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The transfer of calcium from mother to milk during lactation is poorly understood. In this report, we demonstrate that
parathyroid hormone–related protein (PTHrP) production and calcium transport in mammary epithelial cells are regulated
by extracellular calcium acting through the calcium-sensing receptor (CaR). The CaR becomes expressed on mammary
epithelial cells at the transition from pregnancy to lactation. Increasing concentrations of calcium, neomycin, and a
calcimimetic compound suppress PTHrP secretion by mammary epithelial cells in vitro, whereas in vivo, systemic
hypocalcemia increases PTHrP production, an effect that can be prevented by treatment with a calcimimetic.
Hypocalcemia also reduces overall milk production and calcium content, while increasing milk osmolality and protein
concentrations. The changes in milk calcium content, milk osmolality, and milk protein concentration were mitigated by
calcimimetic infusions. Finally, in a three-dimensional culture system that recapitulates the lactating alveolus, activation of
the basolateral CaR increases transcellular calcium transport independent of its effect on PTHrP. We conclude that the
lactating mammary gland can sense calcium and adjusts its secretion of calcium, PTHrP, and perhaps water in response
to changes in extracellular calcium concentration. We believe this defines a homeostatic system that helps to match milk
production to the availability of calcium.

Article Endocrinology

Find the latest version:

https://jci.me/18776/pdf

http://www.jci.org
http://www.jci.org/113/4?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/JCI18776
http://www.jci.org/tags/73?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
http://www.jci.org/tags/20?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/18776/pdf
https://jci.me/18776/pdf?utm_content=qrcode


598 The Journal of Clinical Investigation | February 2004 | Volume 113 | Number 4

Introduction
The extracellular calcium-sensing receptor (CaR) was
first cloned from the bovine parathyroid gland in
1993 (1). It is a G protein–coupled cell-surface recep-
tor that binds calcium ions and allows cells to react to
changes in the extracellular concentration of calcium
(2–4). It is a member of the subgroup of the G pro-
tein–coupled receptor gene superfamily that also
includes odorant, taste, and pheromone sensors (2).
The CaR and other members of this subgroup appear
to be descendants of nutrient or periplasmic binding
proteins in bacteria (2, 5, 6).

In the parathyroids, the CaR regulates the secretion
of parathyroid hormone (PTH) in response to changes
in extracellular calcium (2–4). In addition, the CaR is
prominently expressed in the kidney where it regulates
the handling of calcium in the renal tubules (2, 7). The
CaR also may participate in the regulation of bone
turnover, renal production of 1,25-dihydroxyvitamin
D, and gastrointestinal calcium absorption (2–4). By
conferring the ability to sense calcium to these organs,
the CaR is pivotal in orchestrating the body’s integrat-
ed calcium homeostasis.

The CaR has also been found in a wide variety of
organs not involved in systemic calcium homeostasis
(2–4). At these sites, the CaR has been implicated in the
regulation of a number of cellular processes, such as
ion and water transport, proliferation, differentiation,
and apoptosis. One of the functions of the CaR at sev-
eral of these nonparathyroid sites appears to be the reg-
ulation of the production of parathyroid hormone–
related protein (PTHrP). PTHrP is a cytokine that was
discovered as the cause of the clinical syndrome of
humoral hypercalcemia of malignancy (8, 9). The PTH
and PTHrP genes are related and were both derived
from the duplication of a common ancestral gene (8).
In contrast to PTH, which acts as a classic peptide hor-
mone, PTHrP normally acts as a local paracrine or
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autocrine modulator of cellular function. However,
both peptides bind to and activate the common type 1
PTH/PTHrP receptor (8). Therefore, if PTHrP does
enter the circulation it can alter systemic calcium
metabolism by mimicking the actions of PTH.

During lactation, the breast coordinates large fluxes
of calcium from the maternal circulation into the milk
(10, 11). The maternal adaptations to this demand for
calcium are met at least in part by the mobilization of
skeletal calcium stores through accelerated bone
resorption (12). The lactating breast is also a promi-
nent source of PTHrP (13, 14). Large quantities of
PTHrP are secreted into milk. In addition, lactation
appears to be the only time at which PTHrP normally
enters the systemic circulation. It is secreted from the
lactating breast and contributes to an increase in the
rate of bone resorption (15, 16). The loss of bone min-
eral during lactation presumably helps to maintain a
steady supply of calcium to the breast for the purposes
of milk production. However, the mechanisms, if any,
by which skeletal calcium mobilization and milk pro-
duction are coordinated remain unclear. Furthermore,
little is known of the molecular mechanisms used by
mammary epithelial cells to regulate the transepithe-
lial flux of calcium into milk.

Recently it has been shown that the CaR is expressed
in the epithelial ducts of the normal human breast (17).
Furthermore, it has been reported that the CaR can reg-
ulate the production of PTHrP by breast cancer cell
lines in tissue culture (18). In this study, we examined
the physiologic role of the CaR in the mammary glands
of mice. We report that the mammary gland becomes a
calcium-sensing organ during lactation and that it uses
the CaR to adjust its production of PTHrP and its
transport of calcium into milk.

Methods
RNase protection analysis. Total RNA was isolated using
TRIzol (Invitrogen Corp., Carlsbad, California, USA).
A 318-bp CaR cDNA, representing nucleotides
227–545 of the mouse CaR mRNA sequence (GenBank
accession number AF128842), was amplified from 1 µg
of mouse kidney RNA by RT-PCR using SuperScript
One-Step (Invitrogen Corp.). The primers 5′-ATG-
GTTTGGCTACTGTTTGG-3′ and 5′-GGATCCTAATAC-
GACTCACTATAG GGAGGCAGAGCCTTGGAGACGGTGT-
3′ were designed to add a T7 promoter sequence
(underlined) downstream of the CaR cDNA in order to
allow for in vitro transcription of an antisense RNA
probe. The PTHrP probe template was a 349-bp AvrII-
PvuII genomic fragment of the mouse PTHrP gene,
while a 220-bp Sau3a-Sau3a fragment of the mouse
cyclophilin gene was used as a loading control (19). Anti-
sense riboprobes were synthesized by in vitro tran-
scription (Riboprobe System; Promega Corp., Madison,
Wisconsin, USA) in the presence of α-[32P]UTP
(PerkinElmer Inc., Boston, Massachusetts, USA).
RNase protection was carried out on total cellular RNA
prepared from mammary glands using the RPA III kit

(Ambion Inc., Austin, Texas, USA). Mouse kidney RNA
was used as a positive control for CaR expression. Yeast
RNA served as a negative control. Autoradiographs
were scanned using Kodak Image Station 440 (East-
man Kodak Scientific Imaging Systems, Rochester,
New York, USA), and band intensities were determined
with Kodak 1D image analysis software (Eastman
Kodak Scientific Imaging Systems).

Microarray analysis. FVB mice were obtained from
Taconic Farms (Germantown, New York, USA). Preg-
nancies were timed from the appearance of a vaginal
plug (day 1); lactation day 1 was identified as the first
day after parturition occurred. Bilateral fourth mam-
mary glands were removed and the embedded lymph
nodes were excised prior to tissue processing. Collect-
ed tissue samples were stored in RNAlater stabiliza-
tion buffer (QIAGEN Inc., Valencia, California, USA)
according to the manufacturer’s instructions. Total
RNA was isolated from each tissue sample and purified
following the QIAGEN RNA extraction/cleanup pro-
tocol. Purity, concentration, and integrity of total RNA
from each sample were verified using a spectropho-
tometer and the RNA 6000 Nano Assay (Agilent Tech-
nologies, Palo Alto, California, USA). Nondegraded
and sufficiently concentrated RNA was amplified,
labeled with biotin (Enzo Biochem Inc., Farmingdale,
New York, USA), and fragmented following the 2002
protocol for eukaryotic target preparation from
Affymetrix Inc. (Santa Clara, California, USA). The
labeled and fragmented cRNA products of the Affy-
metrix protocol were also verified for sample integrity
and concentration using the RNA 6000 Nano Assay.
Acceptable samples were hybridized to Affymetrix
Mu74Av2 microarray chips. Raw data were gathered
from scanned array chips using Affymetrix Microarray
Suite (MAS) version 5.0. A global scaling strategy in
MAS 5.0 was adopted to properly compare probe set
intensity data across all scanned chips: the output from
every chip array was scaled so that the trimmed mean
signal (the mean of all signals, less the top and bottom
2% of intensity data) was centered on the same target
intensity value. Compiled data were analyzed using
GeneSpring microarray analysis software (Silicon
Genetics, San Francisco, California, USA).

Immunofluorescence. Formalin-fixed, paraffin-em-
bedded mammary tissue from CD1 mice (Charles
River Laboratories, Wilmington, Massachusetts, USA)
was stained with the polyclonal anti-CaR antibody
4637 (20) or rabbit IgG (Vector Laboratories Inc.,
Burlingame, California, USA) at 10 µg/ml. Prior to
staining, antigen retrieval was performed by trypsin
treatment (21). Mammospheres (see below) were also
stained by the protocol of Debnath et al. (22). The
secondary antibody was Alexa 594–conjugated goat
anti-rabbit IgG (Molecular Probes Inc., Eugene, Ore-
gon, USA) used at 1:800. Immunofluorescent images
were produced using a Zeiss LSM 510 confocal
microscope (Carl Zeiss MicroImaging Inc., Thorn-
wood, New York, USA).
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PTHrP production in vitro. Primary cultures of mam-
mary epithelial cells were prepared from pregnant CD1
mice (day 11–14) as previously described (19). Cells were
grown to confluence over 7 days in DMEM/F12 (Invit-
rogen Corp.) with 5% FBS (Atlanta Biologicals Inc.,
Atlanta, Georgia, USA), and the following lactogenic
hormone mixture: 5 µg/ml insulin, 1 µg/ml hydrocor-
tisone, and 3 µg/ml prolactin (Cambrex Corp., Walk-
ersville, Maryland, USA). Cells were then incubated for
6 hours in DMEM (Invitrogen Corp.) supplemented
with 0.2% BSA and 0.5 mM CaCl2 with or without: (a)
additional CaCl2 at 2.5 mM or 5 mM, (b) the polyca-
tionic CaR agonist neomycin (300 µM), or (c) 1 mM
CaCl2 with either the calcimimetic NPS R-467 (2.5 µM)
or the less active control compound NPS S-467 (2.5 µM)
(courtesy of NPS Pharmaceuticals, Salt Lake City, Utah,
USA). PTHrP 1-86 was measured in conditioned medi-
um using a two-site immunoradiometric assay (Diag-
nostic Systems Laboratories Inc., Webster, Texas, USA).
PTHrP levels were corrected for the protein concentra-
tion in the conditioned media as determined by the
Bradford method (Bradford reagent; Bio-Rad Labora-
tories Inc., Hercules, California, USA).

Dietary calcium restriction. All experiments done were
approved by Yale University’s Institutional Animal Care
and Use Committee. Pregnant, age-matched CD1
female mice were purchased from Charles River Labo-
ratories and allowed to deliver at our animal facility. All
animals were 12–15 weeks old at the time of analysis.
On the first day postpartum, mice were switched from
the standard RMH3000 diet (Purina Mills Inc., Rich-
mond, Indiana, USA) to the low-calcium diet or the
control diet. Mice had access to food and tap water ad
libitum. Mice received either the Test Diet Low-calcium
Diet 5855 (0.01% calcium; PMI Nutrition Internation-
al, Richmond, Indiana, USA) or the Test Diet Basal Diet
5775 (PMI Nutrition International) containing 0.6%
calcium. At day 4 postpartum, some mice were im-
planted subcutaneously with Alzet miniature osmotic
pumps, model 2002 (Durect Corp., Cupertino, Cali-
fornia, USA), containing the calcimimetic NPS R-467
or its less active enantiomer, NPS S-467, at doses of 4
µmol/kg/d or 40 µmol/kg/d. The compounds were dis-
solved in DMSO and were diluted to the proper con-
centration with 45% 2-hydroxypropyl-β-cyclodextrin
(Sigma-Aldrich, St. Louis, Missouri, USA).

On day 12 postpartum, mice were injected intraperi-
toneally with 0.1 mIU of oxytocin (Sigma-Aldrich) and
manually milked. Blood was collected by cardiac punc-
ture into syringes containing 50 µl PTHrP protease
inhibitor cocktail (Nichols Institute Diagnostics, San
Juan Capistrano, California, USA). Blood was cen-
trifuged at 750 g for 10 minutes at 4°C, and plasma was
removed, aliquoted, and stored at –70°C. Urine was col-
lected prior to bleeding.

Measurements in vivo. Milk PTHrP levels were meas-
ured using a two-site immunoradiometric assay spe-
cific for PTHrP 1-86 (Diagnostic Systems Laboratories
Inc.). In order to stay within the range of this assay,

milk was diluted 1:1,000 into mouse plasma (Hilltop
Lab Animals, Scottsdale, Pennsylvania, USA). Plasma
PTHrP levels were measured using a radioimmunoas-
say specific for PTHrP 1-34 (23). PTH was measured in
plasma using a two-site immunoradiometric assay for
rat PTH (Immutopics International LLC, San
Clemente, California, USA). Plasma calcium and milk
calcium (milk was diluted 1:100 in distilled water)
were measured with an atomic absorptiometer (model
2380; PerkinElmer Inc.), and milk osmolality (milk
was diluted 1:10 in distilled water) was measured with
a Fiske Micro-Sample Osmometer, model 210 (Fiske
Associates, Norwood, Massachusetts, USA), by the
Clinical Chemistry Laboratory at Yale–New Haven
Hospital. Milk protein concentrations were measured
using the Bradford protein determination assay (Bio-
Rad Laboratories Inc.).

Calcium transport in vitro. To make mammospheres,
primary mouse mammary epithelial cells were plated
on Matrigel (Becton, Dickinson and Co., Franklin
Lakes, New Jersey, USA) and grown for 7 days in
DMEM/F12 with 5% FBS and lactogenic hormones.
To verify the integrity of the tight junctions in the
mammospheres, a modification of the procedure of
Chen et al. (24) was used. Briefly, the mammospheres
were incubated at room temperature for 30 minutes
with 2 mg/ml sulfosuccinimidyl-6-(biotinamido)hexa-
noate (NHS-LC-biotin; Pierce Chemical Co., Rockford,
Illinois, USA) in HBSS with either 1 mM CaCl2 and 1
mM MgCl2 or with 2.5 mM EGTA (to disrupt tight
junctions). One-tenth volume of 500 mM glycine, pH
7.4, was added and incubation was continued for 30
minutes at room temperature to neutralize excess
NHS-LC-biotin. The mammospheres were washed
four times with PBS and fixed for 30 minutes in 4%
paraformaldehyde (in PBS) at room temperature.
Frozen sections of these mammospheres were blocked
in 1% BSA for 1 hour at room temperature, and then
stained with 6.7 µg/ml FITC-avidin (Molecular Probes
Inc.) for 1 hour at room temperature. Cells were viewed
using a Zeiss LSM 510 confocal microscope (Carl Zeiss
MicroImaging Inc.).

To measure transepithelial transport of calcium into
the lumen of the mammospheres, 0.25 µCi of 45Ca was
added to each well of a 24-well plate in calcium-free
DMEM (Invitrogen Corp.) supplemented with (a) 1.0,
5.0, or 10.0 mM CaCl2 or (b) 1.0 mM CaCl2 plus NPS R-
467 or NPS S-467 (2.5 µM). After 16 hours at 37°C, the
mammospheres were washed with PBS and then
removed from the Matrigel using MatriSperse solution
(Becton, Dickinson and Co.). To release the lumen con-
tents, the mammospheres were incubated at 37°C for
15 minutes in 0.5 mM EGTA in PBS. The cells were
removed by centrifugation at 1,000 g for 5 minutes, and
45Ca was measured by liquid scintillation. To examine
the relationship between the regulation of PTHrP and
calcium transport by the CaR in mammary epithelial
cells, we performed these experiments in cells lacking
the PTHrP gene. We made mammospheres from day
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11–14 pregnant β-lactoglobulin–Cre/PTHrPlox/– (BLG-
Cre/PTHrPlox/–) mice (15) that had previously under-
gone at least one complete reproductive cycle (preg-
nancy, lactation, and involution). In these mice, the
BLG-Cre transgene is expressed specifically in mamma-
ry epithelial cells during lactation, resulting in deletion
of the PTHrP gene and the complete absence of PTHrP
expression in the mammary gland (15).

Results
CaR mRNA is expressed in the lactating mammary gland.
Normal mammary gland development proceeds
through a series of well-defined stages that ultimately
result in the milk-producing acinar structure present
during lactation (25). To begin investigating a poten-
tial physiologic function of the CaR in mammary tis-
sue, we examined the profile of CaR mRNA expression
in whole mammary glands harvested from normal
mice at various timepoints representative of the differ-
ent stages of mammary development. As can be seen in
Figure 1a, the CaR was expressed at low levels in the
mammary glands of virgin mice at all timepoints test-
ed. These include prepubertal glands at 3 weeks of age,
midpubertal glands at 5 weeks of age, and early adult
glands at 8 weeks of age. Expression of the receptor was
downregulated during pregnancy and was upregulated
to its highest levels of expression during lactation.
Expression was again downregulated to very low levels
in the involuting gland 2 days after withdrawal of the
pups. In order to confirm independently that CaR
expression was upregulated at the transition from preg-
nancy to lactation, we examined the profile of CaR
transcripts within an oligonucleotide-based gene array

database that profiles gene expression in the normal
mammary gland during the transition from pregnan-
cy to lactation. As shown in Figure 1b, levels of CaR
transcripts began to rise several days before parturition
and increased by approximately sixfold from midpreg-
nancy to midlactation. As a reference, we show GAPDH
expression, which was nearly constant in this tissue
over the time period examined. Other markers of
epithelial cell number, keratin 19 and claudin 7, did not
change significantly between P17 and L2 (data not
shown), suggesting that the changes in CaR expression
were unlikely to be due to alterations in the cellular
composition of the gland.

To define the cell type expressing the CaR and to
determine CaR’s subcellular distribution, we per-
formed immunofluorescent staining on tissue sections

Figure 1
CaR expression over the course of mammary gland development. (a)
RNase protection analysis of CaR mRNA levels during mouse mam-
mary gland development. Fifty micrograms of total RNA prepared
from mouse mammary glands harvested at the timepoints noted in
the figure was assayed. Five micrograms of mouse kidney RNA served
as a positive control. Fifty micrograms of yeast RNA served as a neg-
ative control. (b) Profile of CaR transcript representation in an
Affymetrix gene expression database. Each point represents the mean
of four separate RNA samples prepared from mammary glands har-
vested at the indicated times. Error bars represent the SEM. P7, P12,
and P17 represent days 7, 12, and 17 of pregnancy, respectively; L1,
L2, and L9 represent days 1, 2, and 9 of lactation, respectively; I2 rep-
resents the second day of involution after weaning. The profile for
GAPDH transcripts is provided for comparison.

Figure 2
Immunofluorescence staining for the CaR in mammary glands of lac-
tating mice (a and b) and in mammospheres (c and d). Staining was
done with 10 µg/ml anti-CaR antibody (a and c) or rabbit IgG (b and
d), and images were produced using a Zeiss LSM 510 confocal
microscope. Arrowheads in a indicate basolateral membrane stain-
ing. Scale bars: 20 µm.
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prepared from lactating glands. We also examined the
pattern of CaR expression in normal mammary epithe-
lial cells in three-dimensional culture. Mammary cells
cultured in a laminin-rich extracellular matrix and in
the presence of lactogenic hormones differentiate fully
and form hollow spheres (mammospheres) that reca-
pitulate the normal acinar structures of the lactating
gland (26). As shown in Figure 2a, the CaR was located

in the luminal epithelial cells of the lactating gland.
Staining for the CaR was seen at the basolateral surface
and in the cytoplasm. A similar pattern of staining was
seen in epithelial cells within the mammospheres (Fig-
ure 2c). No specific staining was seen in tissues or cells
when nonimmune IgG was substituted for the CaR
antibody (Figure 2, b and d).

CaR signaling regulates PTHrP production by mammary
epithelial cells in vitro. The increase in CaR expression
in lactating versus pregnant mammary glands is sim-

Figure 3
PTHrP concentrations in conditioned media harvested from cultures
of normal mammary epithelial cells exposed to the various concen-
trations of calcium noted on the graph. Cells were also exposed to
300 µM of neomycin and 2.5 µM of the calcimimetic NPS R467 or
its less active isomer NPS S467. Bars represent the mean of three
experiments; error bars represent the SEM. The differences between
0.5 mM and 2.5 mM or 5.0 mM CaCl2 were significant (P < 0.01 for
0.5 mM vs. 2.5 mM, P < 0.001 for 0.5 mM vs. 5.0 mM), but the dif-
ference between 2.5 and 5.0 mM was not. The differences between
0.5 mM CaCl2 and neomycin were significant (P < 0.001) as were the
differences between NPS S467 and NPS R467 (P < 0.01).

Figure 4
Plasma calcium, PTH, and PTHrP levels, milk PTHrP concentrations, and PTHrP mRNA expression levels in lactating mice fed a normal cal-
cium diet, a low calcium diet, or a low calcium diet and treated with either NPS S467 or NPS R467. (a) Plasma calcium concentrations in
mice fed either a normal-calcium diet (0.6%) or a low-calcium diet (0.01%). Mice on a low-calcium diet either received nothing (low Ca) or
were infused with NPS S467 at 40 µmol/kg/d or with NPS R467 at doses of 4 µmol/kg/d (low R467) or 40 µmol/kg/d (high R467). Calci-
um restriction led to a significant decline in plasma calcium (P < 0.001, normal Ca vs. low Ca). The higher dose of NPS R467 led to a fur-
ther significant decline in plasma calcium (P < 0.01, low Ca vs. low Ca plus high R467). (b) Plasma PTH in mice on normal or low-calcium
diets with or without calcimimetic treatment. (c) Milk PTHrP concentrations in the same groups described above. Milk PTHrP concentra-
tions were significantly different in groups given low Ca (P < 0.05) and low Ca plus S467 (P < 0.05) compared with the group on a normal
diet. However, milk PTHrP concentrations in the mice treated with NPS R467 were not significantly different from baseline. (d) PTHrP mRNA
levels in mammary glands of mice on a normal-calcium diet (NC), a low-calcium diet (LC), a low-calcium diet with NPS S467 treatment (40
µmol/kg/d), or a low-calcium diet with NPS R467 treatment (40 µmol/kg/d) assessed by RNase protection analysis. Forty micrograms of
total RNA was assayed. The bar graph represents cumulative data from four animals per treatment normalized to cyclophilin. (e) Circulat-
ing plasma PTHrP levels in mice fed a normal-calcium diet or a low-calcium diet.
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ilar to the pattern of PTHrP gene expression in the
mammary gland (14). In addition, a previous report
had demonstrated that calcium, acting through the
CaR, could increase PTHrP secretion from cultured
breast cancer cell lines (18). Thus, we next asked if the
extracellular calcium concentration affected the
secretion of PTHrP by normal mammary epithelial
cells in culture. Primary mammary epithelial cells
were grown on plastic dishes in media containing lac-
togenic hormones (insulin, hydrocortisone, and pro-
lactin) and 1.05 mM calcium. Under these condi-
tions, the cells expressed ample levels of CaR mRNA
(data not shown). After the cells reached confluence
(7 days in culture), the calcium content of the media
was changed to 0.5 mM, 2.5 mM, or 5 mM for 6
hours and PTHrP concentrations in the media were
measured. As shown in Figure 3, increasing concen-
trations of extracellular calcium led to a dose-
dependent inhibition of PTHrP secretion from these

cells. To determine whether the effect of calcium on
PTHrP secretion was mediated by the CaR, similar
experiments were carried out in the presence of
neomycin and the calcimimetic compound NPS
R467. NPS R467 is a small molecule, an allosteric
activator of the CaR that sensitizes the receptor to
lower concentrations of extracellular calcium. Anoth-
er compound, NPS S467 (the enantiomer of NPS
R467), with much reduced activity in this regard (27),
is essentially inactive at equivalent doses and serves
as a convenient control. As can be seen in Figure 3,
300 µM neomycin inhibited the secretion of PTHrP
by mammary epithelial cells, as did NPS R467. How-
ever, NPS S467 did not. In an identical fashion,
increasing levels of calcium, neomycin, and NPS

Figure 5
Pup weight, milk protein concentration, and milk osmolality measured in lactating dams receiving a normal calcium diet or in calcium-
restricted lactating mice treated with a calcimimetic or the control compound. (a) Average pup body weight on day 12 of lactation in
litters suckling on dams fed a normal-calcium diet or a low-calcium diet with or without calcimimetic treatment. Mice received 40
µmol/kg/d of NPS S467 or one of two doses of NPS R467, 4 µmol/kg/d (low) or 40 µmol/kg/d (high). Pups were significantly smaller
when mothers consumed a low-calcium diet. Calcimimetic treatment did not significantly increase pup weight. (b) Protein concentra-
tion of milk derived from the groups of mice described in a. Each bar represents the mean of three to nine samples; error bars represent
the SEM. Milk protein was significantly higher in samples from mice on a low-calcium diet compared with mice on a normal-calcium diet
(P < 0.001) or mice receiving NPS R467 (P < 0.01). However, the protein concentrations were not significantly different in milk from mice
receiving NPS R467 compared with milk from those on a normal diet. (c) Milk osmolality in samples from the same groups described in
a and b. Osmolality was significantly increased in milk from calcium-restricted mice (P < 0.001 vs. normal Ca) and mice receiving NPS
S467 (P < 0.01 vs. normal Ca). The low dose of NPS R467 did not significantly decrease milk osmolality, but the high dose did (P < 0.001
for low Ca vs. low Ca plus high R467). mOsm, milliosmoles.

Figure 6
Milk calcium content corrected for milk protein concentration in
samples from mice fed either a normal-calcium diet or a low-calci-
um diet and either treated with NPS S467 or NPS R467 at two dif-
ferent doses. Bars represent the means of three to nine samples; error
bars represent the SEM. Calcium restriction led to a significant
decrease in the calcium content of the milk (P < 0.001 for normal Ca
vs. low Ca). Treatment with the higher dose of NPS R467 significantly
increased the calcium content of the milk compared with a low-cal-
cium diet (P < 0.05); however it remained significantly lower than the
calcium content in mice fed a normal diet (P < 0.05).
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R467 also inhibited PTHrP secretion from an immor-
talized but nontransformed mammary epithelial cell
line, EpH4 cells (data not shown).

CaR signaling regulates PTHrP production by mammary
epithelial cells in vivo. We hypothesized that the ability of
the CaR to regulate PTHrP production by mammary
epithelial cells would confer on the intact mammary

gland the ability to sense systemic calcium and adjust
PTHrP production in lactating mice. It has been pre-
viously reported that a low-calcium diet produces sig-
nificant hypocalcemia in lactating rats (28). Therefore,
we used dietary calcium restriction to manipulate
serum calcium levels in lactating mice and measured
the resultant production of PTHrP by the mammary
glands. Mice were placed either on a low-calcium diet
(0.01%) or normal chow (0.6% Ca) on the day of deliv-
ery and were allowed to lactate for 12 days before being
sacrificed. As shown in Figure 4a, a low-calcium diet
led to a significant reduction in the average plasma cal-
cium from 9.7 mg/dl in controls to 7.5 mg/dl in mice
on a calcium-restricted diet. As expected, this resulted
in a significant increase in circulating PTH levels from
3.8 pM in the controls to 42.3 pM in the mice on a low-
calcium diet (Figure 4b). To measure PTHrP produc-
tion by the mammary gland, we assayed PTHrP con-
centrations in milk and PTHrP mRNA levels in the
mammary glands. As seen in Figure 4c, placing lactat-
ing mice on a low-calcium diet increased the concen-
tration of PTHrP in milk by 60 percent (22 nM in con-
trols vs. 35 nM in calcium restricted mice). Calcium
restriction also significantly increased the steady-state
level of PTHrP mRNA in the mammary gland as
assessed by RNase protection assay (Figure 4d). We
also examined the circulating concentration of PTHrP
in plasma from calcium-restricted or control mice
(Figure 4e). We and others have previously shown that
levels of PTHrP are increased in lactating versus virgin
mice (29). However, despite the dramatic increases in
PTHrP mRNA in the mammary gland and PTHrP con-
centrations in milk induced by calcium restriction,
there were no calcium intake–dependent changes in
circulating PTHrP levels as measured by a sensitive
amino-terminal–specific radioimmunoassay. Thus, as
predicted by our findings in cultured mammary epi-
thelial cells in vitro, the lactating mammary gland
responds to hypocalcemia by increasing PTHrP gene
expression and secreting more PTHrP into milk.

In order to determine whether the mammary effects
of systemic hypocalcemia on mammary glands were
mediated by the CaR, we next asked if they could be
mitigated by infusing the calcimimetic agent NPS
R467 into lactating mice on a low-calcium diet. Alzet
minipumps were implanted in mice on day 4 after par-
turition and were programmed to deliver either NPS
R467 or NPS S467 at doses of 4 µmol/kg or 40
µmol/kg per day. In preliminary experiments, treat-
ment with NPS R467 at doses of 3.65 and 14.5
µmol/kg/d induced significant suppression of PTH
levels (2.8 ± 0.5 pM and 2.5 ± 0.2 pM, respectively) com-
pared with vehicle treatment (9.7 ± 0.8 pM) in virgin
mice fed a low-calcium diet. As shown in Figure 4a,
infusion of NPS R467 during calcium restriction led to
a dose-dependent reduction in plasma calcium con-
centrations compared with that in mice receiving a low-
calcium diet alone or mice receiving NPS S467. Inter-
estingly, in contrast to what was observed in virgin

Figure 7
CaR-stimulated transcellular calcium transport in mouse mammary
epithelial cells cultured on Matrigel. (a) Fluorescent micrograph of a
section through a mammosphere incubated with NHS-LC-biotin and
stained with fluorescein-tagged avidin. As one can see, NHS-LC-biotin
added to the media is excluded from the lumen, documenting that there
is no paracellular leak through the tight junctions between epithelial
cells. Lu, lumen; am, apical membrane; bm, basolateral membrane. (b)
Same as in a, except that in addition to NHS-LC-biotin, 2.5 mM EGTA
was added to the media of the mammosphere cultures. In this instance,
the tight junctions became leaky and the NHS-LC-biotin labeled both
basolateral and apical membranes. (c) 45Ca accumulation within the
lumens of mammospheres made from WT mice (white bars) or from
BLG-Cre/PTHrPlox/– mice (black bars) cultured in 1, 5, or 10 mM CaCl2
or in 1 mM CaCl2 with 2.5 µM NPS S467 or NPS R467 added. Mam-
mary epithelial cells from the BLG-Cre/PTHrPlox/– mice did not secrete
PTHrP (not shown). As can be seen, extracellular calcium stimulates the
accumulation of 45Ca in the lumen of mammospheres in a dose-
dependent manner, regardless of the presence or absence of PTHrP.
Likewise, stimulation of CaR signaling with NPS R467 led to a signifi-
cant increase in the luminal accumulation of tracer compared with
treatment with NPS S467 in both types of cells (WT, P < 0.0001; BLG-
Cre/PTHrPlox–, P < 0.05). Each bar represents the mean of three experi-
ments; error bars represent the SEM.
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mice, calcimimetic infusion did not suppress PTH lev-
els during lactation (Figure 4b). However, stimulation
of CaR signaling by infusion of NPS R467 (but not
NPS S467) prevented the rise in milk PTHrP concen-
tration (Figure 4c) and mammary gland PTHrP mRNA
levels (Figure 4d) normally seen with calcium restric-
tion. Therefore, the CaR mediates the changes in
PTHrP gene expression and protein secretion that
occur in response to hypocalcemia during lactation.

CaR signaling regulates milk composition and calcium trans-
port into milk in vivo. Lactating mice fed a calcium-
restricted diet appeared to produce less milk that was
more viscous than that of their counterparts fed a nor-
mal diet. Because the CaR has been shown to regulate
water and bulk fluid transport in several epithelial cell
types (2), this observation prompted us to ask if the
CaR might affect these processes in mammary epithe-
lial cells during lactation. Milking mice is imprecise,
and milk production rates cannot be determined accu-
rately in this manner. One alternative that has tradi-
tionally been used as an index of milk production is the
growth rate of the pups being suckled (30). As seen in
Figure 5a, maternal calcium restriction led to a pro-
nounced reduction in the weight of the pups, suggest-
ing that milk production was lower in these dams.
Importantly, histological examination of the mamma-
ry glands from calcium-restricted mice did not show
any changes suggestive of milk stasis and there was no
epithelial apoptosis by TUNEL staining (data not
shown). Therefore, the reduction in milk secretion was
not the result of premature involution of the gland. We
next measured the total protein concentration and
osmolality of the milk (Figure 5, b and c). In addition
to a reduction in overall milk production, calcium
restriction led to significant increases in milk protein
content and osmolality (Figure 5, b and c). As before, in
order to determine whether these changes were medi-
ated by the CaR, we infused either NPS R467 or NPS
S467 into the mice fed a low-calcium diet. Figure 5b
and Figure 5c show that NPS R467 but not NPS S467
lowered milk protein and osmolality, demonstrating
that these effects are mediated by the CaR. Although
there appeared to be a slight improvement in the aver-
age weight of pups suckling dams infused with the
higher dose of NPS R467, these differences were not
statistically significant. The effects of CaR signaling on
milk protein concentration and osmolality (Figure 5)
suggest that the CaR may contribute to the regulation
of water transport into milk.

The CaR has a prominent role in regulating calcium
handling by the renal tubules and may play a similar
role in other epithelia (2, 7). Therefore, we asked
whether CaR signaling might regulate the secretion of
calcium into milk. The total calcium concentration of
the milk did not change with calcium restriction (data
not shown). However, much of the calcium in milk is
complexed to proteins (10, 11), and when we correct-
ed for the alterations in milk protein, there was a sig-
nificant decline in the amount of calcium/protein in

the milk derived from calcium-restricted dams (see
Figure 6). As before, infusion of NPS R467 but not the
control compound increased milk calcium content in
a dose-dependent manner. However, calcimimetic
treatment did not restore the calcium content of milk
completely to baseline.

CaR signaling regulates calcium transport across mammary
epithelial cells in vitro. Although our data in vivo sug-
gested that the CaR mediates the effects of calcium
restriction on milk calcium content, we wanted to
assess more directly whether the CaR could regulate
the directional transport of calcium across mammary
epithelial cells. As noted previously, mammary epithe-
lial cells form hollow spheres if cultured in a three-
dimensional basement membrane preparation in the
presence of lactogenic hormones (26). Cells within
these “mammospheres” fully differentiate, express
milk proteins, and secrete a milk-like substance into
the central lumen. We adapted this culture system to
allow us to measure 45Ca accumulation from the
media to the lumen of the mammospheres as an index
of transcellular calcium transport. In order to ensure
that 45Ca could not passively diffuse from the media
into the lumen of the mammospheres, we first assayed
the integrity of the mammosphere tight junctions
using the technique of Chen and colleagues (24).
Mammosphere cultures were treated with NHS-LC-
biotin, a cell-impermeant marker that covalently
crosslinks to membrane surfaces and that can freely
diffuse through open paracellular channels. Sections
through the mammospheres were then stained with
fluorescently-tagged avidin to detect the bound NHS-
LC-biotin. As seen in Figure 7a, in untreated cultures,
NHS-LC-biotin bound only to the basolateral cell sur-
faces, demonstrating that the tight junctions were
intact and that there was no paracellular leak of media
contents into the lumens of these structures. In con-
trast, in the presence of EGTA (Figure 7b), the tight
junctions became leaky and NHS-LC-biotin diffused
from the media into the lumen, labeling the apical
membranes of the cells.

We next examined the ability of mammospheres to
transport calcium into their lumens. Normal mam-
mary epithelial cells were allowed to form spheres in
culture, after which 45Ca was added to the media. After
16 hours of incubation, we found that 75% of the total
mammosphere 45Ca was contained within the luminal
contents (data not shown), demonstrating that the
mammary epithelial cells in these structures are able
to take up calcium from the media and transport it
into the mammosphere lumens. In order to examine
the effects of CaR signaling on this process, mam-
mospheres were incubated with 45Ca in basal media
and in the presence of varying concentrations of extra-
cellular calcium or with 1 mM CaCl2 plus NPS R467
or NPS S467 at a concentration of 2.5 µM. As shown,
increasing extracellular calcium concentrations caused
a dose-dependent increase in the accumulation of 45Ca
in the mammosphere lumens (Figure 7c, white bars).
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Likewise, treatment with the calcimimetic agent NPS
R-467 approximately doubled the amount of 45Ca in
the luminal contents of the mammospheres (Figure
7c), while treatment with NPS S467 had no effect.
These data demonstrate that activation of the CaR on
the basolateral surface of mammary epithelial cells can
stimulate the directional transport of calcium into the
lumen of mammospheres.

PTHrP has previously been shown to regulate the
transfer of calcium across the placenta from mother
to fetus. Because CaR signaling modulates both
PTHrP production by mammary cells and transcellu-
lar calcium transport into milk, we asked if PTHrP
might mediate the calcium-regulated changes in cal-
cium transport that we observed in the mammary
gland. In order to approach this question we made
mammospheres from PTHrP-deficient mammary
epithelial cells. We recently showed that by using the
Cre-lox recombinase system, we could efficiently
remove the PTHrP gene specifically from lactating
mammary epithelial cells (15). To accomplish this we
made use of the promoter for the BLG gene to express
Cre within mammary cells during lactation. We har-
vested mammary epithelial cells from BLG-Cre/
PTHrPlox/– mice and grew them as mammospheres.
These cells no longer expressed PTHrP mRNA and
secreted no PTHrP into the media of the cultures
(data not shown). However, mammospheres made
with these cells showed identical regulation of 45Ca
transport by the CaR compared with the WT cells
(Figure 7c, compare black bars with white bars).
Therefore, PTHrP is not necessary for calcium trans-
port into the lumen of mammospheres, and changes
in PTHrP secretion do not mediate the changes in cal-
cium transport in response to CaR signaling.

Discussion
Milk production is necessary for successful reproduc-
tion in mammals because milk provides all nutrients
essential for neonatal growth, including calcium (10,
11). The lactating mammary gland mediates the
transfer of large amounts of calcium from mother to
offspring (10–12). These calcium fluxes pose unique
challenges for systemic calcium metabolism in the
mother as well as for cellular calcium dynamics in
mammary epithelial cells. The maternal demands for
calcium delivery to the gland are met by a combina-
tion of dietary calcium absorption, renal calcium con-
servation, and the mobilization of skeletal calcium
reserves through increased rates of bone resorption
(12). Once calcium arrives at the mammary gland, it
must be transported up a steep concentration gradi-
ent into milk. Details of the regulation of this process
remain incomplete, but calcium transport is thought
to occur via a transcellular route involving the Golgi
apparatus and secretory vesicles of the mammary
epithelial cell (10, 11, 31, 32). It is not known how cal-
cium crosses the basolateral surface of mammary
cells, but once inside the cell it is rapidly transported

from the cytoplasm into the Golgi apparatus through
the actions of a calcium-ATPase. In the Golgi appara-
tus, most calcium becomes complexed with casein,
phosphate, and citrate (33–35), and is secreted into
milk in that form. The concentration of free calcium
in milk is about 3 mM, and this calcium also is
thought to enter via the Golgi apparatus, as the work
of Linzell and Peaker (36) suggested that there is no
direct apical transport of calcium into milk. Thus, cal-
cium enters milk through the secretory pathway.

Our data demonstrate that the CaR participates in
the control of milk secretion by regulating calcium
(and perhaps water transport into milk) and by con-
trolling mammary epithelial secretion of PTHrP. We
have found that the CaR is expressed on mammary
epithelial cells and that its expression varies with the
stage of mammary gland development, being down-
regulated during pregnancy and upregulated during
lactation. Stimulation of the calcium receptor in cul-
tured mammary epithelial cells inhibits the secretion
of PTHrP, and hypocalcemia secondary to dietary cal-
cium restriction upregulates PTHrP production in the
mammary gland in vivo. In addition, calcium restric-
tion decreases the calcium content of milk, increases
milk osmolality and protein concentration, and
decreases overall milk production. These effects of cal-
cium restriction are mediated by the mammary epithe-
lial calcium receptor, for infusion of calcimimetic com-
pounds prevents most of the changes noted above.
Finally, stimulation of the basolateral calcium receptor
directly increases transcellular calcium transport in
mammary epithelial cells in vitro, an effect that does
not depend on changes in PTHrP secretion. These data
demonstrate that the mammary gland becomes a cal-
cium-sensing organ during lactation and that it adjusts
its secretion of PTHrP and calcium in response to
changes in systemic calcium concentrations.

A number of groups have demonstrated that circu-
lating PTHrP levels are elevated during lactation (12,
16, 29, 37–39), and it has been suggested that PTHrP
might contribute to the mobilization of skeletal calci-
um reserves during this time. It has also been suggest-
ed that the PTHrP in milk may exert effects on the
neonatal gut and/or neonatal calcium metabolism (8,
12). We recently reported that targeted deletion of the
PTHrP gene from mammary epithelial cells leads to a
reduction in systemic PTHrP levels, reduced bone
turnover, and the preservation of bone mass in lactat-
ing mice (15). These data confirm that the lactating
breast does, in fact, secrete PTHrP into the systemic cir-
culation in order to influence systemic calcium and
bone metabolism (15). Therefore, it is of considerable
interest that the intact, lactating mammary gland
adjusts PTHrP production in response to the systemic
calcium concentration. This implies that PTHrP might
act as part of a feedback loop that coordinates mater-
nal and/or neonatal calcium metabolism with the
amount of calcium available for milk production.
However, despite the significant increases in PTHrP
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mRNA levels within the gland, we were not able to
detect increased PTHrP concentrations in the circula-
tion in the calcium-restricted mice. There are at least
two potential explanations for the failure to detect
increased systemic PTHrP levels. First, the systemic
hypocalcemia and secondary hyperparathyroidism that
resulted from dietary calcium restriction may have
somehow overridden mammary secretion of PTHrP.
Second, the levels of PTHrP in the circulation during
lactation are near the threshold of sensitivity of the
assays used, and therefore the assays may not be able to
detect small but biologically meaningful changes in cir-
culating levels of PTHrP. Another possibility is that the
regulation of PTHrP levels in milk in response to
changes in systemic calcium concentrations is meant
to coordinate maternal and neonatal calcium metabo-
lism in some way. Preliminary data demonstrate that
pups consuming milk with different amounts of
PTHrP have varying total body calcium content. Thus,
by regulating mammary PTHrP production, the mam-
mary CaR may act to coordinate calcium handling by
the mammary gland with both maternal and neonatal
systemic bone and calcium metabolism.

It is interesting that, although calcimimetic treat-
ment modulated the production of PTHrP and calci-
um transport by the mammary glands during lacta-
tion, it did not suppress PTH secretion at the doses
used in our experiments. However, pilot experiments
did show that NPS R467 prevented the rise in PTH
induced by a low-calcium diet in virgin mice. These
observations are consistent with previous studies show-
ing that PTH secretion was not suppressed when serum
calcium was raised in lactating rats on a low-calcium
diet (40). Furthermore, it has been shown that, when
compared with cells from virgin rats, dispersed
parathyroid cells cultured from lactating rats show
alterations in both the calcium set-point for PTH secre-
tion and the amount of nonsuppressible PTH pro-
duced (41). The relative nonsuppressible nature of PTH
secretion during lactation might also contribute to the
observed acceleration of bone resorption.

Our experiments in vivo suggested that calcium
influences its own transport across mammary epithe-
lial cells and into milk. In order to test this idea, we
developed a model of transepithelial calcium transport
in vitro that would be free of the potentially con-
founding systemic effects of hypocalcemia. Our data
from cultured mammospheres confirm that activation
of the basolateral CaR does indeed stimulate calcium
transport across the mammary epithelium. In the kid-
ney, the CaR regulates transcellular calcium transport
in the cortical thick ascending limb (42) and in the dis-
tal convoluted tubule (43). In Madin-Darby canine kid-
ney cells, a model of the distal convoluted tubule, it has
been suggested that CaR activation inhibits basolater-
al calcium extrusion by inhibiting plasma membrane
Ca-ATPase (PMCA) activity. Interestingly, it has been
shown that the PMCA2b isoform is highly expressed in
the mammary gland during lactation (44). Much more

work regarding the molecular mechanisms of calcium
entry and partitioning within mammary epithelial cells
will be needed to understand the effects of CaR signal-
ing on these processes. The mammosphere system
should prove valuable in this effort.

We have shown that the lactating mammary gland is
a calcium-sensing organ. In response to changes in
extracellular calcium, it modulates its secretion of
PTHrP, its transport of calcium, and perhaps also its
transport of water. It would appear from our data that
the CaR adjusts calcium transport and overall milk
production as a function of the maternal supply of cal-
cium. In this case, the CaR would be functioning as a
nutrient sensor in a manner similar to the actions of its
evolutionary ancestors, the bacterial periplasmic bind-
ing proteins (2, 5, 6). Given the metabolic costs of lac-
tation, it would be an adaptive advantage for a mother
to reduce the use of nutrients for milk production if
her own supply became limiting. We propose that the
mammary gland CaR acts as a component of a protec-
tive mechanism guarding against hypocalcemia during
lactation. When calcium becomes limiting, reduced
CaR signaling would lead to reductions in calcium
secretion and milk production. This notion is sup-
ported by the further decline in systemic calcium levels
in calcium-restricted mice treated with NPS R467,
which effectively short-circuited this defense (see Fig-
ure 4a). We believe that this system may represent
another mechanism to ensure that reproduction pro-
ceeds only when adequate resources are available.
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