J c I The Journal of Clinical Investigation

Amendment history:
o Corrigendum (February 2004)

Mammary-specific deletion of parathyroid hormone-related
protein preserves bone mass during lactation

Joshua N. VanHouten, ... , Andrew C. Karaplis, John J. Wysolmerski

J Clin Invest. 2003;112(9):1429-1436. https://doi.org/10.1172/JCI19504.

m Endocrinology

Large amounts of calcium are transferred to offspring by milk. This demand results in negative calcium balance in
lactating mothers and is associated with rapid bone loss. The mechanisms of bone loss during lactation are only partly
understood. Several studies have suggested that parathyroid hormone—related protein (PTHrP) might be secreted into the
circulation by the lactating mammary gland and regulate bone turnover during lactation. Because mammary development
fails in the absence of PTHrP, conventional PTHrP knockout mice cannot be used to address this possibility. To examine
this hypothesis, we therefore used mice carrying a B-lactoglobulin promoter-driven Cre transgene, one null PTHrP allele,
and one floxed PTHrP allele. Expression of Cre specifically in mammary epithelial cells during late pregnancy and
lactation resulted in efficient deletion of the PTHrP gene; mammary gland PTHrP mRNA and milk PTHrP protein were
almost completely absent. Removal of PTHrP from the lactating mammary glands resulted in reductions in levels of
circulating PTHrP and 1,25-dihydroxy vitamin D and urinary cAMP. In addition, bone turnover was reduced and bone loss
during lactation was attenuated. We conclude that during lactation mammary epithelial cells are a source of circulating
PTHrP [...]

Find the latest version:

https://jci.me/19504/pdf



http://www.jci.org
file:///articles/view/19504C1
http://www.jci.org/112/9?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/JCI19504
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/19504/pdf
https://jci.me/19504/pdf?utm_content=qrcode

Mammary-specific deletion of parathyroid hormone-related
protein preserves bone mass during lactation

Joshua N. VanHouten,! Pamela Dann,! Andrew F. Stewart,? Christine J. Watson,3
Michael Pollak,* Andrew C. Karaplis,® and John J. Wysolmerski!

1Section of Endocrinology and Metabolism, Department of Internal Medicine, Yale University School of Medicine,
New Haven, Connecticut, USA

2Division of Endocrinology, University of Pittsburgh School of Medicine, Pittsburgh, Pennsylvania, USA

SDepartment of Pathology, University of Cambridge, Cambridge, United Kingdom

“Department of Oncology and Department of Medicine, and

SDivision of Endocrinology, Department of Medicine, McGill University, Montreal, Quebec, Canada

Large amounts of calcium are transferred to offspring by milk. This demand results in negative cal-
cium balance in lactating mothers and is associated with rapid bone loss. The mechanisms of bone
loss during lactation are only partly understood. Several studies have suggested that parathyroid hor-
mone-related protein (PTHrP) might be secreted into the circulation by the lactating mammary
gland and regulate bone turnover during lactation. Because mammary development fails in the
absence of PTHrP, conventional PTHrP knockout mice cannot be used to address this possibility. To
examine this hypothesis, we therefore used mice carrying a Blactoglobulin promoter-driven Cre trans-
gene, one null PTHrP allele, and one floxed PTHrP allele. Expression of Cre specifically in mammary
epithelial cells during late pregnancy and lactation resulted in efficient deletion of the PTHrP gene;
mammary gland PTHrP mRNA and milk PTHrP protein were almost completely absent. Removal of
PTHrP from the lactating mammary glands resulted in reductions in levels of circulating PTHrP and
1,25-dihydroxy vitamin D and urinary cAMP. In addition, bone turnover was reduced and bone loss
during lactation was attenuated. We conclude that during lactation mammary epithelial cells are a

source of circulating PTHrP that promotes bone loss by increasing rates of bone resorption.
J. Clin. Invest. 112:1429-1436 (2003). doi:10.1172/JCI200319504.

Introduction

Parathyroid hormone-related protein (PTHrP) was first
identified as the circulating factor causing a common
paraneoplastic syndrome known as humoral hypercal-
cemia of malignancy (HHM) (1). PTHrP is evolutionari-
ly related to parathyroid hormone (PTH), and the two
proteins share sequence and structural homology in
their amino termini that allow both to bind and to acti-
vate the same type I PTH/PTHrP receptor (PTHIR).
Unlike PTH, PTHtP is widely expressed and does not
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normally act as an endocrine regulator of calcium home-
ostasis. Rather, it has been shown to mediate autocrine,
paracrine, and intracrine interactions regulating cellular
growth and physiology in a variety of tissues (2-4).

One of the first physiological sites found to produce
PTHrP was the mammary gland (5). It was initially
shown that PTHrP mRNA was expressed in the lactating
breast and that copious amounts of PTHrP were secret-
ed into milk (6, 7), where its concentration is 1,000 times
that in plasma from patients with HHM (7). Subsequent
studies have demonstrated that PTHrP has important
developmental functions in the breast. Disruption of
either PTHrP or the PTHIR in mice and in humans
results in the failure of embryonic mammary develop-
ment and a complete lack of breast epithelium (8, 9).
PTHLrP also appears to regulate ductal branching mor-
phogenesis during puberty (10, 11). PTHrP’s function
during lactation has remained uncertain, however. Some
studies have suggested that PTHrP might be involved in
regulating calcium transport into milk (12-15). Others
have suggested that PTHrP might regulate mammary
blood flow during lactation (16). PTHrP in milk might
also have effects on the neonatal gut or enter the neona-
tal circulation and exert systemic effects (17-19). Final-
ly, it has been suggested that PTHrP, made by the lactat-
ing breast, enters the maternal circulation and acts as an
endocrine mediator of accelerated bone loss.

Lactation is associated with a rapid, but reversible,
reduction in bone mass due to accelerated bone resorp-
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tion (20, 21). It has been demonstrated that bone loss
during lactation is not dependent on either of the clas-
sical calciotropic hormones, vitamin D and PTH
(20-22). Thus, the regulation of bone loss in this set-
ting has remained enigmatic. Several lines of evidence
have suggested that PTHrP might be a mediator of
increased bone resorption (23-28), yet not all data sup-
port this hypothesis (29, 30). Therefore, the evidence
suggesting an endocrine role for PTHrP during lacta-
tion remains inconclusive.

We wished to study the biological function of PTHrP
in the mammary gland during lactation by ablating its
gene. Deletion of the PTHrP gene using standard gene-
targeting techniques results in neonatal lethality due
to skeletal dysplasia (31). These mice also fail to form
mammary glands (9). We therefore required a targeting
strategy that would disrupt the gene only in the mam-
mary gland, after it was fully formed. We took advan-
tage of the ovine Blactoglobulin (BLG) promoter to
direct expression of the bacterial recombinase, Cre, to
mammary epithelial cells during late pregnancy and
lactation (32). By breeding these mice to mice carrying
a floxed PTHrP gene (33), we successfully removed
PTHrP from the lactating mammary gland without
affecting mammary development. Our data show that
the mammary gland secretes PTHrP into the circula-
tion during lactation and that mammary-derived
PTHTrP is a mediator of bone loss during lactation.

Methods
Breeding BLG-Cre/PTHrP"¥~ mice. BLG-Cre mice were
mated with PTHrP*/- mice, and offspring carrying both
the BLG-Cre transgene and the PTHrP null allele were
identified by PCR of genomic tail DNA as described
previously (9, 32). These mice were then mated with
mice homozygous for the floxed PTHrP allele
(PTHyPlx/lox) in which the main coding exon of the
mouse PTHrP gene is flanked by loxP sites (33). This
breeding produced both the control littermate
PTHyPP%~ mice and the mammary-targeted BLG-
Cre/PTHrP¥~ mice. At 8 weeks of age, female
PTHrP*/~ mice and BLG-Cre/PTHrP"/~ mice were
mated with CD1 males (Charles River Laboratories,
Wilmington, Massachusetts, USA). After the mice
became pregnant for the third time, males were
removed. All analyses were done on day 12 of the third
lactation, unless otherwise stated. Mice had access to
rodent chow RMH-3000 (Purina Mills Inc., Indianapo-
lis, Indiana, USA) containing 1% calcium at all times.
Analysis of mammary PTHrP expression in BLG-Cre/
PTHyP"/~ mice. RNA was isolated from mammary
glands of virgin or lactating BLG-Cre/PTHrP"¥~ mice
and control PTHrP/~ littermates using TRIzol (Invit-
rogen Corp., Carlsbad, California, USA). Ribonuclease
protection analysis was performed on 40 [g of total
RNA as described previously (9, 34). PTHrP protein
expression was analyzed in milk using a two-site
immunoradiometric assay (IRMA) specific for
PTHTrP(1-86) (sensitivity, 0.2 pM; Diagnostic Systems

Laboratories Inc., Webster, Texas, USA). Milk was col-
lected after an intraperitoneal injection of 0.1 milli-
International units of oxytocin (Sigma-Aldrich, St.
Louis, Missouri, USA) and was diluted in mouse plas-
ma (Hilltop Lab Animals, Scottsdale, Pennsylvania,
USA) prior to being assayed.

Biochemical measurements in lactating BLG-Cre/PTHrP"/~
mice. On day 12 of lactation, blood was collected by car-
diac puncture into syringes containing 28 U heparin
(Becton Dickinson and Co., Franklin Lakes, New Jersey,
USA) and added to tubes containing a protease
inhibitor cocktail (Roche Molecular Biochemicals,
Indianapolis, Indiana, USA) (final concentrations, 200
Mg/ml aprotinin, 30 pg/ml leupeptin, 7 Ug/ml pep-
statin, 6 mM EDTA). Plasma was stored for up to 1
month at-70°C, and PTHrP(1-36) was measured using
a two-site IRMA with a sensitivity of 0.15 pM (35). As
biomarkers of PTH1R activation in vivo, urinary cAMP
was measured in duplicate using a double-Ab RIA (sen-
sitivity 0.05 pM) (36) and plasma 1,25-dihydroxy vita-
min D levels were measured with a protein receptor-
binding assay (sensitivity, 0.5 pg) (37). Urine was
collected upon sacrifice. Circulating PTH was meas-
ured in plasma using an IRMA for rat PTH (sensitivity
0.1 pM; Immutopics International LLC, San Clemente,
California, USA). Plasma calcium and milk calcium
were measured with an atomic absorptiometer (model
2380; Perkin-Elmer Corp., Norwalk, Connecticut, USA).
Milk was diluted 1:100 in distilled water prior to meas-
urement of calcium. Urinary cross-linked C-telopep-
tides of type I collagen (CTx) were measured in dupli-
cate with the RatLaps enzyme immunoassay (Nordic
Bioscience Diagnostics, Atlanta, Georgia, USA) and cor-
rected for creatinine concentrations, as determined by
the picric acid method (Sigma-Aldrich). Osteocalcin
concentrations were measured in duplicate plasma sam-
ples with an RIA (sensitivity, 2.2 ng/ml) (38).

Histomorphometry and bone density in lactating BLG-
Cre/PTHrP""/~ mice. Static and dynamic histomorpho-
metric analysis of tibias was performed by the Yale Core
Center for Musculoskeletal Disorders (New Haven,
Connecticut, USA) using the Osteomeasure system
(OsteoMetrics, Atlanta, Georgia, USA). For dynamic his-
tomorphometry, bones were labeled by injecting mice
intraperitoneally with 1 mg mouse calcein (Macalister
Bicknell, New Haven, Connecticut, USA) 1 day and 4
days before sacrifice. Densitometry was performed in
duplicate at 100-pm resolution using Stratec peripher-
al quantitative computerized tomography (pQCT)
(XCT Research SA+, version 5.4B; Norland Medical Sys-
tems Inc., White Plains, New York, USA). Additionally,
serial BMD measurements were performed on five
PTHyrPe¥/~ controls and six BLG-Cre/PTHrP¥~ mice by
dual energy x-ray absorptiometry (DEXA) using a Lunar
PIXImus scanner (LUNAR Corp., Madison, Wisconsin,
USA) on day 4 and day 11 of lactation.

Statistics. The differences of the mean values between
BLG-Cre/PTHrP"*/~ and PTHrP"¥/~ groups were com-
pared using an unpaired ¢ test. All ¢ tests were two-

The Journal of Clinical Investigation |

November 2003

| Volume112 | Number9



Cyclophilin=

Lactating

PTHrpP'- BLG-Cre/PTHrP>*-

tailed except for the analysis of plasma PTHrP values,
where a one-tailed test was used because of the pre-
dicted likelihood that PTHtP levels would be lower in
the BLG-Cre/PTHrP"/- mice. A Pearson correlation
was used to analyze the relationship between circulat-
ing PTHrP and pQCT or urine cAMP. All statistical
analyses were carried out using Graph Pad Prism 4.00
for Windows (GraphPad Software for Science Inc., San
Diego, California, USA).

Results

Conditional ablation of PTHrP expression in mammary
epithelial cells. PTHrP is required for the formation of the
embryonic mammary gland (9), and it regulates ductal
development during puberty (10, 11). The lactating
mammary gland also expresses the PTHrP gene at high
levels. To study the role of PTHrP in lactation, we
devised a strategy to remove PTHrP from the mamma-
ry gland only after development was complete. BLG is
an ovine milk protein gene that is expressed in mam-
mary epithelial cells (MECs) beginning only in late preg-
nancy and during lactation, and the BLG promoter has
been successfully used to drive Cre expression in MECs
in mice at this time. Therefore, we bred BLG-Cre trans-
genic mice with PTHrP floxed mice to delete the PTHrP
gene (33) in MECs during late pregnancy and lactation.
To maximize the efficiency of Cre-mediated deletion of
PTHrP, we performed our experiment as follows. First,
we used mice that were compound heterozygotes at the

Figure 2

Mammary gland whole mounts stained with carmine aluminum (a and
b) and histological sections stained with hematoxylin and eosin (c and
d) from lactating PTHrP?/~ mice (a and c) and BLG-Cre/PTHrP*/~ mice
(b and d). The scale bar in b represents 200 Um, and the scale bar in
d represents 5 um. BLG-Cre/PTHrP'*/- and control mammary glands
appeared to be typical of lactating mammary tissue.

Figure 1

(a) Ribonuclease protection analysis of PTHrP and cyclophilin tran-
scripts in RNA from yeast (lane 1) and mammary glands from virgin
PTHrPe/~ (lane 2) and BLG-Cre/PTHrP/~ (lane 3) mice shows that
PTHrP is normally expressed at low levels; therefore significant
recombination has not yet taken place. (b) Ribonuclease protection
of PTHrP and cyclophilin in RNA from mammary glands of lactat-
ing BLG-Cre/PTHrP*/~ (lane 2) and PTHrP*/~ (lane 3) mice. Yeast
RNA (lane 1) was a negative control. The efficiency of BLG-
Cre-mediated recombination is highlighted by the essentially com-
plete lack of PTHrP RNA in the BLG-Cre/PTHrP®/~ mammary
glands. (c) PTHrP protein was undetectable (12 of 14) or drastical-
ly reduced (2 of 14) in milk from BLG-Cre/PTHrP"/~ mice (mean
0.06 + 0.04 nM, n = 14) compared with littermate PTHrP"/~ con-
trols (16.4 + 4.1 nM, n = 9) as a result of the mammary-specific tar-
geting of PTHrP gene deletion.

PTHrP locus, with one null allele and one floxed allele
(PTHrP~). Second, experience with conditional gene
targeting in the mammary gland has suggested that the
proportion of cells undergoing recombination increas-
es with successive reproductive cycles (39). Thus, we ana-
lyzed mice on their third lactation. We verified that Cre
RNA was expressed in the mammary glands of lactating
BLG-Cre/PTHrP"%~ mice by RNase protection analysis
(data not shown) and that Cre protein was expressed
homogeneously in luminal epithelial cells during lacta-
tion using immunohistochemistry (data not shown).
Myoepithelial cells did not stain for Cre protein. RNase
protection analysis revealed that PTHrP mRNA was
expressed at low levels in both the mammary glands
from virgin BLG-Cre/PTHrP"%~ mice and from control
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PTHyP?/~ littermates (Figure 1a) before Cre expression
was activated. As expected, the mammary glands from
PTHyrP7~ controls expressed high levels of PTHrP RNA
during lactation. PTHrP mRNA was absent from the
BLG-Cre/PTHrP~ glands (Figure 1b), however. To cor-
roborate the successful removal of PTHrP from the
BLG-Cre/PTHrP*/- mammary glands, we also assayed
PTHLrP levels in milk using a two-site IRMA (Figure 1c).
Milk PTHrP levels in controls were 16.4 + 4.1 nM
(mean + SE), while milk PTHrP was undetectable in 12
out of 14 BLG-Cre/PTHrP"¥~ mice. In the two BLG-
Cre/PTHrP</~ milk samples with detectable PTHP, its
concentration was at the assay’s limit of sensitivity (0.2
pM) before correcting for dilution.

PTHrP is not necessary for lactation. There were no obvi-
ous functional defects in lactating BLG-Cre/PTHrP'/~
mice. Their litter sizes and the growth rates of their
pups were not different from those parameters in
PTHyP"/~ controls. The average pup weight of BLG-
Cre/PTHrPl/~ offspring at postpartum day 12 was
6.50 + 0.47 g compared with 6.55 + 0.36 g for pups
nursing PTHrP*/~ dams. Furthermore, there were no
apparent structural defects in the mammary glands of
BLG-Cre/PTHrP*/~ mammary glands as analyzed by
whole mounts (Figure 2, a and b), and the tissue was
histologically normal (Figure 2, c and d).

Deletion of PTHrP from the lactating mammary gland
decreases circulating PTHrP levels. To determine if the
mammary gland is a source of circulating PTHrP dur-
ing lactation, we measured plasma PTHrP concentra-
tions in the absence of mammary PTHrP expression
(Figure 3a). As seen, the level of PTHrP(1-36) in the
plasma of lactating BLG-Cre/PTHrP*/~ mice (0.73 + 0.12
pM) was significantly lower than circulating PTHrP lev-
elsin controls (1.18 £ 0.19 pM), demonstrating that the
mammary gland is the source of a significant amount
of the PTHrP that circulates during lactation.

Calcium homeostasis in lactating BLG-Cre/PTHrP*~/~ mice.
Circulating calcium levels (Figure 3b) were not signifi-
cantly different in BLG-Cre/PTHrP"7~ mice (8.8 + 0.2
mg/dl) as compared with PTHrP*¥~ mice (9.0 = 0.3
mg/dl). Similarly, PTH levels (Figure 3c) were not differ-
ent in BLG-Cre/PTHrP?"~ as compared with control mice
(3.7 £ 0.9 versus 3.8 + 1.5 pM, respectively). Despite the
lack of change in PTH levels, we did observe reductions
in two parameters of PTHIR stimulation in BLG-
Cre/PTHrP~ mice. Urinary excretion of cAMP was
19.3 + 0.8 pg/mmol creatinine in BLG-Cre/PTHrP/~
mice, as compared with 33.9 + 0.6 lg/mmol creatinine
in controls (P < 0.0001; Figure 3d). In addition, urine
cAMP levels correlated positively with plasma PTHrP lev-
els (P < 0.05; 72 = 0.52). Levels of plasma 1,25-dihydroxy
vitamin D (Figure 3e) were also significantly lower
(P < 0.05) in BLG-Cre/PTHrP/~ animals (43.5 + 2.2
pg/ml) compared with controls (55.9 + 5.9 pg/ml). Final-
ly, although the mean concentration of calcium in milk
(Figure 3f) was slightly lower in BLG-Cre/PTHrP*"~ mice
than it was in controls (406.7 + 39.4 versus 471.0 + 78.5
mg/dl), this trend was not statistically significant.

Bone turnover in lactating BLG-Cre/PTHrP"~ mice. To
determine if the removal of PTHrP from the mammary
glands of BLG-Cre/PTHrP"¥~ mice was associated with
alterations in bone turnover during lactation, we meas-
ured biochemical markers of bone resorption and for-
mation (Figure 4) and performed static and dynamic his-
tomorphometry (Table 1). Urinary CTx levels (Figure 4a)
were significantly lower in BLG-Cre/PTHrP/~ mice as
compared with controls (3.98 + 0.82 versus 6.83 + 0.29
Mg/mmol creatinine; P < 0.05). Histomorphometric
measurements of bone resorption such as the osteoclast
surface per bone surface (OcS/BS) and the number of
osteoclasts per bone perimeter (NOc/BPm) were also

a d
s P<0.05 P <0.001
o 1.5 ’G-.)\ 35
o Qs
T 1o S0
E <(§ S 20
o INRE
< 05 cE
=i = E 10
K] oL
= )]
g 0.0 o
3] PTHrP*~  BLG-Cre/PTHrP™- PTHrP~  BLG-Cre/PTHrP*
sb e
= P>0.05
D00 P <0.05
g  — _70
c ZEw T
75 [el=))
=) = 50
- > 40
© 5.0 £0
e =
€ 25 QE™
I =&
3° >0
= PTHrP*  BLG-Cre/PTHrP>" PTHrPe~  BLG-Cre/PTHrP
(6]
’2“ E P>0.05 :!::0 P>0.05
o
o =
E’ 5 g)soo
= 4 ~ 400
o £
o 3 S 300
£ ©
o2 T 200
©
3 < 100
o X~
o o =
PTHrPe-  BLG-Cre/PTHrP-- PTHrPe-  BLG-Cre/PTHrP"-
Figure 3

Calcium metabolism in BLG-Cre/PTHrP®/~ mice. Circulating
PTHrP(1-34) levels (a) were significantly lower (P < 0.05) during lac-
tation in BLG-Cre/PTHrP"/~ mice (0.73 + 0.13 pM, n = 7) than in
PTHrP/~ controls (1.18 + 0.19 pM, n = 3). Circulating calcium (b)
and PTH (c) concentrations were not significantly different between
PTHrP*/~ and BLG-Cre/PTHrP*/~ mice during lactation. Probably as
a result of the reduced circulating PTHrP, urinary cAMP levels (d) and
circulating 1,25-dihydroxy vitamin D concentrations (e) were also
significantly reduced. Milk calcium (f) was not significantly different
in BLG-Cre/PTHrP*/~ mice and controls. Bars represent the mean val-
ues of 3-12 samples. PTH concentrations were 3.8 + 1.5 pM in
PTHrP*/~ controls and 3.7 + 0.9 pM in BLG-Cre/PTHrP/~ mice.
Although statistically insignificant, both plasma calcium and milk
calcium are slightly lower in BLG-Cre/PTHrP?/~ mice (8.8 + 0.2 mg/d|
and 406.7 + 39.4 mg/dl, n = 14) than in controls (9.0 + 0.3 mg/dl
and 471 £ 78.5 mg/dl, n = 9). Urinary cAMP was 33.9 + 0.6
Mg/mmol creatinine in PTHrP*/~ controls (n = 7) and 19.3 + 0.8
Hg/mmol creatinine in BLG-Cre/PTHrP*/~ mice (n = 11), while 1,25-
dihydroxy vitamin D levels were 55.9 + 5.9 pg/ml in PTHrP/~ mice
(n=3)and 43.5 + 2.2 pg/ml in BLG-Cre/PTHrP"*/~ mice (n = 6).
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Figure 4

Biochemical markers of bone turnover were lower in lactating BLG-
Cre/PTHrP"/~ mice. (a) Urine CTx levels were significantly lower
(P <0.05) in BLG-Cre/PTHrP/~ mice (3.98 + 0.82 pig/mmol creati-
nine, n = 8) than in controls (6.83 + 0.29 Yg/mmol creatinine,
n=7). (b) Osteocalcin concentrations in plasma were lower in BLG-
Cre/PTHrP'/~ mice than controls (48.4 + 5.1 ng/ml, n = 14, and
66.8 £ 12.5 ng/ml, n =9, respectively), but these values were not sig-
nificantly different.

lower in BLG-Cre/PTHrP*/~ mice (Table 1). Plasma osteo-
calcin (Figure 4b) levels tended to be lower in BLG-
Cre/PTHrP*/- mice (48.4 + 5.1 ng/ml) than in PTHrP*/~
mice (66.8 + 12.5 ng/ml), but they were not significantly
different (P = 0.13). The number of osteoblasts/BPm
(ObN/BPm) and the osteoblast suface/BS (ObS/BS), as
determined by histomorphometry (Table 1), were also
not different. The bone formation rate/tissue volume
(BFR/TV) as measured by double-calcein labeling was sig-
nificantly lower in BLG-Cre/PTHrP"¥~ mice as compared
with controls (Table 1), however. These data demonstrate
that the removal of PTHrP from the mammary gland
lowers maternal bone turnover during lactation.

Bone mass is preserved in lactating BLG-Cre/PTHrPlo/~
mice. The reduced rate of bone turnover in the BLG-
Cre/PTHrP¥~ mice during lactation resulted in the
preservation of bone mass. The pQCT measurements
of tibias on day 12 of lactation (Table 2) showed that
BLG-Cre/PTHrP?¥~ mice (327.2 = 9.5 mg/cm?) had

Table 1

nearly 20% more bone mass (total density, P < 0.01)
than controls (273.9 + 16.1 mg/cm3). Furthermore,
these values correlated with plasma PTHrP levels
(P < 0.05, 2 = 0.50). Parameters of bone volume as
measured by histomorphometry (bone volume/TV
[BV/TV], trabecular number [TbN], trabecular separa-
tion [TbSp]), tended to be larger in BLG-Cre/PTHrPlo</~
mice, but there were no statistically significant differ-
ences. By pQCT, however, the areas and densities of
both the cortical and trabecular compartments were
significantly higher in BLG-Cre/PTHrP"%~ mice than in
controls (P < 0.05). Similar results were obtained from
serial measurements of bone density by DEXA (Figure
5). Importantly, bone mass was similar in BLG-
Cre/PTHrP"¥~ mice and controls at the beginning of
lactation. Over the course of 1 week, however,
PTHrP»/~ mice lost 16.8% + 1.5% (0.0092 + 0.00089
g/cm?) of their bone mineral density (BMD), whereas
BLG-Cre/PTHrP"¥~ mice lost only 9.8% = 1.6%
(0.0051 +0.00082 g/cm? P < 0.01).

Discussion

A large amount of calcium is transferred from mother
to offspring through milk, the supply of which repre-
sents a significant challenge to maternal calcium
homeostasis. Part of the maternal adaptation to this
stress is a rapid acceleration of bone resorption and
bone loss. It has been shown that nursing women lose
6-8% of vertebral bone mass during the first 6 post-
partum months and lactating rodents can lose up to
35% of their bone mass over the course of 2-3 weeks
(21). Given the rapidity and magnitude of lactational
bone loss, there has been great interest in its regulation.
A series of studies have suggested that circulating
PTHrP might trigger increased bone resorption during
lactation. First, circulating PTHrP levels have been
shown to be elevated during lactation (23, 26-28, 30,
40). Second, suckling has been shown to increase mam-
mary production of PTHrP and to increase nephroge-
nous cAMP production and urinary phosphate levels
in lactating rats (24). Third, concurrent with increases
in systemic PTHtP levels, hypoparathyroid patients
have been shown to require reductions in doses of cal-
cium and vitamin D during lactation (41, 42). Finally,
Sowers et al. (23) reported a negative correlation
between bone mass and PTHrP levels in lactating
women. Our studies offer direct confirmation that

Ex vivo pQCT analysis of tibias from day 12 lactating BLG-Cre/PTHrP®/~ mice and PTHrP®/~ littermate controls

OcS/BS NOc/BPm  ObS/BS NOb/BPm

(%) (no./mm) (%) (no./mm)

PTHrPlov/~ 7.0+1.0 23+03 18.2+23 21.8+3.4
BLG-Cre/PTHrP>/~ 3.0+0.54 1.0+0.1A 18.7+1.9 26.0+3.0

BFR/TV BV/TV TbTh TbSp TbN

(%/y1) %) (um) (um)  (no./mm)
372.7 £36.2 6.1+0.5 253+2.1 402.2+484 2.46+0.27
219.5 +30.08 6.8+1.2 219+21 379.9+96.1 3.28+0.62

Static and dynamic histomorphometric analysis of tibias from day 12 lactating BLG-Cre/PTHrP*/~ mice (n=7, static; n=4, dynamic) and PTHrP*/~ littermate
controls (n = 4, static and dynamic). Values are shown as mean + standard error. OcS/BS (P < 0.005), NOb/BPm (P < 0.005), and BFR/TV (P < 0.05) were
significantly lower in the BLG-Cre/PTHrP/~ mice than in controls. OcS/BS, osteoblast surface as a percentage of bone surface; NOb/BPm, number of
osteoblasts per mm bone perimeter; BFR/TV, bone formation rates as a function of tissue volume; BV/TV, trabecular bone volume as a function of tissue vol-

ume; TbTh, trabecular thickness; TbSp, Trabecular separation; Tbn, trabecular number.
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Table 2

Ex vivo pQCT analysis of tibias from day 12 lactating BLG-Cre/PTHrP®/~ mice and PTHrP®/~ littermate controls

Total density Cortical density
(mg/cm?) (mg/cm?)
PTHrPo/~ 273.9+16.1 258.0+£6.3
BLG-Cre/PTHrP>/~ 327.2+ 9.5 288.8 £9.88

Trabecular density Cortical area Trabecular area

(mg/cm3) (mm?2) (mm?)
175.1+14.0 1.41 £0.03 1.48 £ 0.10
208.4 + 8.18 1.54 +0.048 1.90+0.148

BLG-Cre/PTHrP*/~ mice (n = 14); PTHrP"/~ littermate controls (n = 9).Values are shown as mean + SE. Total, cortical, and trabecular density (P < 0.01,

P <0.05,P<0.05, respectively). AP < 0.01; 8P < 0.05.

PTHLIP functions as a systemic hormone and that it is
likely an important regulator of bone turnover during
lactation. When PTHrP is removed from the lactating
mammary gland, circulating PTHrP levels are
decreased, bone resorption rates are reduced, and bone
mass is preserved.

BLG-driven expression of Cre was remarkably effi-
cient in disrupting the PTHrP gene in MECs since
PTHrP RNA was undetectable in the mammary glands
of BLG-Cre/PTHrP"¥~ mice, and PTHrP protein was
undetectable in 12 out of 14 milk samples from these
mice and was very low in the remaining two. Despite
its importance to mammary development at other
stages, removal of PTHrP had no deleterious effects on
the structure of the lactating gland. Consistent with
this finding, we did not observe any change in the level
of RANK, RANKL, or OPG RNA expression in the
mammary gland of BLG-Cre/PTHrP"*/~ mice (data
not shown), despite the fact that Fata et al. (43)
demonstrated an effect of systemic PTHrP adminis-
tration on mammary RANKL expression in nulli-
parous, ovariectomized mice.

The reduction in plasma PTHrP levels in the BLG-
Cre/PTHrP/- mice as compared with controls is direct
evidence that PTHrP is secreted from the mammary
gland into the circulation during lactation. BLG-
Cre/PTHrP?¥~ mice also had reductions in urinary
cAMP concentrations, which correlated with plasma
PTHrP concentrations, and lower circulating 1,25-
dihydroxyvitamin D levels, suggesting reduced activa-
tion of the PTHIR in the kidney. Since PTH levels did
not differ between BLG-Cre/PTHrP/~ and control ani-
mals, these changes may be a reflection of the biologi-
cal activity of the PTHrP secreted by the mammary
gland. Therefore, the lactating mammary gland not
only secretes copious amounts of PTHrP into milk, but
also releases PTHrP into the bloodstream. The precise
mechanism of this systemic release remains unknown.
Simple paracellular leakage of PTHrP from the milk
into the circulation is unlikely in light of the tight junc-
tions that are necessary to maintain the large milk-
blood concentration gradients of multiple milk con-
stituents. How mammary epithelial cells target
different amounts of PTHrP for secretion at apical ver-
sus basolateral surfaces promises to be an interesting
question for future research.

The removal of PTHrP from the mammary glands
of lactating BLG-Cre/PTHrP*~ mice resulted in a
reduction in rates of bone resorption, as indicated by

biochemical markers and measured by histomor-
phometry. As a result, at postpartum day 12, the bone
density of the BLG-Cre/PTHrP"~ mice was signifi-
cantly higher than that of littermate controls, as seen
by ex vivo pQCT. In addition, serial BMD measure-
ments by DEXA demonstrated that rates of bone loss
were lower in BLG-Cre/PTHrP"*/~ mice as compared
with controls, resulting in a divergence of BMD
between the two lines of mice over time. These data
strongly suggest that the PTHrP secreted into the cir-
culation during lactation promotes osteoclastic bone
resorption and the loss of bone mineral.

Milk production as assessed by the growth rate of
the pups appeared normal in the BLG-Cre/PTHrP¥/~
mice. Although several studies have suggested that
PTHrP may be involved in calcium transport into
milk (12-15, 44, 45), the mean milk calcium level was
only slightly and nonsignificantly lower in BLG-
Cre/PTHrP"¥~ mice than in littermate PTHrP"**/~ con-
trols. These data are inconsistent with a dominant
role for PTHrP in regulating calcium transport into
milk. Although pup growth was not affected by the
lack of PTHrP in the milk of BLG-Cre/PTHrPl/~
dams, this experimental system will be useful to
examine other potential effects of milk PTHrP on
neonates. A more thorough analysis of pups suckling
dams producing PTHrP-deficient or PTHrP-replete
milk is currently underway.

0.06- —=— PTHrP-
—a— BLG-Cre/PTHrP">-

£
k3] L
D 0.054
a
=
oM
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Figure 5

Bone density was measured in vivo at days 4 and 11 of lactation by
DEXA. At day 4, the vertebral BMD of BLG-Cre/PTHrP"/~ mice
(n=6) and controls (n = 5) was 0.05294 + 0.002043 g/cm? and
0.05290 + 0.002030 g/cm?. By day 11 of lactation, the BMD of the
control mice had fallen to 0.04368 + 0.001386 g/cm?, whereas the
BMD of the BLG-Cre/PTHrP*/~ mice was 0.04786 + 0.001512
g/cm?. Therefore, the BLG-Cre/PTHrP®/~ mice lost significantly less
bone mass during a 7-day time period during lactation than did
controls (P <0.01).
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Plasma calcium levels were not significantly lower
in BLG-Cre/PTHrP"*~ mice compared with controls.
This stability of the plasma calcium levels seems
remarkable given that the transfer of calcium into
milk did not decrease significantly, that PTH levels
were not different, and that circulating PTHrP and
1,25-dihydroxy vitamin D levels and bone turnover
were all reduced. Thus, despite a steady drain of cal-
cium into milk and a decreased supply of calcium lib-
erated from skeletal stores, BLG-Cre/PTHrP"*/~ mice
did not become hypocalcemic. At this point, the
nature of this compensation remains unclear. We
suggest two possible factors, however, that might
contribute to the maintenance of systemic calcium
levels. First, the BLG-Cre/PTHrP/- mice continued
to lose bone, albeit at a reduced rate. Thus, removal
of PTHrP did not completely inhibit the liberation of
skeletal calcium stores. Second, it is likely that, in
mice, dietary calcium serves as a more important
source of the total calcium used for milk production
than does skeletal calcium. Studies in our laboratory
and by others have demonstrated that while lactating
mice develop severe hypocalcemia in response to
dietary calcium restriction, treatment with antire-
sorptive agents has little effect on systemic calcium
levels (J. VanHouten, unpublished observations) (46).
Although 1,25-dihydroxy vitamin D was reduced in
the BLG-Cre/PTHrP"¥~ mice, we did not limit dietary
calcium. Thus, it is possible that some increase in cal-
cium intake might have compensated for the
decrease in skeletal calcium liberation. Future stud-
ies examining graded restrictions in dietary calcium
in the BLG-Cre/PTHrP"¥~ mice should help clarify the
relative contributions of PTHrP-mediated bone loss
and dietary calcium absorption to calcium fluxes
during lactation.

In conclusion, we have deleted PTHrP from the
mammary gland during lactation. In the absence of
mammary gland-derived PTHrP, plasma PTHrP lev-
els are lower, bone turnover is lower, and bone mass
is preserved. These results suggest that the mamma-
ry gland actively participates in the regulation of
maternal bone loss during lactation by releasing
PTHrP into the circulation to act as an endocrine
mediator of bone resorption.
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