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ABSTRACT: It is well established that calcitonin is a potent inhibitor of bone resorption; however, a physi-
ological role for calcitonin acting through its cognate receptor, the calcitonin receptor (CTR), has not been
identified. Data from previous genetically modified animal models have recognized a possible role for calci-
tonin and the CTR in controlling bone formation; however, interpretation of these data are complicated, in
part because of their mixed genetic background. Therefore, to elucidate the physiological role of the CTR in
calcium and bone metabolism, we generated a viable global CTR knockout (KO) mouse model using the
Cre/loxP system, in which the CTR is globally deleted by >94% but <100%. Global CTRKOs displayed
normal serum ultrafiltrable calcium levels and a mild increase in bone formation in males, showing that the
CTR plays a modest physiological role in the regulation of bone and calcium homeostasis in the basal state in
mice. Furthermore, the peak in serum total calcium after calcitriol [1,25(OH)2D3]-induced hypercalcemia was
substantially greater in global CTRKOs compared with controls. These data provide strong evidence for a
biological role of the CTR in regulating calcium homeostasis in states of calcium stress.
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INTRODUCTION

THE CALCITONIN RECEPTOR (CTR) is a G protein–coupled
cell surface receptor that signals through intracellular

activation of adenylate cyclase and phospholipase C.(1)

CTRs are expressed in osteoclasts, renal, and neural cells.(1)

Calcitonin, a 32 amino acid peptide, acting through inter-
action with the CTR, is the most potent inhibitor of osteo-
clastic bone resorption identified to date, both in vitro and
in vivo. Calcitonin is secreted primarily by thyroid C cells in
response to elevated serum calcium levels but is also se-
creted by other tissues in the neck and thorax. The main
recognized actions of calcitonin in calcium homeostasis are
to inhibit bone resorption,(2) to decrease calcium tubular
reabsorption in the kidney, thereby increasing urinary cal-
cium excretion,(3) and to regulate 1�,25(OH)2D3 produc-
tion in the kidney.(4) The use of calcitonin as a therapeutic
agent in the treatment of hypercalcemia and bone disease
has been severely limited by calcitonin’s short duration of
action.(5,6)

Whereas it is well established that calcitonin potently in-
hibits bone resorption through the interaction with the
CTR on osteoclasts in vitro, the physiological role of calci-
tonin remains an area of debate. In an attempt to further
elucidate the physiological role of calcitonin, two geneti-
cally modified mouse models have been previously gener-

ated: a global calcitonin/calcitonin gene–related peptide
knockout (CT/CGRP KO)(7) and a model haploinsufficient
for the CTR,(8) the phenotypes of which suggest an addi-
tional role of the CTR in regulating bone formation. Sur-
prisingly, CT/CGRP KOs were found to have increased
trabecular bone volume compared with controls because of
an increase in bone formation.(7) However, the interpreta-
tion of the physiological actions of calcitonin from the phe-
notype of the CT/CGRP KO is complicated by the fact that
CGRP also has effects on osteoclasts and osteoblasts, as
well as potent effects on vascular elements.(9) Furthermore,
the initial characterization of the CT/CGRP KO mice was
carried out on mice of mixed genetic background. Gagel et
al.(10) recently reported that the bone phenotype of in-
creased trabecular bone formation is no longer evident af-
ter the backcrossing of the global-CT/CGRP KO mice to a
homogeneous C57BL/6 background; however, they instead
show an age-related phenotype, which includes increased
cortical porosity. We have shown that deletion of one copy
of the CTR in mice results in CTR haploinsufficiency with
CTR expression decreased by 50%.(8) Despite the potent
inhibitory action of calcitonin on osteoclasts, haploinsuffi-
cient CTR mice have increased bone formation, with no
effect on bone resorption. It has been proposed that the
CTR may affect bone formation by influencing coupling
between osteoclasts and osteoblasts, secondary to modulat-
ing osteoclast activity.(11)The authors state that they have no conflicts of interest.
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Evidence exists to suggest that calcitonin also plays a role
in regulating calcium and conserving bone during times of
calcium stress, such as hypercalcemia, pregnancy, and lac-
tation. Serum calcium levels remain elevated for a pro-
longed period in thyroidectomized patients challenged with
a calcium load.(12) This ability of calcitonin to reduce serum
calcium levels seems to be dependent on the rate of bone
turnover in both humans and rodents. In states of high bone
turnover, such as in childhood or patients with malignancy
induced hypercalcemia, calcitonin rapidly lowers serum cal-
cium, with little effect observed in adults.(13,14) Calcitonin
may also play a physiological role in pregnancy and lacta-
tion, because expression of calcitonin in the uterus is re-
quired for implantation of the blastocyst,(15) and homozy-
gous deletion of the CTR during embryogenesis is lethal.(8)

It has been suggested that the physiological function of
calcitonin may be to protect the bone against bone-
resorbing stimuli through its acute inhibition of bone re-
sorption.(16) Despite the many studies investigating the ac-
tions of calcitonin on calcium homeostasis and bone
metabolism, the physiological role of calcitonin acting
through the CTR still remains unresolved. The data from
the previously described animal models identifying a pos-
sible role for calcitonin and the CTR in controlling bone
formation are intriguing but complex. As noted above,
studies in the CT/CGRP KOs initially reported increased
bone formation; however, these data were confounded by
potential effects arising from the deletion of CGRP.(7) Sub-
sequent reports in CT/CGRP KO mice on a homogenous
genetic background failed to confirm the previously de-
scribed anabolic effects of calcitonin/CGRP deletion on
bone formation.(10) We have previously shown that mice
haploinsufficient for the CTR have increased bone forma-
tion with no effect on bone resorption in adult male mice,
whereas homozygous deletion of exons 6 and 7 of the CTR
is embryonic lethal.(8) Therefore, to clarify the effects of
calcitonin through the CTR on bone resorption and to ex-
tend the data on its potential role in bone formation, we
generated a new, viable genetically modified mouse model
using the Cre-loxP system, in which the CTR is globally
deleted by >94% but <100% (global CTRKOs). We used
our global CTRKOs as a model to further elucidate the
physiological role of calcitonin in bone and calcium me-
tabolism, basally and in calcium stress.

MATERIALS AND METHODS

Genetically modified mouse lines

Because the phenotype of genetically modified mice can
vary depending on their genetic strain,(17,18) floxed CTR
and Cre transgenic mouse lines were backcrossed onto a
C57BL/6J background for at least six generations (>98%
C57BL/6J) before use in experiments. All C57BL/6J mice
were obtained from the Animal Resources Center (Can-
ning Vale, West Australia, Australia). Mice were supplied
with tap water and standard chow ad libitum and were
housed at 22°C on a 12-h light/dark cycle in standard cages.
All procedures involving animals were approved by the
Austin Health Animal Ethics Committee.

Generation of floxed CTR mice

Exons 13 and 14 of the CTR gene, which encode the
seventh transmembrane domain and the C terminus of the
receptor, respectively, together with the 3� untranslated re-
gion (UTR), were targeted for Cre-mediated deletion by
insertion of loxP sites (Fig. 1). The targeting construct was
generated from 129SvJ mouse genomic DNA using stan-
dard restriction enzyme digestion and ligation methods and
contained a floxed neomycin resistance (NeoR) cassette and
a thymidine kinase cassette to allow for positive and nega-
tive selection of homologous recombinants, respectively
(Fig. 1). The NeoR cassette was a kind gift from Dr Shelley
Ross (Monash Medical Center, Clayton, Victoria, Austra-
lia). The targeting construct was introduced into 129SvJ
mouse embryonic stem (ES) cells by electroporation. ES
cells were subjected to positive and negative selection with
175 �g/ml Geneticin (Gibco Invitrogen, Grand Island, NY,
USA) and 200 nM gancyclovir (Roche Diagnostics, Mann-
heim, Germany), respectively. ES colonies were screened
for homologous recombination events and correct integra-
tion of the targeting construct at both the 5� and 3� ends by
PCR and sequencing. PCR conditions are available on re-
quest.

One floxed CTR ES cell clone was expanded and in-
jected into C57BL/6J-derived blastocysts by IngenKO
(Monash Medical Center, Clayton, Victoria, Australia).
Male chimeras were backcrossed to C57BL/6J female mice
resulting in floxed CTR mice.

Global CTRKO mice

To generate global CTRKO mice, floxed CTR mice were
bred with CMV-Cre transgenic mice obtained with permis-
sion from Dr Ursula Lichtenberg (Institute for Genetics,
University of Cologne, Cologne, Germany). These mice ex-
press Cre recombinase ubiquitously under the control of
the CMV promoter.(19) Het-floxed CTR littermates were
used as controls in all analyses.

TRACP-CTRKO mice

To generate KO mice in which the CTR is deleted in
osteoclasts, floxed CTR mice were bred with TRACP-Cre
transgenic mice, which express Cre under the control of the
TRACP promoter.(20)

Routine genotyping

Approximately 100 ng of genomic DNA isolated from
tail biopsy was used as a template for PCR genotyping. The
primer pair sequences used for genotyping mice were as
follows: Cre coding sequence, forward 5�-GCGGCA-
TGGTGCAAGTTGAAT-3�, reverse 5�-ACCCCCAG-
GCTAAGTGCCTT-3�; primers flanking CTR floxed re-
gion to distinguish het- and hom- floxed CTR from
wildtype CTR, forward 5�-CTGACTTACCATAACATT-
GCATGT-3�, reverse, 5�-CGGTGAGTAATGAAT-
GAAGTGAA-3� (Fig. 1B); Cre-mediated recombined
CTR fragment, forward 5�-GCTGGCTGAGTGCAG-
AAA-3�, reverse 5�-CGGTGAGTAATGAATGAAGT-
GAA-3�. PCR conditions are available on request.
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RNA isolation, cDNA synthesis, and quantitative
real-time PCR

Total RNA was isolated from kidney and bone of control
and global CTRKO male and female mice at 6 wk of age, as
previously described.(21) Total RNA (2 �g) was treated
with 2 units of DNase I (DNA–Free Kit; Ambion), and
cDNA was synthesized from 1 �g of DNase-treated RNA
using random hexamers (Promega, Madison, WI, USA)
and M-MLV reverse transcriptase, according to the manu-
facturer’s instructions. Quantitative real-time PCR (Q-
PCR) was performed in duplicate using 10 ng cDNA per
25-�l reaction on an Applied Biosystems 7500 Real Time
PCR system, using Applied Biosystems Taqman gene ex-
pression assays (60 cycles of Q-PCR). A no template con-
trol was included in all Q-PCR reactions.

To quantitate CTR mRNA levels in the bone and kidney

of female and male control and global CTRKOs, three to
eight samples were analyzed per group using a custom de-
signed CTR gene expression assay, which amplifies from
exon 13–14 with a probe directed to the exon13/exon14
boundary (forward primer: 5�-GTGGCGACTATCTACT-
GCTTCTG-’3; reverse primer: 5�-TGAAGCGCCAGTG-
GACG-3�; probe: 5�-CAACCATGAGGTGCAAGT-3�).
Absolute expression was determined using 60 cycles of
Q-PCR and the �CT method with CTR CT values normal-
ized to eukaryotic 18S rRNA (Assay ID: 4310893E). To
quantitate the degree of mRNA deletion of exons 13 and 14
of the CTR in global CTRKOs, 10 ng of cDNA from a
global CTRKO was amplified in the presence of decreasing
concentrations of control cDNA (10, 5, 1, 0.1, and 0.01 ng).
This was performed in cDNA isolated from bone and kid-
ney from two independent control and global CTRKO
mice.

FIG. 1. (A) Schematic diagram of floxed CTR targeting construct. loxP sites and their orientation are shown as black triangles.
PGK-Neo, neomycin-positive selection cassette; PGK-TK, thymidine kinase–negative selection cassette. (B) Location of primers used
for PCR analysis to distinguish mice homozygous for the floxed CTR allele from mice heterozygous for the floxed CTR allele. M,
molecular weight marker. Lane 1, negative control; lane 2, wildtype control; lane 3, heterozygous floxed CTR, homozygous floxed CTR.
(C) Location of primers used for PCR analysis to confirm Cre-mediated deletion of exons 13 and 14 and the 3�UTR of the CTR in
global CTRKOs. M, �-HindIII molecular weight marker. Lane 1, homozygous floxed CTR; lane 2, global CTRKO; lane 3, negative
control.
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Assessment of osteoclast function in vitro

Osteoclasts were derived from bone marrow of control
and global CTRKOs, as described.(22) CTR activity was
tested on resulting osteoclasts. Culture media was replaced
with media containing RANKL alone (50 ng/ml), or
RANKL plus 0.01 nM salmon calcitonin (sCT). Cells were
incubated for 30 min, fixed with 4% paraformaldehyde for
10 min, and stained with Phalloidin-Texas red (Sigma; 10
�g/ml) for actin ring assembly. Nuclei were stained for 2
min with 4’, 6-diamidino-2-phenylindole (DAPI) solution
(1 �g/ml) in PBS. Slides were mounted with ProLong Gold,
antifade reagent with DAPI (Invitrogen), sealed, and ex-
amined by confocal microscopy.

Serum and bone collection

For dynamic histomorphometry experiments, mice re-
ceived two intraperitoneal injections of 20 mg/kg body
weight calcein (Sigma), with a 7-day interval between in-
jections. Three days after the second injection, mice were
anesthetized by isoflurane, and blood was collected through
the tail vein for serum PTH and serum calcium analyses and
by cardiac puncture for remaining biochemical analyses.
After death, the femora and the spine were dissected, and
the surrounding soft tissue was removed.

Bone histomorphometry

Femur length was measured using a digital caliper (Eta-
lon). Distal femora from 6-, 12-, and 24-wk-old mice were
prepared for quantitative histomorphometry, using estab-
lished resin embedding techniques as described previ-
ously.(23) Five-micrometer-thick longitudinal sections were
cut using a Polycut motorized microtome (Reichert). Sec-
tions were stained using a modified von Kossa silver tech-
nique and counterstained with H&E for osteoclast and os-
teoid surface calculations.(23) Trabecular bone volume,
thickness, and number were calculated in the metaphyseal
region below the growth plate excluding the primary spon-
giosa, using a Leica Quantimet Image Analysis System us-
ing QWin software (Cambridge Instruments).(23) Dynamic
markers of bone turnover (osteoclast surface, osteoid sur-
face, mineralizing surface, mineral apposition rate, bone
formation rate) were estimated in the same area of the
secondary spongiosa of the distal femoral metaphysis as
described previously.(24)

Quantitative µCT

Femora and vertebrae (L5) from 6-, 12-, and 24-wk-old
mice were evaluated using desktop microtomography
(�CT40; Scanco Medical), as described previously.(24) For
trabecular morphology, the following parameters were as-
sessed: trabecular bone volume/tissue volume, number,
thickness, separation, connectivity density, and structural
model index (SMI). Cortical thickness was assessed at the
midfemoral diaphysis.

Baseline biochemical analyses

Serum intact PTH was measured in serum collected
through the tail vein(18) by two-site ELISA (Immutopics,

San Clemente, CA, USA), and serum calcitonin was mea-
sured by a two-site immunoradiometric assay (IRMA; Im-
mutopics), according to the manufacturer’s instructions.
The C-terminal telopeptide �1 chain of type I collagen (X-
laps) was determined in serum by ELISA (RatLaps
ELISA; Nordic Bioscience Diagnostics). Serum calcium
and total protein were measured on an automated chemical
analyser, using manufacturer recommended methods (Aus-
tin Pathology; Austin Health).

Induction of hypercalcemia in control and
global CTRKOs

At 6 wk of age, control and global CTRKOs were fed a
modified AIN-76 diet(25) containing low (0.02%) calcium
for 2 wk to limit the contribution of serum calcium arising
from calcitriol mediated intestinal absorption and to maxi-
mize the release of calcium from the bone through calcitri-
ol’s action to increase bone resorption.(26) A baseline blood
sample was collected through the tail vein, and mice were
treated with 0.5 �g calcitriol [1,25(OH)2D3; Wako Chemi-
cals], administered subcutaneously in the nape of the neck
daily each morning for 2 days. Blood samples were col-
lected at 45 and 50.5 h after first calcitriol treatment. Food
was removed after the blood collection at 45 h, and mice
were killed by cervical dislocation after blood collection at
50.5 h after first calcitriol treatment.

Serum calcium and total protein analyses

Serum samples from the induced hypercalcemia studies
were analyzed in duplicate for total calcium and protein
content using the cresolphthalein-complexone (CPC) and
Biuret methods, respectively (ThermoScientific, Victoria,
Australia).

Calculations and statistical analysis

Ultrafiltrable calcium (UFCa) was calculated using the
following formula described by Morris et al.(27): UFCa �
total serum calcium – (0.02 × total protein). For calculating
basal UFCa levels in control and global CTRKOs, this
equation was derived by regression of total serum calcium
on serum total protein pooled from control mice at 6, 12,
and 24 wk of age.

Repeated-measures ANOVA was used to determine the
effect of genotype, time, and the interaction of genotype
and time on serum calcium after calcitriol treatment. To
further analyze the effect of genotype on serum calcium
levels at 45 and 50 h after calcitriol treatment, an unpaired
Student’s t-test was used. Because the relationship between
bone histomorphometric parameters and age is not linear,
the effects of CTR deletion on bone histomorphometry,
�CT and serum biochemistry analyses were determined us-
ing an unpaired Student’s t-test at each age group. All Stu-
dent’s t-tests were performed assuming equal variances;
however, if the Levene’s test of equality of error variances
was <0.05, indicating that the variance was unequal, an un-
paired Student’s t-test assuming unequal variances was
used. All statistical analyses were performed using SPSS 11.
A value of p < 0.05 was considered significant.
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RESULTS

TRACP-CTRKOs

We previously showed that global deletion of exons 6 and
7 of the CTR is embryonic lethal.(8) In these experiments,
five breeding pairs, consisting of a het-floxed CTR, het-
TRACP-Cre female and a hom-floxed CTR male, gener-
ated 46 female and 43 male offspring. No hom-TRACP-
CTRKOs were generated, whereas the other expected
genotypes were represented (data not shown) indicating
that Cre-mediated deletion of exons 13 and 14 and the
3�UTR of the CTR driven by the TRACP promoter is em-
bryonic lethal.

Characterization of Cre-mediated deletion of the
CTR in global CTRKOs

To confirm that Cre-mediated deletion of exons 13 and
14 and the 3� UTR of the CTR had occurred in global
CTRKOs, PCR was performed on genomic DNA using a
forward primer in exon 11 and a reverse primer down-
stream of the mouse CTR (Fig. 1C). A PCR product, rep-
resenting the recombined CTR fragment of 2.1 kb, was
amplified from the genomic DNA of global CTRKOs (Fig.
1C), confirming that Cre-mediated deletion of exons 13 and
14 and the 3�UTR of the CTR had occurred. In contrast to
the hom-TRACP-CTR KOs, global CTRKO mice gener-
ated by breeding floxed CTR and CMV-Cre mice were
viable, born at the expected mendelian ratios, and survived
to adulthood, suggesting that deletion of the CTR in these
mice was not complete. This was confirmed by performing
PCR on genomic DNA from global CTRKOs using a for-
ward primer in the endogenous CTR (located in exon 10)
and a reverse primer unique to the floxed CTR construct
(located 5� of the first loxP site), showing the presence, al-
beit at very low levels, of the floxed CTR (data not shown),
indicating that deletion of the CTR in global CTRKOs was
<100%.

Q-PCR was performed to quantify the degree of deletion
of the CTR in global CTRKOs at the mRNA level. After 60
cycles of real-time amplification, CTR mRNA levels were
undetectable in global CTRKOs, independent of sex (n �
3–7/group). CTR mRNA levels were detected in heterozy-
gous controls, and they did not differ between males
(�CT � 22.8 ± 1.0, n � 8) and females (�CT � 19.4 ± 0.6,
n � 4).

Despite these data showing that no CTR mRNA was
detectable after 60 cycles of Q-PCR, an observation that is
generally considered to indicate complete deletion of the
target gene, we wished to assign a value to the degree of
deletion in the global CTRKO mice. Therefore, relative
quantitative analyses were performed by amplifying 10 ng
of global CTRKOs cDNA in the presence of decreasing
amounts of control cDNA ranging from 10 to 0.01 ng, rep-
resenting 90–99.99% deletion. Deletion of exons 13 and 14
and the 3�UTR in global CTRKO mice was >90% in bone
and kidney compared with controls (data not shown). To
further define the degree of CTR deletion, a second relative
quantitative analysis was performed using control cDNA
concentrations from the kidney, ranging from 1 to 0.1 ng

and representing 90–99% deletion. These results indicate
that the amount of CTR deletion in the global CTRKO
mice was >94% compared with controls (data not shown).

Osteoclast function in global CTRKOs

To assess the effect of CTR deletion on osteoclast func-
tion, the effect of calcitonin on actin ring formation was
assessed in osteoclast-like cells derived from controls and
global CTRKOs. In osteoclast-like cells derived from the
bone marrow of controls, 30 min of treatment with 0.01 nM
sCT resulted in complete disassembly of the actin ring
(Figs. 2A and 2B). In contrast, sCT treatment of osteoclast-
like cells derived from global CTRKOs had no effect on the
actin ring (Figs. 2C and 2D).

Bone phenotype of male and female CTRKOs

Body weight did not differ between male or female glob-
al CTRKOs compared with controls at any age group (data
not shown). Femur length was unaffected by global deletion
of the CTR in females at any age but was decreased by ∼4%
in global CTRKO males compared with controls at 6, 12,
and 24 wk of age (Table 1). Because the magnitude of this
decrease in femur length in global CTRKO males was
small, the size of the region for trabecular bone histomor-
phometry analyses was not modified.

Trabecular bone formation was increased by 20–40% in
the distal femur of male global CTRKOs compared with
controls at 12 and 24 wk of age as measured by mineralizing
surface (p < 0.05) and bone formation rate (p < 0.05),
whereas mineral apposition rate and osteoid surface were
unchanged (Table 2). Osteoclast surface was unaffected in
male global CTRKOs compared with controls (Table 2).
Despite this increase in bone formation in male global
CTRKOs, trabecular bone volume, number, and thickness
did not differ from controls in the distal femur (Table 1) or
vertebra (Table 3). Trabecular separation, however, was
increased in vertebra of male global CTRKOs at 24 wk of
age (p < 0.05; Table 3). Cortical thickness at the midfemoral
diaphysis was unaffected in male global CTRKOs at any
age (data not shown).

Modest changes in bone structure were observed in fe-
male global CTRKOs. Trabecular bone volume in the ver-
tebrae of female global CTRKOs was decreased by 6% at
6 wk of age (p < 0.05) compared with controls, and this was
caused by a reduction in trabecular number of 5% (p <
0.05), whereas trabecular separation was not affected
(Table 3). Female global CTRKOs, however, were able to
maintain this level of vertebral trabecular bone volume
throughout adulthood until 24 wk of age, whereas control
females, as expected, displayed age-related trabecular loss.
This resulted in female global CTRKOs having higher tra-
becular bone volume by 27% (p < 0.01) and connectivity
density by 100% compared with controls at 24 wk of age
(p < 0.05; Table 3). Despite the ability to maintain trabec-
ular number during aging, trabecular thickness was de-
creased at 12 and 24 wk of age compared with controls
(p < 0.05; Table 3). SMI was decreased in female global
CTRKOs in the vertebra at 24 wk of age compared with
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controls (p < 0.05; Table 3), indicating that the trabecular
structures were more rod-like than plate-like in female
global CTRKOs.

In contrast to the vertebra, femoral trabecular bone vol-
ume was unaffected by CTR deletion in females at any age
despite a decrease in trabecular thickness of 11% at 12 wk

FIG. 2. Phalloidin staining of actin rings in
osteoclast-like cells derived from the bone
marrow of (A) control, (B) control treated
for 30 min with 0.01 nM salmon calcitonin
(sCT), (C) global CTRKO, and (D) global
CTRKO treated for 30 min with 0.01 nM
sCT. Arrows indicate actin ring. Nuclei of
osteoclasts are counter-stained with DAPI.
Scale bar represents 50 �m.

TABLE 1. FEMORAL LENGTH AND STATIC BONE HISTOMORPHOMETRY OF THE DISTAL FEMORAL METAPHYSIS IN MALE AND FEMALE

CONTROL AND GLOBAL CTRKOS AT 6, 12, AND 24 WK OF AGE

6 wk
Male control

(n = 10)
Male global

CTRKO (n = 9)
Female control

(n = 10)
Female global CTRKO

(n = 22)

Femur length (mm) 14.2 ± 0.2 13.6 ± 0.2* 13.6 ± 0.2 13.5 ± 0.2
BV/TV (%) 23.3 ± 2.4 20.9 ± 2.5 14.9 ± 1.1 15.8 ± 0.5
TbTh (�m) 33.8 ± 1.9 35.3 ± 2.5 28.1 ± 1.0 29.3 ± 0.7
TbN (/mm) 6.8 ± 0.3 5.8 ± 0.5 5.3 ± 0.3 5.4 ± 0.2

12 wk
Male control

(n = 14)
Male global

CTRKO (n = 13)
Female control

(n = 16)
Female global CTRKO

(n = 17)

Femur length (mm) 16.0 ± 0.1 15.5 ± 0.1* 15.2 ± 0.1 15.0 ± 0.1
BV/TV (%) 18.1 ± 2.0 14.9 ± 1.1 8.1 ± 0.6 7.3 ± 0.4
TbTh (�m) 36.1 ± 2.4 31.9 ± 1.5 26.8 ± 0.9 24.0 ± 0.9*
TbN (/mm) 4.8 ± 0.3 4.6 ± 0.2 3.0 ± 0.2 3.0 ± 0.1

24 wk
Male control

(n = 14)
Male global

CTRKO (n = 15)
Female control

(n = 15)
Female global CTRKO

(n = 11)

Femur length (mm) 16.3 ± 0.1 15.8 ± 0.1† 16.0 ± 0.1 16.1 ± 0.2
BV/TV (%) 10.2 ± 0.9 11.4 ± 1.2 3.6 ± 0.5 4.6 ± 0.6
TbTh (�m) 32.9 ± 1.7 32.5 ± 2.3 22.5 ± 1.5 23.1 ± 0.8
TbN (/mm) 3.0 ± 0.1 3.4 ± 0.2 1.5 ± 0.1 1.9 ± 0.2

Histomorphometric variables include trabecular bone volume/tissue volume (BV/TV), trabecular thickness (TbTh), and trabecular number (TbN).
Values are mean ± SE.

* p < 0.05 vs. control within sex and age group.
† p < 0.005 vs. control within sex and age group.
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of age compared with controls (p < 0.05; Table 1). Miner-
alizing surface in the distal femoral metaphysis was de-
creased by 18% in female global CTRKOs at 6 wk of age

(p < 0.01); however, no further changes were observed in
the dynamic histomorphometric variables analyzed in the
distal femur at any age (Table 2).

TABLE 3. �CT ANALYSES OF L5 IN MALE AND FEMALE CONTROL AND GLOBAL CTRKOS AT 6, 12, AND 24 WK OF AGE

6 wk
Male control

(n = 9)
Male global

CTRKO (n = 8)
Female control

(n = 12)
Female global

CTRKO (n = 14)

BV/TV (%) 28.8 ± 0.6 27.2 ± 0.9 26.0 ± 0.3 24.6 ± 0.4*
TbTh (�m) 53.2 ± 0.8 52.2 ± 0.8 49.0 ± 0.6 49.3 ± 0.6
TbN (/mm) 5.9 ± 0.1 5.5 ± 0.1 5.6 ± 0.1 5.3 ± 0.06*
TbSp (�m) 160.4 ± 3.5 169.3 ± 5.0 169.5 ± 4.8 179.7 ± 2.2
Conn Dens (mm−3) 281.5 ± 9.2 257.2 ± 11.6 288.9 ± 11.1 262.4 ± 8.2
SMI 0.88 ± 0.07 0.95 ± 0.08 0.94 ± 0.04 1.07 ± 0.05

12 wk
Male control

(n = 10)
Male global CTRKO

(n = 10)
Female control

(n = 10)
Female global

CTRKO (n = 10)

BV/TV (%) 31.1 ± 1.1 30.2 ± 0.7 26.6 ± 0.9 25.9 ± 0.8
TbTh (�m) 57.3 ± 0.9 57.3 ± 1.2 55.9 ± 0.4 54.3 ± 0.5*
TbN (/mm) 5.7 ± 0.1 5.4 ± 0.1 4.7 ± 0.2 4.4 ± 0.1
TbSp (�m) 165.5 ± 4.9 176.5 ± 4.0 209.8 ± 7.6 222.6 ± 6.0
Conn Dens (mm−3) 219.5 ± 13.2 220.2 ± 10.7 176.1 ± 8.8 191.1 ± 6.5
SMI 0.40 ± 0.10 0.41 ± 0.10 0.62 ± 0.08 0.57 ± 0.09

24 wk
Male control

(n = 9)
Male global CTRKO

(n = 10)
Female control

(n = 9)
Female global

CTRKO (n = 8)

BV/TV (%) 27.8 ± 0.8 26.9 ± 0.6 18.7 ± 1.3 23.7 ± 2.0†

TbTh (�m) 55.8 ± 1.3 57.0 ± 0.9 58.8 ± 0.5 56.5 ± 0.6*
TbN (/mm) 5.1 ± 0.1 4.8 ± 0.1 3.3 ± 0.1 3.9 ± 0.3
TbSp (�m) 182.0 ± 2.2 196.2 ± 5.3* 309.8 ± 13.6 270.5 ± 19.2
Conn Dens (mm−3) 176.7 ± 5.2 180.0 ± 6.1 82.1 ± 11.7 173.6 ± 37.8*
SMI 0.64 ± 0.07 0.76 ± 0.07 1.27 ± 0.16 0.63 ± 0.17*

�CT analyses include trabecular bone volume/tissue volume (BV/TV), trabecular thickness (TbTh), trabecular number (TbN), trabecular separation
(TbSp), connectivity density (Conn Dens), and structural model index (SMI). Values are mean ± SE.

* p < 0.05 vs. control within age group.
† p < 0.01 vs. control within age group.

TABLE 2. DYNAMIC HISTOMORPHOMETRIC ANALYSES OF THE DISTAL FEMORAL METAPHYSIS IN MALE AND FEMALE CONTROL AND

GLOBAL CTRKOS AT 6, 12, AND 24 WK OF AGE

Male
control

Male global
CTRKO

Female
control

Female global
CTRKO

6 wk
MS (%) 25.2 ± 2.3 (8) 30.3 ± 2.3 (8) 28.2 ± 1.0 (9) 23.3 ± 1.3* (8)
MAR (�m/d) 1.6 ± 0.2 (8) 2.1 ± 0.3 (8) 1.5 ± 0.1 (9) 1.7 ± 0.3 (8)
BFR (�m2/�m/d) 0.42 ± 0.09 (8) 0.68 ± 0.14 (8) 0.43 ± 0.03 (9) 0.39 ± 0.07 (8)
Osteoclast surface (%BS) 15.6 ± 2.4 (10) 18.2 ± 1.7 (9) 18.0 ± 1.7 (10) 17.2 ± 1.6 (14)
Osteoid surface (%BS) 23.2 ± 1.8 (10) 24.4 ± 2.6 (9) 25.9 ± 1.9 (10) 29.1 ± 2.2 (14)

12 wk
MS (%) 33.2 ± 2.3 (11) 40.0 ± 1.6 (12)† 35.6 ± 2.6 (10) 35.2 ± 3.1 (10)
MAR (�m/d) 1.3 ± 0.1 (11) 1.4 ± 0.1 (12) 1.9 ± 0.1 (10) 2.0 ± 0.1 (10)
BFR (�m2/�m/d) 0.42 ± 0.03 (11) 0.55 ± 0.05 (12)† 0.66 ± 0.05 (10) 0.69 ± 0.06 (10)
Osteoclast surface (%BS) 4.5 ± 0.8 (12) 3.6 ± 0.9 (12) 5.8 ± 1.1 (12) 5.4 ± 1.1 (12)
Osteoid surface (%BS) 21.4 ± 2.3 (12) 27.8 ± 2.6 (12) 39.1 ± 4.1 (12) 38.9 ± 2.9 (12)

24 wk
MS (%) 35.0 ± 1.7 (11) 42.8 ± 2.1 (7)† 43.2 ± 3.0 (9) 41.7 ± 2.0 (10)
MAR (�m/d) 1.1 ± 0.1 (11) 1.3 ± 0.1 (6) 1.4 ± 0.1 (9) 1.6 ± 0.1 (10)
BFR (�m2/�m/d) 0.38 ± 0.03 (11) 0.53 ± 0.04 (6)† 0.64 ± 0.04 (9) 0.67 ± 0.04 (10)
Osteoclast surface (%BS) 4.9 ± 1.3 (10) 4.6 ± 1.3 (10) 6.1 ± 2.0 (10) 4.6 ± 1.4 (10)
Osteoid surface (%BS) 23.0 ± 2.4 (10) 29.7 ± 3.8 (10) 43.6 ± 4.9 (10) 44.6 ± 4.4 (10)

Dynamic histomorphometric variables include mineralizing surface (MS), mineral apposition rate (MAR), bone formation rate (BFR), osteoclast
surface/bone surface (BS), and osteoid surface/BS. Values are mean ± SE. Number per group shown in parentheses.

* p < 0.01 vs. control within age group.
† p < 0.05 vs. control within age group.
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Increased serum calcitonin with no change in serum
calcium in adult global CTRKOs

Serum calcitonin was strikingly increased in male and
female global CTRKOs at each time studied except at 6 wk
of age in the male global CTRKOs. For example, from
basal levels <5 pg/ml, levels were increased to 40 and 34
pg/ml in male and female global CTRKOs, respectively, at
12 wk of age (p < 0.05) and to 20 pg/ml in females at 24 wk
of age (p < 0.005; Figs. 3E and 3F). Total serum calcium,
total protein, calculated ultrafiltrable calcium, intact PTH,

and X-laps were unaffected by global deletion of the CTR
in males and females at all ages on a normal calcium diet
(Figs. 3A–3D, 3G, and 3H, and data not shown).

Induced hypercalcemia in global CTRKOs

Baseline serum calcium levels did not differ between
male and female global CTRKOs and controls fed a low
Ca2+ diet for 2 wk (Fig. 4). Calcitriol treatment successfully
induced hypercalcemia in male and female control and
global CTRKOs, with the peak in serum calcium levels oc-

FIG. 3. Serum biochemistry in control
(white bars) and global CTRKOs (patterned
bars): total serum calcium in (A) males and
(B) females; intact PTH in (C) males and (D)
females; calcitonin in (E) males and (F) fe-
males; and X-laps in (G) males and (H) fe-
males. Values are mean ± SE; numbers in
each group are shown in parentheses. *p <
0.05, #p < 0.005 vs. control at the same time
point.
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curring ∼50 h after the first treatment with calcitriol (p <
0.0001; Fig. 4). Peak serum calcium levels after calcitriol-
induced hypercalcemia were substantially higher in male
and female global CTRKOs by 44% (1.5 mM; p < 0.0001)
and 21% (0.7 mM; p < 0.05), respectively, compared with
controls (Fig. 4). Serum total protein was unaffected in
male and female global CTRKOs and controls at any time
point after calcitriol treatment (data not shown). The small
volumes of serum did not allow for measurement of total
protein in all mice; therefore, ultrafiltrable calcium levels
were not calculated.

DISCUSSION

It is well established that calcitonin is a potent inhibitor
of osteoclastic bone resorption(28) and, whereas it is effec-
tive in treating hypercalcemia of malignancy, a physiologi-
cal role for calcitonin acting through the CTR has not been

identified. This study provides strong evidence for a physi-
ological role of the CTR in protecting against induced hy-
percalcemia. Whereas global deletion of the CTR had mini-
mal effects on basal calcium homeostasis, these mice
showed a significantly elevated hypercalcemic response to
acute calcitriol treatment compared with controls.

Previous attempts to determine the physiological role of
calcitonin in bone have been made through the use of ge-
netically modified mouse models. Studies in CT/CGRP KO
and haploinsufficient CTR mice have uncovered an unex-
pected role for calcitonin and the CTR in bone forma-
tion.(7,8) To further elucidate the physiological role of the
CTR, we generated a global CTRKO mouse line. Using
the Cre-loxP system to generate the global CTRKOs has
overcome a number of limitations experienced by the
earlier CT/CGRP KO and haploinsufficient CTR mouse
models. In our global CTRKOs, the CTR was deleted by
>94%, abolishing the inhibitory action of calcitonin in os-
teoclasts. Osteoclasts derived from the bone marrow of
global CTRKOs did not respond to calcitonin in vitro.
However, unlike the CTR-deficient (CTR−/−) mice,(8) these
mice were viable and survive throughout adulthood.

The results from this study clearly show that the seventh
transmembrane domain and C terminus of the CTR are
essential for normal CTR function. Deletion of these do-
mains of the CTR by >94% in the global CTRKOs inhib-
ited the response of osteoclasts to calcitonin treatment in
vitro as shown by the disassembly of the actin ring, consis-
tent with previous observations of decreased internalization
and activation of second messengers in vitro by CTR mu-
tants lacking either the seventh transmembrane domain or
seventh transmembrane domain and C terminus.(29,30) Fur-
ther supportive evidence for these domains in CTR func-
tion is provided by the failure to generate viable TRACP-
CTRKO mice. Presumably, it is the high expression of the
TRACP promoter driving Cre-mediated recombination of
the CTR in the placenta,(31) rather than the Cre-mediated
deletion of the CTR in osteoclasts, that results in the em-
bryonic lethality in this model.

The mild bone phenotype of the male and female global
CTRKO mice indicates a modest physiological role for the
CTR in regulating bone turnover in basal states. Consistent
with our previous findings in male haploinsufficient CTR
mice,(8) global deletion of the CTR in adult males resulted
in increased trabecular bone formation rates, whereas
markers of bone resorption, osteoclast surface and serum
X-laps, remained unaffected, supporting the hypothesis
that the CTR regulates bone formation. This has been pro-
posed to occur through a putative coupling between osteo-
clasts and osteoblasts, with calcitonin modulating the ex-
pression of a factor produced by osteoclasts, but may also
be mediated by calcitonin acting through the CTR in other
tissues. These data, however, do not rule out the possibility
that there may also be a mild increase in osteoclast activity
and/or an increase in osteoclast survival in the absence of
the CTR in global CTRKOs, which is not reflected by mea-
surable increases in the histomorphometric marker, osteo-
clast surface, or in the circulating bone resorption marker,
X-laps. The observation that trabecular separation was in-
creased in the vertebra of male CTRKOs at 24 wk of age by

FIG. 4. Effect of global CTR deletion on total serum calcium
after calcitriol-induced hypercalcemia in (A) males and (B) fe-
males. Values are mean ± SE. Solid lines, controls; dashed lines,
global CTRKOs. *p < 0.05, #p < 0.001 vs. control at the same time
point.
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7% does, however, support a mild increase in bone resorp-
tion in the male CTRKOs. In contrast to the haploinsuffi-
cient CTR mice, the magnitude of bone formation observed
in the global CTRKOs in this study did not result in an
increase in trabecular bone volume, which is consistent with
an increase in overall bone turnover with no net loss of
trabecular bone. The differences in the magnitude of el-
evated bone formation in the absence of the CTR in the
global CTRKOs and haploinsufficient CTR mouse models
may be attributed to the differences in genetic back-
ground.(17,32) The haploinsufficient CTR mice were of
mixed C57BL/6:SV129J background (∼87.5% C57BL/6,
12.5% SV129/J) and were maintained by cross-mating mice
heterozygous for the deleted CTR (D Galson, personal
communication), whereas our global CTRKOs were on a
homogeneous C57BL/6 background. Further supportive
evidence for strain differences and lack of discernible phe-
notype is the loss of increased bone formation phenotype in
the CT/CGRP KOs(7) when backcrossed to a homogenous
C57BL/6 background.(10)

In contrast to males, deletion of the CTR in females re-
sulted in a 6% loss of trabecular bone in the vertebra at 6
wk of age compared with controls. This was as a result of
decreased trabecular number, suggesting increased bone re-
sorption, whereas no differences were observed in the fe-
mur. The failure to detect any accompanying differences in
the serum or histomorphometric markers of bone resorp-
tion in female global CTRKO mice is perhaps not surpris-
ing given the small magnitude of bone loss observed in
these mice. Of interest, however, was the ability of the fe-
male global CTRKOs to maintain this reduced level of ver-
tebral trabecular bone volume throughout aging by pre-
serving trabecular number despite the age-related thinning
of trabeculae, whereas the control mice, as expected, dis-
played age-related trabecular loss. This resulted in female
global CTRKO mice having increased vertebral trabecular
bone volume compared with controls at 24 wk of age and
suggests a mechanism in females to inhibit bone resorption
in the absence of the CTR.

The synthesis of calcitonin is controlled primarily by se-
rum ionized calcium levels.(33) Despite total serum calcium,
total protein, calculated ultrafiltrable calcium, and PTH lev-
els all being unaltered in adult female and male global
CTRKOs, serum calcitonin levels were highly elevated. The
increased serum calcitonin levels in the absence of the CTR
provides evidence for a possible role of the CTR in feed-
back regulation of calcitonin synthesis. Alternatively, this
may be attributed to transient or immeasurable increases in
serum ionized calcium levels in the absence of calcitonin
action through the CTR, which lead to increased calcitonin
secretion. Serum calcitonin levels have not been reported
for the CT/CGRP mice, and serum total and ionized cal-
cium and PTH are unaltered,(7) whereas these parameters
have not been reported in the haploinsufficient CTR
mice.(8)

Evidence provided by the phenotype of the global
CTRKOs indicates that the CTR receptor plays a modest
physiological role in the regulation of bone turnover and
calcium homeostasis in the basal state in mice up to 6 mo of
age. Therefore, to test the hypothesis that calcitonin acting

through the CTR plays an important role in protecting the
skeleton in times of calcium stress such as hypercalcemia,
pregnancy, lactation, and in states of high bone turnover,
we induced hypercalcemia in our global CTRKO mice. Cal-
citriol treatment of mice fed a low calcium diet for 2 wk
induced hypercalcemia in male and female controls and
global CTRKOs. The peak in serum total calcium after
induced hypercalcemia, however, was greater by 44% and
21% in male and female global CTRKOs, respectively,
compared with controls, showing for the first time a physi-
ological role for the CTR in regulating calcium homeostasis
in states of calcium stress, such as hypercalcemia. These
data are also consistent with the observation >20 years ago
in thyroidectomized patients that the decrease in serum cal-
cium levels in response to short-term intravenous calcium
infusion was delayed compared with patients with an intact
thyroid, showing the role of calcitonin in the short-term
control of bone resorption.(12,34)

The mechanism of the CTR in protecting against induced
hypercalcemia is most likely to be mediated through its
acute inhibition of bone resorption. However, the loss of
calcitonin’s action through the CTR in the kidney to in-
crease calcium excretion(35) may also have contributed to
the increased magnitude of hypercalcemia observed in the
global CTRKOs compared with controls after calcitriol
treatment. It is also possible that the response to exogenous
calcitriol may be altered in global CTRKOs, thereby con-
tributing to the increased magnitude of hypercalcemia ob-
served in these mice. Because the basal mRNA levels of the
genes involved in osteoclastogenesis (i.e., RANK, RANKL,
and OPG) were unchanged in the global CTRKOs, we be-
lieve that any alteration in response to calcitriol in these
mice is unlikely to be mediated through calcitriol’s actions
to upregulate RANKL.(36) However, further study is re-
quired to determine whether the response to calcitriol treat-
ment is altered in global CTRKOs by measuring the ex-
pression of these and other calcitriol responsive genes after
treatment with calcitriol.

The greater extent of induced hypercalcemia in global
CTRKOs compared with controls after calcitriol treatment
could potentially be caused by the actions of the other cal-
citonin-related peptides, such as amylin, which can also
bind to the CTR in the presence of RAMPs 1, 2, or 3.(37)

However, it is most likely that the regulation of calcium
homeostasis under stress conditions is regulated by the ac-
tion of calcitonin caused by its high affinity for the CTR,(38)

and our findings in amylin KO and haploinsufficient CTR
mice suggest that the CTR is not the main receptor through
which amylin affects osteoclastogenesis.(8) In support of
this is the observation that at comparable levels of PTH-
induced hypercalcemia, thyroparathyroidectomized rats
have low levels of serum calcitonin and trabecular bone
loss, whereas parathyroidectomized rats have significantly
higher serum levels of calcitonin with no trabecular bone
loss, suggesting that endogenous calcitonin protects against
the bone loss associated with PTH induced-hypercalce-
mia.(16)

Other studies have also supported a physiological role for
calcitonin acting through the CTR in protecting in times of
calcium stress, such as pregnancy and lactation. Mice lose
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20–25% of their BMD during lactation(39); however, Wood-
row et al.(40) showed that this loss of BMC during lactation
was doubled at the spine in CT/CGRP KO mice compared
with littermate controls. Daily treatment with salmon cal-
citonin, but not CGRP, normalized the bone loss in CT/
CGRP KO mice during lactation, suggesting that one of the
important physiological roles of calcitonin is to protect the
maternal skeleton against excessive resorption and fragility
during lactation.(40) Our data are consistent with these ac-
tions being mediated through the CTR.

In conclusion, the data presented here provide strong
evidence for a biological role of the CTR in protecting
against induced hypercalcemia in mice. Furthermore, we
showed that the CTR plays a modest physiological role in
the regulation of bone and calcium homeostasis in the basal
state.
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