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Rescue of the skeletal phenotype
in CasR-deficient mice by transfer
onto the Gcm2 null background

See the related Commentary beginning on page 945.
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To understand the role of the calcium-sensing receptor (CasR) in the skeleton, we used a genetic approach
to ablate parathyroid glands and remove the confounding effects of elevated parathyroid hormone (PTH)
in CasR-deficient mice. CasR deficiency was transferred onto the glial cells missing 2-deficient (Gem2-
deficient) background by intercrossing CasR- and Gem2-deficient mice. Superimposed Gem2 deficiency
rescued the perinatal lethality in CasR-deficient mice in association with ablation of the parathyroid
glands and correction of the severe hyperparathyroidism. In addition, the double homozygous CasR- and
Gcem2-deficient mice demonstrated healing of the abnormal mineralization of cartilage and bone asso-
ciated with CasR deficiency, indicating that rickets and osteomalacia in CasR-deficient mice are not due
to an independent function of CasR in bone and cartilage but to the effect of severe hyperparathyroidism
in the neonate. Analysis of the skeleton of 6-week-old homozygous CasR- and Gem2-deficient mice also
failed to identify any essential, nonredundant role for CasR in regulating chondrogenesis or osteogene-
sis, but further studies are needed to establish the function of CasR in the skeleton. In contrast, con-
comitant Gem2 and CasR deficiency failed to rescue the hypocalciuria in CasR-deficient mice, consistent
with direct regulation of urinary calcium excretion by CasR in the kidney. Double Gem2- and CasR-defi-

cient mice provide an important model for evaluating the extraparathyroid functions of CasR.
J. Clin. Invest. 111:1029-1037 (2003). d0i:10.1172/JC1200317054.

Introduction

The heptahelical extracellular calcium-sensing receptor
(CasR) plays a central role in controlling systemic calci-
um homeostasis, predominately through its effects on
regulation of parathyroid hormone (PTH) secretion by
the parathyroid glands and urinary calcium excretion by
the kidney (1-4). CasR also is widely expressed in many
other tissues, including bone and cartilage, where its bio-
logical function has not been established (1, 5-7).
Whether CasR has a direct role in regulating bone and
cartilage function is a subject of much debate. In vitro
studies and indirect in vivo evidence implicate CasR or a
related receptor in the regulation of important steps in
osteoblast-mediated bone formation, as well as in the
differentiation and mineralization of cartilage (5-10).
Consistent with the role of CasR in mineralization of
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bone and cartilage, rickets and osteomalacia were the
major skeletal abnormalities found in CasR-deficient
mice (11). The hyperparathyroidism, hypercalcemia, and
hypophosphatemia that accompany deletion of CasR
from the parathyroid glands, however, confound the
independent assessment of CasR effects on bone and car-
tilage. The neonatal mortality in CasR-deficient mice
also prevents assessment of the role of CasR in the adult
skeleton (11). In addition, CasR transcripts have been
inconsistently detected in mineralized bone containing
mature osteoblasts and osteocytes after removal of mar-
row elements (11). Moreover, the putative osteoblastic
cation-sensing receptor is characterized by different
cation specificity from CasR, namely failing to respond
to calcimimetics or magnesium (12-15), and osteoblasts
derived from CasR-deficient mice retain their ability
to respond to extracellular calcium through a G pro-
tein-coupled mechanism, suggesting that the osteoblas-
tic receptor is distinct from CasR (14).

Regardless, a full understanding of the direct effect of
CasR on bone and cartilage function requires correction
of the hyperparathyroidism that accompanies CasR defi-
ciency. Surgical parathyroidectomy is not technically fea-
sible in neonatal mice. Although transfer of CasR defi-
ciency onto PTH- or PTH receptor-deficient mice
provides a means to remove the effects of excess PTH
(16), the complete loss of PTH signaling leads to dys-
morphic skeletons that might mask potential independ-
ent effects of CasR (17). Deletion of glial cells missing 2
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Table 1
Data from 1-week-old mice

Group | 1l 1l v \'% \1 Pvalue
Genotype CasR +/+ -/- +/+ -/- +/- +/-
Gem t/tort/-  4/+or+/- /- -/ +/+or +/- /-

Serum values

PTH (pg/ml) 13+£1.54 361 + 548 9+244 9+1.54 15+£2A 8+2A <0.001
(n=16) (n=20) (n=7) (n=11) (n=22) (n=10)

Calcium (mg/dl) 7.7 £0.48 14.5+0.9¢ 5.7+0.47 5.8+0.34 7.8+0.28 5.7+0.47 <0.001
(n=16) (n=16) (n=7) (n=11) (n=22) (n=10)

Phosphorus (mg/dl) 11.5+0.68 4.9+0.54 13.9+0.7¢ 14.7 £ 0.7¢ 11.0+£0.58 14.0 £ 1€ <0.001
(n=15) (n=11) (n=7) (n=9) (n=24) (n=9)

Osteocalcin (ng/ml) 511+354 783 + 738 498 + 57A 483 + 194 531+ 504 471 £1004 0.004
(n=10) (n=9) (n=4) (n=4) (n=11) (n=4)

Urine values

Dpd/creatinine ratio 57 £47 88 + 88 61+ 8~ 5387 54+7A 57 £77 0.009
(n=10) (n=7) (n=25) (n=26) (n=10) (n=15)

Calcium/creatinine ratio 0.71 £ 0.06¢ 0.35+0.034 0.81+15¢ 0.45+0.058  0.53+0.07® 0.46 +0.05°%  <0.001
(n=13) (n=17) (n=26) (n=12) (n=14) (n=9)

Structural parameters

Body weight (g) 5.2+£0.14 1.7+0.18 5.0+0.1A 5.1+0.24 5.1+0.08* 5.0+0.27 <0.001
(n=33) (n=18) (n=13) (n=14) (n=288) (n=22)

Body length (mm) 63.7 +1.27 49.4+0.58 62.0 £ 0.84 61.7 +1.04 63.9 £1.07 63.7 £1.14 <0.001
(n=10) (n=9) (n=7) (n=7) (n=23) (n=16)

Femur length (mm) 4.2+0.84 2.61+1.78 4.3+0.44 4.2+0.74 4.3+0.7A 4.3 +0.64 <0.001
(n=10) (n=9) (n=7) (n=7) (n=23) (n=16)

Mineralized vertebrae (no.) 26.4+£0.37 13.2+0.38 26.6 £0.2A 26.3£0.3A 25.8+0.3A 26.7 £0.2A <0.001
(n=10) (n=9) (n=7) (n=7) (n=23) (n=26)

Bone ash (% dry wt) 31.9+1.8° 23.8+1.68 33.9+£3.0¢ 32.0+£1.94 32.5+£1.74 31.8+1.24 0.013
(n=18) (n=14) (n=7) (n=10) (n=29) (n=11)

Values represent mean + SEM of the number of animals per group as indicated in parentheses. Dpd, deoxypyridinoline; PTH, parathyroid hormone. #8Indi-
cates significant differences between groups for the indicated parameter. Values sharing the same superscript in a given category are not significantly differ-
ent, whereas values with a different superscript are significantly different at indicated P values at the end of the row. Group |, wild-type and heterozygous
Gem2*/=; Group Il, homozygous CasR”/- and mixed homozygous CasR”-/heterozygous Gem2*/=; Group Ill, homozygous Gem2-/~ ; Group 1V, double homozygous
mutant CasR”/~/Gem2/- ; Group V, heterozygous CasR*/~ and double heterozygous CasR*/~ /Gem2*/~ ; Group VI, heterozygous CasR*/~ and homozygous Gem2-/-.
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(Gem2), a mouse homologue of Drosophila Gem, is a mas-
ter regulatory gene of parathyroid gland development
and provides an alternative strategy for achieving a
molecular parathyroidectomy (18). Gem2-deficient mice
lack parathyroid glands but exhibit mild hypoparathy-
roidism due to the auxiliary production of PTH as well as
normal skeletal growth and development (19).

In the current study, we transferred CasR deficiency
onto the Gem2-deficient background to create a model
to assess the independent function of CasR in bone and
cartilage and the importance of CasR beyond the early
postnatal period. Molecular ablation of parathyroid
glands and rescue of the perinatal lethality was
achieved in double homozygous CasR- and Gem2-defi-
cient mice. Correction of the severe hyperparathy-
roidism prevented the rickets and osteomalacia in
CasR-deficient mice but did not rescue the hypocalci-
uria. In addition, analysis of the skeleton of homozy-
gous CasR- and Gem2-deficient mice failed to identify
any essential, nonredundant role for CasR in regulating
growth-plate and bone mineralization. These studies
indicate that defective mineralization of bone and car-
tilage is due to metabolic abnormalities associated with
hyperparathyroidism rather than the absence of skele-
tal CasR and establish that the low urinary calcium is
mediated by the absence of CasR in the kidney.

Methods
Creation of double CasR- and Gcm2-deficient mice. We
obtained heterozygous mice (CasR"") with targeted dis-
ruptions of exon 5 of the CasR gene from the laboratory
of David Conner (Harvard University, Boston, Massa-
chusetts, USA) (20). These mice were bred and main-
tained on a Black Swiss/129Sv] background. CasR-defi-
cient mice express nonfunctional CasR splice variants
lacking exon 5, thereby creating a functional CasR knock-
out (21). We obtained heterozygous Gem2*/- mice, which
have the targeted replacement of all four exons of the
Gem2 gene, from the Baylor College of Medicine (19).
Gem2*~ mice had been bred in a C57BL/6]/129SvEv
background. Mice were maintained and used in accor-
dance with the guidelines established by the Institution-
al Animal Care and Use Committee of Duke University.
We created double heterozygous CasR- and Gem2-defi-
cient mice on a mixed genetic background by inbreed-
ing CasR*- and Gem2*/- mice for two generations. Cross-
es between CasR*~ and Gem2*/- mice produced double
heterozygous CasR*/~/Gem2*/- mice. Male and female F2
CasR*/-/Gem2*/- mice were mated to generate nine dis-
tinct genotypes: CasR**/Gem2*/*, CasR*~/Gem2*-,
CasR-/Gem2/-,  CasR*/~/Gem2*/*,  CasR**|Gem2*/-,
CasR-/Gem2*/*, CasR*/*/Gem2-1-, CasR*/~/Gem2-/-, and
CasR7/-/Gem2~. This report focuses on results obtained
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from the analysis of F3 generation littermates. We
found that heterozygous Gem2*/- mice were identical to
wild-type mice in all parameters tested. In addition, the
absence of one Gem2 allele did not influence the phe-
notype of either heterozygous CasR*/~ or homozygous
CasR-/- mice. This allowed the Gem2*/- mice to be com-
bined with their wild-type counterparts to create six
groups with distinct phenotypes, as defined in Table 1.

Genotyping. Genomic DNA tissue was extracted and
purified from the tail of each mouse using a QIAGEN
DNeasy Tissue kit (QIAGEN Inc., Valencia, California,
USA). To detect the presence of CasR7/-, we performed
PCR using the reverse primer CasR2144.R (5’-TGAAG-
CACCTACGGCACCTG-3"), specific for the native mouse
CasR gene sequence, in combination with a primer
designed for upstream elements in exon 5, CasR1956.F
(5" TGATGAAGAGTCTTTCTCGG-3'), or primer KCM-F (5
TCTTGATTCCCACTTTGTGGTTCTA-3') for the inserted
neomycin gene sequence used for targeted disruption of
exon 5 (previously named exon 4). To genotype Gem2-
deficient mice, we performed PCR with the following
oligonucleotide primers specific for the native Gem2 gene
sequence and the inserted neomycin gene sequence:
Gem2-2699F  (5'-CACCCTGCCAAATGGTGGATAACA-3'),
Gem2-3246R  (5’-CCCTCGCATAAGTCAGCAAACATC-3),
Neo-781F (5-TCGCCTTCTTGACGAGTTCT-3'), and Gem2-
neoR (5-ACCTCGGCAGATGTTCAATC-3’). Amplification
products were resolved by electrophoresis on a 1.5%
agarose gel and visualized by ethidium bromide staining.

Urine and serum biochemical measurements. Urinary
deoxypyridinoline (Dpd) excretion was measured using
the Pyrilinks-D assay kit (Metra Biosystems Inc., Moun-
tain View, California, USA). Data were expressed as the
ratio of Dpd (nm/L) to urine creatinine (lLmol/l). Crea-
tinine was measured by the colorimetric alkaline picrate
method (Sigma kit 555, Sigma-Aldrich, St. Louis, Mis-
souri, USA). Serum osteocalcin levels were measured
using a mouse osteocalcin IRMA kit (Immutopics, Carls-
bad, California, USA). Serum PTH levels were measured
by a mouse intact PTH ELISA kit (Immutopics). Calci-
um was measured by the colorimetric cresolphthalein-
binding method, and phosphorus was measured by the
phosphomolybdate-ascorbic acid method (22).

Bone densitometry, dry ash bone weight, and skeletal radi-
ography. Bone mineral density (BMD) of femurs was
assessed at 6 weeks of age using a LUNARPIXIyys bone
densitometer (Lunar Corp., Madison, Wisconsin, USA).
Dry ash weight of femurs collected from 1- and 6-week-
old mice was measured as previously described (11).

Whole-skeleton preparation and staining. Whole mouse car-
casses were collected from 1-week-old mice after euthana-
sia, defatted for 2-3 days in acetone, stained sequentially
with Alcian blue and alizarin red S in 2% KOH, cleared
with 1% KOH/20% glycerol, and stored in 50% EtOH/50%
glycerol (11). Mice were radiographed using a Hewlett-
Packard Faxitron 43807 and X-omat film (Eastman
Kodak Co., Rochester, New York, USA).

Histomorphometric analysis of nondecalcified bone. Skeletons
of mice were prelabeled with tetracycline hydrochloride

(Sigma T-7660, Sigma-Aldrich; 30 ug/g body weight) and
calcein (Sigma C-0875, Sigma-Aldrich; 15 ng/g body
weight) by intraperitoneal injection at days 1 and 3 in
1-week-old mice and days 1 and 5 in 6-week-old mice
before collection of tibias. Tibias were removed from
1-week-old and 6-week-old mice, fixed in 70% ethanol,
prestained in Villanueva stain, and processed for methyl
methacrylate embedding. Five-micrometer sections were
stained with either toluidine blue or Goldner’s stain and
analyzed under transmitted light, and 10-im Villanueva
prestained sections were evaluated under fluorescent
light as previously reported by our laboratory (11).

Statistics. We evaluated differences between groups by
one-way analysis of variance. All values are expressed as
means + SEM. All computations were performed using
the Statgraphic statistical graphics system (STSC Inc.,
Rockville, Maryland, USA).

Results

CasR deficiency causes hypocalciuric hyperparathyroidism, peri-
natal lethality, and rickets/osteomalacia. Compared with
group I control mice, group II CasR-deficient mice had
high perinatal mortality (Figure 1) in association with
severe hyperparathyroidism, growth retardation, and
abnormal growth-plate and bone histology (Figures 2-4
and Table 1). Most of the group II homozygous CasR-
deficient mice died by the end of the first week after
birth, with none of the mice surviving for more than 6
weeks (Figure 1). We observed a 28-fold increase in
serum PTH in 1-week-old group II mice (Table 1) and
marked enlargement of their parathyroid glands (data
not shown) as compared with normal group I controls.
The elevated PTH resulted in increases in serum calcium

100 8—Q—Q—=g=g=g
S __
P A
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g 40
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D 2 O\
0 < P <>'—~——_/\ QO—
> v 13 ©
R T
—o— Group | —O— Group Il —a—Group Ill
-{0-Group IV —— GroupV —4— Group VI
Figure 1

Survival of CasR- and Gem2-deficient mice. The survival rate of group |,
which combines data from heterozygous Gem2*/~ and wild-type mice
(n=38), was 100%, whereas no group |l homozygous CasR-deficient
mice (n = 29) survived beyond 3 weeks. Group Il homozygous
Gem2-deficient mice (n = 13) had a survival rate of 69%. The survival
rates of group IV double homozygous CasR- and Gem2-deficient
mice (71%, n = 14) and group VI mixed heterozygous CasR- and
homozygous Gem2-deficient mice (74%, n = 23) are not different
from that of group Ill Gem2~/~ mice. Group V, which combines het-
erozygous CasR*/~ mice and the double heterozygous Gem2*/-/CasR*/~

mice (n = 69), had a survival rate of 97%.
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Figu

Skeletal phenotype of CasR- and Gem2-deficient mice. Gross appearance (a, d, g, j, m, and p), skeletal radiographs (b, e, h, k, n, and q), and
alizarin red S/Alcian blue-stained whole skeletons (¢, f, i, I, 0, and r) of 1-week-old mice are shown. The marked reduction in body size, dif-
fuse osteopenia, growth-plate widening (indicated by arrows), and delayed endochondral mineralization in group Il homozygous CasR-defi-
cient mice are rescued by superimposed Gem2 deficiency in group IV double knockout mice. The gross appearance and skeletal phenotype
of groups | (normal control), lll (homozygous Gem2-deficient), IV (double homozygous CasR- and Gem2-deficient), V (double heterozygous

Group |

Group Il

]
Pl

Group Il

g

re2

Group IV Group VI

CasR- and Gem2-deficient), and VI (mixed heterozygous CasR- and homozygous Gem2-deficient mice) are indistinguishable.
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and hypophosphatemia in group II CasR-deficient mice
(Table 1). CasR deficiency also resulted in a twofold
reduction in urinary calcium excretion, due to the
absence of CasR in the kidney (Table 1).

Group II CasR-deficient mice also weighed signifi-
cantly less than group I control mice and showed an
obvious reduction in body size as compared with group
I controls at 1 week of age (Figure 2, d-f versus a—c, and
Table 1). Comparison of skeletal radiographs (Figure 2,
b versus e), and alizarin red S/Alcian blue-stained skele-
tal preparations (Figure 2, c versus f, and Figure 3, a-c
versus d-f) of group I control littermates and group II
CasR-deficient mice demonstrated that the absence of
CasR results in a more radiolucent skeleton, shortened
long bones, widened cartilaginous growth plates, lack
of centers of secondary ossification, and delay in the
mineralization of caudal vertebrae. The caudal pro-
gression of vertebral mineralization, which provides a
measure of endochondral bone formation, was signif-
icantly impaired in group II CasR-deficient mice (Fig-
ures 2e and 3f and Table 1) as compared with group I
controls (Figures 2b and 3c and Table 1). The apparent
decrease in mineralization of the skeleton in the group
II CasR-deficient mice was further established by the
significant reduction in bone ashed weight (Table 1).
BMD could not be measured in 1-week-old mice
because values were below the detection limit for dual-
energy X-ray absorptiometry (DEXA).

The growth plate was enlarged in group II CasR-defi-
cient mice due to the increased height of the hyper-
trophic zone (Figure 4, e and f) as compared with that
of 1-week-old group I control mice (Figure 4, a and b).
In addition, excessive amounts of osteoid were present
covering trabecular bone in group II CasR-deficient
mice (Figure 4g). Examination of the zone of calcified
cartilage and primary spongiosa under fluorescent
light in mice labeled with tetracycline and calcein
demonstrated a normal pattern of mineralization in
group I mice (Figure 4d) but a significant reduction in
mineralized cartilage and bone in CasR7- mice (Figure
4h). Consistent with the marked hyperparathyroidism,
group II CasR-deficient mice had elevated serum osteo-
calcin, which is a marker of osteoblast activity, and
increments in urinary excretion of Dpd, which is a
marker of osteoclast activity (23) (Table 1).

Gem?2 deficiency results in the molecular ablation of
parathyroid glands, mild hypoparathyroidism, and a
normal-appearing skeleton. Approximately 30% of the
homozygous Gem2-deficient mice (group III) died soon
after birth (Figure 1). The surviving homozygous Gem2-
deficient mice were viable and developed like group I
control littermates. Gem2-deficient mice had a trend
toward lower circulating PTH concentrations (group III)
than control littermates (group I) at both 1 (Table 1) and
6 weeks of age (Table 2), but although the difference
did not achieve statistical significance (Table 1), it was
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inappropriately low for the degree of hypocalcemia.
Homozygous Gem2-deficient mice had significantly lower
serum calcium and higher serum phosphorus than group
I controls (Tables 1 and 2), consistent with a functional
state of PTH deficiency. Parathyroid glands could not be
identified in Gem2-deficient mice (data not shown).
Neither serum osteocalcin nor urinary Dpd levels were
suppressed in group III Gem2-deficient mice at either 1 or
6 weeks of age (Tables 1 and 2). Also, we did not identify
any abnormalities of cartilage (Figure 2i; Figure 3, g-i;
Figure 4,1and j;and Figure 5, e and f). The size and gross
appearance of the skeletons of group III Gem2-deficient
mice at both 1 and 6 weeks of age were indistinguishable
from those of group I normal controls (Tables 1 and 2
and Figure 2, gand h versus a and b, and Figure 3, g-i ver-
sus a—c). Gem2-deficient mice had normal bone length,
cartilaginous growth plates and centers of secondary ossi-
fication, and mineralization of caudal vertebrae as well as
normal BMD. Dry ashed weight (Tables 1 and 2) and
BMD by DEXA were also normal in group Il mice (Table
2). Histologic evaluation revealed a normal fluorescent

Group | Group Il Group Il
a , d g
{ {7 .
A\t il
‘ '
¢:f“ ' !-‘u \
A/ £ \

labeling of bone with tetracycline and calcein and
osteoid-covered surfaces (Figure 41 and Figure 5, fand h).

Rescue of perinatal lethality, byperparathyroidism, and rick-
ets/osteomalacia but not hypocalciuria in double CasR- and
Gem2-deficient mice. In group IV mice double homozygous
for CasR and Gem2 deficiency, 71% of the pups were alive
at 6 weeks (Figure 1). Their survival curve overlapped that
of group III Gem2-deficient mice (Figure 1), indicating
that CasR deficiency was no longer lethal when trans-
ferred onto the Gem2-deficient background. Associated
with the improved survival, group IV double Gem2- and
CasR-deficient mice no longer displayed evidence of
hyperparathyroidism, having serum PTH, calcium, and
phosphate levels not statistically different from those of
group III Gem2-deficient litctermates (Tables 1 and 2).
Similar to homozygous Gem2-deficient mice, double
homozygous CasR- and Gem2-deficient mice had no
detectable parathyroid glands (data not shown).

In contrast to the improved survival associated with
prevention of neonatal severe hyperparathyroidism
(NSHPT), transfer of CasR deficiency onto the Gem2

Group IV

c 3% f i %
% f 1
) | . |
H |
X 1
| AN ]
| 4
H 1
I' ,"
,'\ \
Figure 3

Alizarin red S/Alcian blue-stained skeletal regions of CasR- and Gem2-deficient mice. (a-c) Heterozygous Gem2*/~ and wild-type mice. (d-f)
Homozygous CasR-deficient mice. (g-i) Homozygous Gem2-deficient mice. (j-1) Double homozygous CasR- and Gem2-deficient mice. (m-o)
Heterozygous CasR*/- and double heterozygous Gem2*/-/CasR*/~ mice. (p-r) Heterozygous CasR*~ and homozygous Gem2-deficient mice.
Normal appearance of the wrist from a group | control mouse (a) is compared to the widening of the growth plate of the wrist in a 1-week-
old group Il homozygous CasR-deficient littermate (d). These abnormalities are rescued in group IV double knockout mice (j) and are not
present in the other groups (g, m, and p). Mineralization in the epiphysis cartilage of the femur is present in group | control mice (b) but not
in the CasR”/~ mice (e). Secondary centers of ossification are restored in group IV homozygous CasR- and Gem2-deficient mice (k). No abnor-
malities of ossification centers were observed in the other groups (h, n, and q). Endochondral mineralization, as assessed by the number of
alizarin red-positive mineralized caudal vertebrae, is reduced in 1-week-old group Il CasR”~ mice (f) as compared with group | controls (c),
whereas group IV homozygous CasR- and Gem2-deficient mice (I) as well as the other groups (i, 0, and r) show the same number of alizarin
red-positive mineralized caudal vertebrae, consistent with a normal temporal and spatial pattern of endochondral bone formation.
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Figu

Nondecalcified histologic sections of the tibia of 1-week-old CasR- and Gem2-deficient mice. Shown
are group | controls (a-d), group Il CasR-deficient mice (e-h), group lll Gem2-deficient mice (i-I),
and group IV double homozygous CasR- and Gem2-deficient mice (m-p). A toluidine blue-stained
section of the growth plate (X125 in a, e, i, and m and X250 in b, f, j, and n) shows a widened zone
of hypertrophic chondrocytes in group Il CasR-deficient mice that was corrected in group IV double
homozygous CasR- and Gem2-deficient mice, which were indistinguishable from group I and group
Il mice. A higher-power view of Goldner-stained sections (x500 in ¢, g, k, and o) of trabecular bone
in secondary spongiosa. Excess osteoid is present in group Il CasR”/~ mice (g) and resolution of hyper-
osteoidosis in group IV double knockout mice (o). In Goldner-stained sections, mineralized bone is
blue and unmineralized osteoid is reddish-brown in color. The view under fluorescent light of Vil-
lanueva-stained sections of metaphysis (X500 in d, h, I, and p) showing the attenuation of calcein
deposition in the primary and secondary spongiosa of group Il CasR-deficient mice (h) is normalized

Group Il

Group Il

re 4

in group IV double knockout mice (p).
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null background did not rescue the hypocalciuria,
which defines the kidney phenotype of CasR deficiency
in the renal tubules. In this regard, the urinary calci-
um/creatinine ratio, which was normal in group III
Gem2-deficient mice and suppressed in group II CasR-
deficient mice, remained diminished in group IV dou-
ble Gem2- and CasR-deficient mice at both 1 and 6
weeks of age (Tables 1 and 2).

Transfer of CasR deficiency onto the Gem2 null back-
ground, however, rescued the rickets and osteomalacia
associated with CasR deficiency. The size and gross
appearance of group IV mice double homozygous for
CasR and Gem2 deficiency at both 1 and 6 weeks of age
were indistinguishable from those of group I control
and group III Gem2-deficient mice (Figure 2 and Tables
1 and 2), indicating that the effect of CasR deficiency on
the gross appearance of the skeleton was corrected on
the Gem2-deficient background. In spite of the absence
of CasR, group IV double knockout mice also had nor-
mal bone density and bone length (Table 2). The
rachitic changes disappeared in double knockout mice
as evidenced by the normal growth plates, centers of sec-
ondary ossification, and mineralization of caudal ver-
tebrae (Figure 2, j-1, and Figure 3, j-1). Histologic exam-
ination of cartilage confirmed the correction of the
widened zone of hypertrophic chondrocytes and the

normalization of calcifica-
tion in cartilage and primary
spongiosa that was observed
in CasR-deficient mice (Fig-
ure 4, m and n, and Figure 5,
iandj). The impaired miner-
alization of trabecular and
cortical bone was also cor-
rected, as evidenced by the
absence of excess osteoid and
the presence of fluorescence-
labeled bone surfaces (Figure
4,0 and p, and Figure 5, n-p).
Osteocalcin and urinary Dpd
levels were similar in Group
III and IV mice and signifi-
cantly lower than in 1-week-
old group II CasR-deficient
mice (Table 1).

Gem2 deficiency predominates
over effects of beterozygous CasR
deficiency. Heterozygous
group V CasR-deficient mice
had a less severe phenotype
that took longer to manifest.
Survival was normal in group
V heterozygous CasR-defi-
cient mice (Figure 1). Group
V mice were indistinguish-
able from group I control
mice, except for mild hyper-
parathyroidism at 6 weeks of
age and hypocalciuria at both
1 and 6 weeks of age (Tables 1 and 2). Serum calcium and
phosphorus in group V mice did not differ from values
in group I controls in spite of a twofold increase in PTH
levels at 6 weeks of age. Serum osteocalcin but not DPD
levels were increased in 6-week-old group V mice (Table
2), consistent with the effect of increased PTH on bone.
The skeletons of 1- and 6-week-old heterozygous CasR-
deficient mice, however, were indistinguishable from
those of controls as assessed by skeletal radiography
(Figure 2, nversus b), whole skeletal mounts (Figure 2, 0
versus ¢, and Figure 3, m-o versus a-c), bone ashed
weight and BMD (Table 2), and bone histology (Figure
5, 0 and p versus ¢ and d). In group VI heterozygous
CasR- and Gem2-deficient mice, superimposed Gem2
deficiency predominated over that of heterozygous CasR
deficiency, leading to a reduced survival (Figure 1), low
PTH, and hypocalcemia (Tables 1 and 2). Consistent
with the similar biochemical profiles, the growth plate
and calcified cartilage in group V heterozygous CasR-
deficient mice were also indistinguishable from those of
group I normal mice at 6 weeks of age (Figure 5, q-t).

Discussion

In the current study, we created a molecular parathy-
roidectomy in CasR-deficient mice by transferring CasR
deficiency onto the Gem2 null background in order to
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assess the independent role that CasR deficiency plays
in the abnormalities of cartilage and bone. We found
that Gem2 deficiency exerted a dominant effect to pre-
vent the development of parathyroid glands in CasR-
deficient mice, thereby replacing severe hyperparathy-
roidism with a state of mild hypoparathyroidism
(Tables 1 and 2) due to the accessory production of
PTH (19). Correction of the metabolic abnormalities
was sufficient to rescue the perinatal lethality of CasR
deficiency (Tables 1 and 2). In this regard, double
homozygous CasR- and Gcm2-deficient mice, rather
than dying in the early neonatal period as occurs with
CasR deficiency, had survival rates indistinguishable
from those of Gem2-deficient littermates (Figure 1).
The survival of double CasR- and Gem2-deficient mice
permitted the role of CasR to be assessed in the adult
mouse skeleton and in other tissues where the function
of CasR remains uncertain. Analysis of 1- and 6-week-
old mice demonstrated that transfer of CasR deficien-
cy onto the Gem2 null background also corrected
growth retardation and skeletal abnormalities associ-
ated with CasR deficiency (Figures 2-5). The bone
length, width of the growth plates, centers of ossifica-
tion, and bone mineral density were indistinguishable
among Gem2-deficient mice, CasR- and Gem2-deficient

mice, and normal mice. Histologic analysis of nonde-
calcified cartilage and bone also demonstrated that the
increased zone of hypertrophic cartilage, hyperos-
teoidosis, and mineralization abnormalities had
resolved (Figures 4 and 5). These results are consistent
with the observation that parathyroidectomy in
humans with NSHPT apparently cures the skeletal
abnormalities (24, 25). In contrast to the rescue of the
bone and cartilage phenotype of CasR-deficient mice,
hypocalciuria remained in double CasR- and Gem2- null
mice (Tables 1 and 2), indicating that the manifestation
of CasR loss on renal tubular excretion of calcium was
not rescued (1). The fact that the effects of CasR defi-
ciency remain at sites where the receptor plays a physi-
ological role adds further support to the conclusion
that the absence of skeletal CasR is not responsible for
rickets and osteomalacia in CasR-deficient mice.

The rescue of the skeletal phenotype by ablation of the
parathyroid glands in double CasR- and Gem2-deficient
mice indicates that excessive PTH, when combined with
rapid skeletal growth during the neonatal period, is pre-
dominantly responsible for rickets and osteomalacia.
The ability of parathyroid gland ablation to rescue the
rickets and osteomalacia in CasR-deficient mice is sur-
prising, since excess PTH typically leads to increased

Table 2

Data from 6-week old mice

Group | 1l i v \ Vi P value
Genotype CasR +/+ -/- +/+ -/- +/- +/-
Gem  #/+or+/-  +/+ors/- -/ /- +/+or +/- -/

Serum values

PTH (pg/ml) 26 +3.58 — 17 +2.808 12+1.34 40 £ 5.0¢ 10+ 1.24 <0.001
(n=27) (n=28) (n=10) (n=21) (n=17)

Calcium (mg/dl) 8.1+0.18 - 6.3 £0.47 6.0 £0.3~ 8.6+ 0.18 5.7+0.3~ <0.001
(n=27) (n=28) (n=10) (n=21) (n=17)

Phosphorus (mg/dl) 8.2+0.37 - 13.2+1.08 14.8 +0.98 8.2+0.3A 14.0 + 0.68 <0.001
(n=27) (n=28) (n=10) (n=21) (n=17)

Osteocalcin (ng/ml) 285+ 197 - 275+ 414 265+ 374 398 + 428 256 + 334 0.028
(n=13) (n=25) (n=26) (n=28) (n=33)

Urine values

Dpd/creatinine ratio 23+3 — 28+7 21+4 28+ 4 204 0.695
(n=16) (n=15) (n=15) (n=28) (n=7)

Calcium/creatinine ratio 0.6 + 0.058¢ — 0.8 +0.1¢ 0.4+0.074 0.5+0.08%8 0.4 +0.04* 0.005
(n=34) (n=28) (n=9) (n=11) (n=13)

Structural parameters

Body weight (g)

Male 24.3 £0.05 - 23.5+0.8 23.5+1.0 24.4+0.3 23.2+0.7 0.429
(n=16) (n=4) (n=26) (n=32) (n=11)
Female 19.3+£0.4 - 19.1+1.3 19.9+1.2 20.2+0.4 19.6+1.6 0.728

(n=22) (n=25) (n=4) (n=35) (n=26)

Body length (mm) 81.6+0.7 - 80.9+1.4 80.8+1.3 833+04 82.8+1.2 0.101
(n=35) (n=9) (n=10) (n=156) (n=17)

Femur length (mm) 12.6 £0.1 - 12.6 £0.2 12.4+0.1 12.6 £0.1 12.4+0.1 0.542
(n=135) (n=9) (n=10) (n=56) (n=17)

Bone ash (% dry wt) 59.6+0.3 — 60.2 +0.4 59.0+0.5 59.3+0.2 60.2+0.9 0.339
(n=38) (n=9) (n=10) (n=67) (n=17)

BMD (g/cm?) 0.059 +0.001 - 0.061+0.003 0.06+0.002 0.061+0.001 0.06+0.002 0.850
(n=38) (n=9) (n=10) (n=167) (n=17)

Values represent mean + SEM of the number of animals per group as indicated in parentheses. None of the Group Il animals survived 6 weeks. A#BCIndicates
significant differences. Values sharing the same superscript or lacking superscripts in a given category are not significantly different, whereas those having a dif-
ferent superscript are significantly different at indicated P values at the end of the row. Groups are the same as described in Table 1. BMD, bone mineral den-
sity. Other abbreviations are the same as in Table1.
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Figure 5
Histologic analysis of the growth plate and bone of 6-week-old homozygous and heterozygous CasR- and Gem2-deficient mice. Shown are
group | normal controls (a-d), group IIl homozygous Gem2-deficient mice (e-h), group IV double homozygous CasR- and Gem2-deficient mice
(i-1), group V heterozygous Gem2-deficient mice (m-p), and group VI heterozygous CasR- and Gem2-deficient mice (q-t). Goldner-stained sec-
tions (X250 in a, e, i, m, and q) show normal growth plates in all groups. Villanueva-stained sections (x125 in b, f, j, n, and r) of the growth
plate and adjacent metaphysis show normal mineralization of primary and secondary spongiosa in all groups. Goldner-stained sections (X500
inc, g, k, 0, and s) show normal amounts of osteoid in all groups. A highly magnified view (x500 ind, h, |, p, and t) of trabecular bone under
fluorescent light reveals normal mineralization in all groups as evidenced by dual calcein and tetracycline labels on the bone surfaces.
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bone turnover and accelerated mineralization in adults
(11). However, the skeletal phenotype associated with
gain-of-function mutations of PTH/PTH related pep-
tide targeted to cartilage has some similarities to the
skeletal phenotype of CasR deficiency (26). The intensi-
ty and persistence of activation of the PTH signal-trans-
duction pathway might explain these differences in the
skeletal phenotype induced by increased PTH secretion
in CasR-deficient mice, which could lead to matrix
biosynthesis in cartilage and bone in excess of the capac-
ity to mineralize or production of mineralization
inhibitors, such as matrix y-carboxyglutamic acid pro-
tein from osteoblasts, as demonstrated in vitro (27).
Indeed, the current findings add further support to an
important role of hyperparathyroidism in the develop-
ment of rickets and osteomalacia in vitamin D-defi-
cient rats and vitamin D receptor-deficient mice (28,
29). Hypophosphatemia also does not seem to be suffi-
cient to account for the skeletal phenotype in CasR-defi-
cient mice. In this regard, Npt2 null mice, which are
hypophosphatemic due to the absence of the sodium-
phosphate transporter in the proximal tubule, exhibit
only mild retardation of secondary ossification and
minimal growth-plate abnormalities (30, 31) and do not
manifest overt signs of rickets and osteomalacia.

Although the current studies fail to support an essen-
tial and nonredundant role of CasR in normal cartilage
and bone development, they do not prove the lack of
function of CasR in bone/cartilage formation. Since in
vitro data are consistent with a functional role for CasR
or a related extracellular calcium-sensing mechanism in
chondrocytes and bone marrow (5), it is possible that low
calcium and/or hypoparathyroidism could have masked
the effects of CasR to regulate cartilage and bone func-
tion. Further studies are needed to compare the skeletal
phenotypes of Gem2-deficient and double homozygous
CasR- and Gem2-deficient mice after normalization of cal-
cium and PTH. In addition, long-term observation of
double homozygous CasR- and Gem2-deficient mice and
provocative studies with calcimimetics may be needed to
uncover effects of CasR on cartilage and bone function.
The presence of redundant calcium-sensing mechanisms
due to other calcium-sensing receptors and/or mem-
brane channels provides another explanation for the lack
of apparent in vivo CasR function in the skeleton (14).
Indeed, there is an ongoing controversy as to whether all
of the functional responses to cations in osteoblasts and
osteoclasts are mediated solely by CasR or whether anoth-
er CasR-like receptor is present that differs from CasR with
regard to cation specificity, response to calcimimetics, and
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signaling pathways (11, 13). It is possible that the severe
hypercalcemia acting through another calcium-sensing
receptor or mechanism might contribute to skeletal
changes in CasR-deficient mice. In this regard, aluminum,
which stimulates the putative novel cation-sensing recep-
tor in osteoblasts but not CasR (14), causes osteomalacia
in both humans and animal models (15, 32). Finally,
since the genetic background can influence the severity
of any given phenotype, it is possible that the mixed back-
ground of CasR- and Gem-deficient mice might have
obscured the effect of CasR deficiency on bone and carti-
lage. Although we did not observe major strain-specific
variations in cartilage and bone formation in this study,
it may be important to evaluate the skeletal effect of CasR
deficiency in different genetic backgrounds.

The current studies provide additional insights into the
role of CasR and age in the phenotype of Gem2-deficient
mice. Consistent with previous reports of maximal stim-
ulation of PTH secretion by CasR at extraparathyroid sites
(19), we failed to see further compensatory increases in
PTH levels with superimposed CasR deficiency. Unlike
previously reported data from 6-month-old mice (19), we
found no demonstrable effects of Gem2 deficiency on bio-
chemical markers of bone turnover, bone ashed weight,
BMD, or bone histology in 6-week-old mice. The failure
to observe these skeletal abnormalities in 6-week old mice
might be due to compensatory factors associated with
skeletal growth in young mice.

In conclusion, correction of severe hyperparathy-
roidism and the accompanying hypercalcemia and
hypophosphatemia is sufficient to correct the abnor-
malities of mineralization of the extracellular matrix in
CasR-deficient mice. The rescue of the skeletal pheno-
type fails to support an essential role for CasR in carti-
lage and bone, butlong-term studies and additional in
vivo and in vitro experiments are needed to define the
role of CasR in bone and cartilage as well as at other
sites. The rescue of the perinatal lethality of CasR null
mice by backcrossing onto the Gem2-deficient back-
ground should provide a useful model for evaluation
of the role CasR in regulating the physiological func-
tions of other organs and tissues where it is expressed,
without the confounding effects of excess PTH.
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