and
the intracellular and extracellular loops that con-
nect them.>2 Selected portions of the second and
third intracellular loops are involved in receptor
phosphorylation, but it is unclear whether this re-
quires stearic interactions with the intracellular do-
main (vide infra).1®

The carboxy-terminal region of the protein is
comprised of approximately 200 amino acids and
formsthe intracellular portion of the receptor. Con-
sensus sequences in the intracellular domain serve
as phosphorylation sites for both protein kinase C
and protein kinase A.12 Phosphorylation of the
CaSR by protein kinase C diminishes the level of
receptor activation, but the physiologic role of
phosphorylation by protein kinase A is not yet
known.20 Extensive truncation of the intracellular
domain completely abrogates receptor activity,
whereas smaller structural changes in this portion
of the molecule have diverse effects.2! Such mod-
ifications influence localization of the receptor to
the cell surface, the apparent affinity of the CaSR
for extracellular calcium ions, cooperativity of the
receptor in mediating signal transduction after li-
gand binding, and desensitization of the receptor
after ligand-induced activation.16:17.22

THE CaSR AND PTH SECRETION

In parathyroid cells, increases in extracellular
calcium concentration activate the CaSR and di-
minish PTH release. In contrast, decreases in ex-
tracellular calcium concentration inactivate the
CaSR, triggering the release of PTH that has been
sequestered in secretory granules within the para-
thyroid cell.2324 Activation of the CaSR induces
transient increases in cytosolic calcium concentra-
tion owing to the mobilization of calcium ions
from intracellular stores.2526 Unlike most other
stimulus-coupled secretory systems, rapid cytoso-
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lic calcium transients in parathyroid cells are asso-
ciated with decreases, rather than increases, in hor-
mone release. The mechanisms that account for the
disparate second messenger signaling and diver-
gent hormone secretory behavior of parathyroid
cells compared with other endocrine tissues are not
understood.2?

The time course of CaSR-mediated changes in
PTH secretion by parathyroid cells is consistent
with other responses mediated by G-protein—cou-
pled receptors, and it is measured in seconds or
minutes. Rapid changes in PTH secretion in re-
sponse to small changes in extracellular ionized
calcium concentration together with the steep re-
ciprocal relationship between extracellular calcium
levels and the amount of PTH released provide a
robust mechanism for regulating blood-ionized
cacium vaues within a narrow physiologic
range.28 Short-term PTH-mediated changes in cal-
cium excretion in the urine and in calcium efflux
from bone are primarily responsible for maintain-
ing constant serum calcium concentrations over
time. In this context, pulsatile PTH secretion and
minute-to-minute fluctuations in plasma PTH lev-
elsin vivo may reflect ongoing physiologic varia-
tions in the level of CaSR activation.2®

In patients with primary hyperparathyroidism
(1°HPT) caused by parathyroid adenomaand in those
with secondary hyperparathyroidism (2°HPT) caused
by parathyroid gland hyperplasia associated with
end-stage renal disease, the levels of expression of
the CaSR in parathyroid tissue are reduced by 30%
to 70% as measured by immunohistochemical
methods.3° Such changes theoretically could result
in defective calcium sensing by parathyroid cellsin
either disorder, leading to excess PTH secretion
and to persistently increased plasma PTH levels.

Careful assessments using in vivo dynamic tests
of parathyroid gland function in patients with sur-
gicaly proven 1°HPT confirm the existence of a
calcium-sensing defect that can be distinguished
from changes in secretory behavior attributable to
parathyroid gland enlargement.3! The defect in cal-
cium sensing in 1°HPT is qualitatively similar to
that seen in patients with familia benign hypocal-
ciuric hypercalcemia using the same in vivo meth-
ods. Despite such findings, it remains uncertain
whether the previously described modest reduc-
tionsin CaSR expression in parathyroid adenomas
are sufficient to account for this abnormality. De-
creases in receptor expression exceeding 90% or
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more are required to attenuate signal transduction
in many ligand-receptor interactions. Although the
extent to which CaSR expression must be dimin-
ished to abrogate CaSR-mediated signaling in
parathyroid cells is not known, plasma PTH levels
consistently decrease in patients with 1°HPT after
the administration of calcimimetic agents, a re-
sponse that is mediated through the CaSR.32 Such
in vivo findings indicate that signaling through the
CaSR is largely preserved in 1°HPT despite mod-
est reductions in CaSR expression.

For patients with 2°HPT, in vivo dynamic tests
of parathyroid gland function consistently have
failed to show a calcium-sensing defect when re-
sults are compared with those obtained in persons
with normal renal and parathyroid gland function
except in subjects with very advanced disease re-
quiring surgical intervention.33-36 Disturbances in
calcium-regulated PTH secretion in 2°HPT thus
appear to be caused largely by increases in the
mass of parathyroid tissue rather than by defectsin
calcium sensing by parathyroid cells.3637 More-
over, the response to calcimimetic agents does not
differ according to the severity of 2°HPT asjudged
by pretreatment plasma PTH levelsin patients with
chronic kidney disease.383° The percentage de-
crease in plasma PTH levels 1 or 2 hours after
single oral doses of calcimimetic compounds is
quite similar among patients whose baseline values
range from approximately 300 pg/mL to more than
1,800 pg/mL, results that nearly encompass the full
spectrum of disease severity.3° In contrast to these
findings, the magnitude of the reduction in plasma
PTH levels after the administration of calcimimetic
compounds would be expected to be attenuated in
patients with advanced disease if marked decreases
in CaSR expression were an integral component of
the disorder. Currently available data indicate,
therefore, that modest reductions in CaSR expres-
sion, as reported previously in hyperplastic para-
thyroid tissues obtained from patients with end-
stage rena disease, do not substantively impede
calcium sensing by parathyroid cells in 2°HPT.

THE CaSR AND PARATHYROID GLAND
HYPERPLASIA

Very rapid CaSR-mediated changes in PTH se-
cretion represent one important component of
parathyroid gland function (Fig 1).40 In contrast, 2
other key determinants of aggregate PTH output
from the parathyroid glands are the rate of hor-
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Fig 1. Vitamin D and calcium affect different com-
ponents of parathyroid gland function. Vitamin D ste-
rols inhibit pre-pro-PTH gene transcription and thus
reduce the amount of hormone that is synthesized
and stored in parathyroid tissue. Vitamin D sterols do
not, however, affect calcium-regulated PTH secretion
directly. In contrast, changes in blood-ionized calcium
concentration modulate PTH release directly by af-
fecting the level of activation of the CaSR. Signaling
through the CaSR also appears to be critically impor-
tant in the prevention of parathyroid gland hyperpla-
sia, whereas a role for vitamin D as a modifier of
parathyroid hyperplasia in vivo is less certain.

mone synthesis by parathyroid cells and the
amount of parathyroid tissue available for hormone
production.#t At the cellular level, PTH synthesis
is controlled by factors such as vitamin D and
calcium that influence pre-pro-PTH gene transcrip-
tion primarily (Fig 1). Posttranscriptional mecha-
nisms that involve the stability and half-life of
PTH messenger RNA also affect PTH synthe-
sis4243 The total number of cells available for
hormone production is affected profoundly, how-
ever, by the development of parathyroid gland
hyperplasia. Enlargement of the parathyroid glands
markedly increases the capacity for hormone pro-
duction, providing much greater amounts of PTH
for release into the peripheral circulation in re-
sponse to secretory stimuli.#*

Recent evidence suggests that signaling through
the CaSR plays a pivotal role in the evolution of
parathyroid gland hyperplasia. Parathyroid gland
enlargement is a prominent finding in mice that are
heterozygous for inactivating mutations of the
CaSR, amurine model of familial benign hypocal-
ciuric hypercalcemia.® More extensive parathyroid
gland hyperplasia occurs in animals that are ho-
mozygous for this mutation, the murine equivalent
of neonatal severe hyperparathyroidism.¢ Both dis-
orders are characterized by defects in calcium
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sensing by parathyroid cells, leading to persistent
and excessive PTH secretion despite varying de-
grees of hypercalcemia. As such, molecular defects
that impede calcium sensing in parathyroid tissue
are associated with parathyroid gland hyperplasia.

Results obtained in mice with inactivating mu-
tations of the vitamin D receptor further implicate
the CaSR as an important determinant of parathy-
roid gland hyperplasia. The tissues of vitamin D
receptor knock-out mice are unable to respond to
vitamin D because the molecular mechanism for
vitamin D—dependent signaling has been disrupt-
ed.*4 As aresult, hypocal cemia develops when the
mice are weaned from their mothers at approxi-
mately 3 weeks of age, and the animals subse-
quently develop classic features of vitamin D de-
ficiency in key target tissues. Changes include
osteomalacia in bone, rickets in epiphyseal growth
plate cartilage, strikingly increased serum PTH
levels, marked parathyroid gland hyperplasia, and
hypophosphatemia caused by PTH-mediated de-
creases in renal tubular phosphorus reabsorption
and increases in phosphorus excretion in the
urine.44

Serum calcium levels can be kept within the
normal range in vitamin D receptor knock-out
mice by maintaining them on a 2.5% calcium diet
that is supplemented with lactose to facilitate pas-
sive, vitamin D-independent intestinal calcium
transport.4> This experimental intervention pre-
vents nearly all of the manifestations of vitamin D
deficiency. Notably, there is no evidence of para-
thyroid gland hyperplasia.4> Such findings indicate
that signaling through the CaSR is sufficient to
prevent parathyroid gland hyperplasia even in tis-
sues that are incapable of responding to vitamin D.
Thelevel of activation of the CaSR thus appears to
be a more important regulator of parathyroid cell
proliferation than signaling through vitamin D—de-
pendent pathways. The finding that calcimimetic
agents retard the development of parathyroid gland
hyperplasia in rats with renal failure further high-
lights the functional importance of the CaSR in
cell-cycle regulation in parathyroid tissue.46

In this regard, variations in CaSR expression
may contribute substantively to vitamin D—medi-
ated effects on cell proliferation and/or differenti-
ation. Calcitriol, or 1,25-dihydroxy-vitamin D, in-
hibits cell proliferation in a variety of tissues, and
it generally promotes cell differentiation. Recent
evidence indicates that CaSR gene transcription is
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regulated by vitamin D through 2 distinct vitamin
D response elements located in the promoter re-
gion.#” Thus, calcitriol increases CaSR messenger
RNA expression. Such a mechanism could ac-
count, at least in part, for the well-documented
antiproliferative effects of vitamin D by enhancing
signa transduction through the CaSR. These ob-
servations are relevant to understanding the patho-
genesis of parathyroid gland hyperplasiain chronic
renal failure, a disorder characterized by inade-
quate rena 1,25-dihydroxy-vitamin D produc-
tion.10

THE CaSR IN TISSUES OTHER THAN
PARATHYROID

As noted previously, the CaSR is expressed
abundantly in tissues other than the parathyroids.
In kidney, CaSR messenger RNA can be detected
in the glomerulus and in most tubular segments.#8
Activation of the CaSR diminishes sodium and
water reabsorption in the proximal tubule and also
may affect phosphate transport in this portion of
the nephron. In the thick ascending limb, CaSR
activation diminishes calcium and magnesium re-
absorption by lowering the transepithelial potential
gradient generated by the apical Na'-K*-2Cl~
transporter.® This effect is mediated by cytochrome
P-450 and involves changes in arachidonic acid
metabolism. Signaling through the CaSR also may
antagonize PTH-mediated increases in calcium re-
absorption in the distal convoluted tubule and cor-
tical collecting duct.®

In intestine, the level of activation of the CaSR
not only influences transepithelial solute and water
transport but also modulates cell proliferation and
differentiation in colonic epithelial cells.4 In ker-
atinocytes, the CaSR appears to mediate cell dif-
ferentiation that is triggered by increases in extra-
cellular calcium concentration.50-52 | n placenta, the
CaSR servesto maintain fetal calcium homeostasis
by influencing calcium-regulated PTH release, re-
nal calcium excretion, and fetal bone turnover.s3

In skeletal tissue, signaling through the CaSR
may affect the proliferation and/or differentiated
cellular function of osteoblasts and osteoclasts.5#+55
It has been suggested that CaSR activity can mod-
ify bone cell function in microenvironments where
the concentration of extracellular calcium ions dif-
fers substantially from that in serum or plasma.sg
For example, the concentration of extracellular cal-
cium ions probably far exceeds systemic levelsin
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localized areas where bone is being reabsorbed
actively. Signaling through the CaSR thus may
retard the recruitment of additional osteoclasts to
sites of ongoing bone resorption and/or diminish
osteoclastic activity, providing an additional local-
ized level of regulatory control over osteoclast-
mediated bone resorption. Despite such consider-
ations, controversy persists about CaSR expression
in bone and its function in bone cell metabolism.5¢

In growth plate chondrocytes, signaling through
the CaSR affects the level of expression of several
genes involved in extracellular matrix synthesis
and endochondral bone formation.5” The level of
CaSR expression thus may serve to modulate
chondrocyte proliferation and/or differentiation in
epiphyseal growth plate cartilage.

THE CaSR AS A THERAPEUTIC TARGET

Because of its pivota role in the regulation of
PTH secretion, the CaSR represents an appealing
target for therapeutic agents designed to modify
parathyroid gland function.>8 Drugs capable of ac-
tivating the CaSR would be potentially useful in
the medical management of clinical disorders char-
acterized by excess PTH secretion, particularly
when complicated by hypercalcemia. Among these
are primary hyperparathyroidism and advanced
secondary hyperparathyroidism caused by chronic
kidney disease and parathyroid carcinoma. Con-
versely, compounds capable of inactivating the
CaSR and promoting endogenous PTH secretion
might be beneficial in clinical conditions associ-
ated with hypocal cemia caused by inadequate PTH
secretion such as idiopathic or postsurgical hypo-
parathyroidism. Controlled increases in endoge-
nous PTH secretion also may be beneficia in os-
teoporosis in which the intermittent administration
of exogenous PTH has been shown to have ana-
bolic effects on trabecular bone mass.5°

Asdiscussed previously, anumber of cations are
capable of interacting with the extracellular do-
main of the CaSR in parathyroid cells. These li-
gands activate the receptor to varying degrees and
thus mimic the effect of extracellular calcium ions
to diminish PTH release. Agents that activate the
CaSR through interactions with the extracellular
domain have been categorized as type | calcimi-
metic agents.12

In contrast, type Il calcimimetic compounds
function as alosteric activators of the CaSR.80
These are small organic molecules, or phenylalky-
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lamines, that probably bind to the membrane-span-
ning region of the CaSR and induce conforma-
tional changes in protein structure. Type I
calcimimetic compounds lower the threshold for
CaSR activation by extracellular calcium ions and
thus enhance signal transduction. In parathyroid
cells, calcimimetic compounds magnify the inhib-
itory effect of calcium on PTH release across a
wide range of extracellular calcium concentra
tions.12

Compounds that inactivate the CaSR and pro-
mote endogenous PTH secretion are called calci-
Iytic agents because they lyse, or abrogate, signa
transduction through the CaSR.6t These com-
pounds affect signal-transduction through the
CaSR in a manner directly opposite to that of
calcimimetics. By disrupting the inhibitory effect
of extracellular calcium ions on PTH release, they
lead to the release of PTH from parathyroid cell,
thus promoting endogenous PTH secretion. As
with calcimimetics, calcilytic agents act as aloste-
ric modifiers of the CaSR.

These novel classes of drugs may in the future
make it possible to precisely modulate parathyroid
gland function and PTH secretion in vivo. Whether
it is possible to specifically target the CaSR in
other tissues such as kidney or gut is not known.

OTHER CALCIUM-SENSING RECEPTORS

The response of certain receptors to their pri-
mary agonists can be modified substantially by
variations in extracellular calcium concentration.
As such, these receptors have the capacity to sense
extracellular calcium ions. The metabotropic glu-
tamate receptors (MGIURS) share considerable ho-
mology with the CaSR, and both reside within the
same superfamily of G-protein—coupled recep-
tors.8 Several mGIluRs respond to changes in ex-
tracellular calcium concentration, athough the
physiologic importance of this finding remains un-
certain. Similar to the CaSR, it is the extracellular
domain of the mGIuR that mediates its interaction
with extracellular calcium ions. Differences in
amino acid composition at key positions within the
extracellular domain probably account for varia-
tions among the mGIuRs in their responsiveness to
extracellular calcium.52

Megalin, or gp330, is a very large protein be-
longing to the superfamily of low-density lipopro-
tein receptors.53 It is expressed at high levels in
parathyroid tissue and in cells of the proximal
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nephron. Antibodies to megalin have been shown
to modify PTH secretion from dispersed parathy-
roid cells in vitro, and early work suggested that
this protein might indeed represent a calcium-sens-
ing receptor. It is now apparent, however, that
megalin functions primarily to promote the endo-
cytosis of avariety of proteins by proximal tubular
cells.54 The uptake of vitamin D and its binding
protein from tubular fluid into epithelia cells of the
proximal nephron by megalin-dependent pathways
is crucia for the renal synthesis of 1,25-dihy-
droxyvitamin D, the most active metabolite of vi-
tamin D.55 Megalin thus plays a key physiologic
role in mineral homeostasis, but the functional
importance of calcium binding to megalin as a
modifier of receptor function is uncertain.

SUMMARY

The CaSR has emerged as a central factor in the
regulation of calcium metabolism in particular and
in the control of bone and mineral metabolism in
genera. It serves as a key signd transduction path-
way in avariety of tissues, most notably parathyroid
and kidney. Information continues to accumulate
about structure-function relationships, mechanisms
of signal-transduction, and factors that regulate
CaSR gene transcription and expression. In the
future, pharmacologic agents that target the CaSR
may offer new therapeutic strategies for several
clinical disorders that are characterized by abnor-
malitiesin bone and mineral metabolism. Although
less is known about the physiologic importance of
calcium sensing by other receptors, it is likely that
information will continue to emerge about the role
of extracellular calcium ions as a key modifier of
signal transduction and cellular function.
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