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ABSTRACT To determine the role of PTHrP in fetal
calcium metabolism, blood calcium was measured in mice
homozygous (HOM) for deletion of the PTHrP gene. On day
18.5 of gestation, ionized calcium and the maternal–fetal
calcium gradient were significantly reduced in HOM PTHrP-
ablated fetuses compared with that of their littermates. To
assess the placental contribution to the effect of PTHrP, 45Ca
and 51Cr-EDTA (as a blood diffusional marker) were admin-
istered by intracardiac injection to pregnant, heterozygous
dams on day 17.5 of gestation. Five minutes after the injection,
whole fetal 45Ca accumulation was significantly decreased in
HOM PTHrP-ablated fetuses compared with that of their
littermates. Next, two fetuses from each litter were injected in
utero with fragments of PTHrP, PTH, or diluent 1 h before
administering 45Ca and 51Cr to the dam. PTHrP-(1–86) and
PTHrP-(67–86) significantly increased relative 45Ca accumu-
lation in HOM PTHrP-ablated fetuses, but PTHrP-
(1–34), PTH-(1–84), and the diluent had no effect. Finally,
similar studies were performed on fetal mice that lacked the
PTHyPTHrP receptor gene. Ionized calcium was significantly
reduced in HOMPTHyPTHrP receptor-ablated fetuses. How-
ever, 5 min after maternal injection of 45Ca and 51Cr, relative
accumulation of 45Ca was significantly increased in these
fetuses. It was concluded that PTHrP is an important regu-
lator of fetal blood calcium and placental calcium transport.
In addition, the bioactivity of PTHrP for placental calcium
transport is specified by a mid-molecular region that does not
use the PTHyPTHrP receptor.

In the latter part of gestation in humans, rodents, and probably
all mammals, calcium is actively transported across the placenta,
presumably to meet the needs of the rapidly mineralizing fetal
skeleton. This active transport probably occurs at the fetus-facing
plasma membranes of the syncytiotrophoblast in the human, at
the trophoblast in the rodent, and at the basal surface of the
intraplacental yolk sac in both (1, 2). Relative fetal hypercalcemia
(total and ionized), representing a positive maternal–fetal cal-
cium gradient, also has been found in most fetal mammals and is
believed to result from this active transport of calcium (3, 4). It
is also likely that the fetal blood calcium level is affected by
calcium fluxes in and out of the mineralizing skeleton and by
excretion of calcium by the fetal kidney, but the exact relative
contributions of placenta, bone, and kidney to the fetal blood
calcium level have not been determined.
The traditional calcitropic hormones [parathyroid hormone

(PTH) and 1,25-dihydroxyvitamin D (1,25-D)] are likely to have
limited roles in regulating the fetal blood calcium level or the
placental transport of calcium. Although maternally derived
1,25-D can cross the placenta, fetal blood levels of 1,25-D are low
(5, 6). Furthermore, although 1,25-D (given at pharmacologic

doses to the dam or fetus) can increase the fetal calcium content
and blood level of calcium (7, 8), fetuses of severely vitamin
D-deficient, hypocalcemic rats have normal blood calcium levels
and fully mineralized skeletons (9, 10). Maternally derived PTH
cannot cross the placenta (11), and fetal immunoreactive PTH
levels are low throughout gestation in mammals (3, 12).
The regulation of placental calcium transport and the fetal

blood calcium level has been investigated through the use of
the ovine placental perfusion model described by Weatherley
et al. (13). Fetal thyroparathyroidectomy with thyroid hor-
mone replacement lowered fetal blood calcium and abolished
the maternal–fetal calcium gradient (14). Seven to 10 days
after thyroparathyroidectomy, the fetus was removed from the
uterus, and the placentas were artificially perfused in situ.
Calcium transfer across perfused placentas from previously
thyroparathyroidectomized fetuses was slower than calcium
transfer across perfused placentas from previously intact
fetuses (14). Administration of PTH could not reverse the
effect of previous fetal parathyroidectomy on calcium trans-
port in perfused placentas (15). However, PTHrP, originally
discovered as the mediator of humoral hypercalcemia of
malignancy (16), increased the rate of calcium transport in
perfused placentas from these previously parathyroidecto-
mized fetal lambs (15, 17). In particular, fragments of PTHrP
that encompassed the mid-region of the molecule stimulated
placental calcium transport, especially PTHrP-(1–86) and, to
some extent, PTHrP-(67–86) (17, 18).
However, other investigators who studied intact fetal lambs

(19, 20) and artificially perfused placentas from decapitated
(to mimic thyroparathyroidectomy) fetal rats (21, 22) did not
find an effect of the PTHrP mid-molecule on calcium trans-
port. Instead, PTHrP-(1–86), PTHrP-(1–34), PTH-(1–34),
and 1,25-D were found to have a small stimulatory effect on
calcium transport.
In this study, fetal mice that were either homozygous (HOM)

for deletion of the PTHrP gene (23) or HOM for deletion of the
PTHyPTHrP receptor gene (24) were studied to define the role
of PTHrP in determining the fetal blood calcium level and the
rate of placental calcium transfer in intact animals. The results
showed that, without a functional PTHrP gene, the maternal–
fetal calcium gradient was abolished and transplacental transport
of calcium ions was slowed. In contrast, without a functional
PTHyPTHrP receptor gene, thematernal–fetal calcium gradient
was abolished, but placental transport of calcium was increased.
PTHrP-(1–86) and PTHrP-(67–86) can stimulate calcium trans-
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port in mice lacking a functional PTHrP gene but PTHrP-(1–34)
and PTH-(1–84) cannot.†

MATERIALS AND METHODS
Materials. Murine and human PTHrP proteins differ by 1

amino acid through the first 100 amino acids (25), so, in these
experiments, the commercially available synthetic human
PTHrP protein fragments were used. PTHrP-(1–86) and
human PTH-(1–84) were obtained from Bachem. PTHrP-
(67–86) and PTHrP-(1–34) were obtained from Peninsula
Laboratories. 45Ca and 51Cr-EDTA were obtained from Du-
PontyNEN. Scintigest, Scintiverse, Taq DNA polymerase, and
proteinase K were obtained from Fisher.
PTHrP and PTHyPTHrP Receptor Knockout Mice. PTHrP

and PTHyPTHrP receptor knockout mice were obtained by
targeted disruption of the murine genes in embryonic stem cells
as described (23, 24). The data presented below on PTHrP
knockout mice were completed using mice in the original hybrid
C57BLy6–129ySvJ background. The PTHyPTHrP receptor
knockout mice were originally created in the same C57BLy6–
129ySvJ background, but few HOM fetuses survived after day 14
of gestation. After crossing the original hybrid strain into Black
Swiss for one or two generations, 20% of PTHyPTHrP receptor
knockout fetuses were HOM at day 18.5 of gestation; this hybrid
backgroundwas used for the experiments described herein. It was
subsequently discovered that normal or mutant adult and fetal
mice in the Black Swiss hybrid had ionized calcium levels that
were 0.10–0.20 mmolyliter higher than their respective counter-
parts in the original C57BLy6 strain. Therefore, to allow side-
by-side comparison of the results obtained from the PTHrP
knockout mice and the PTHyPTHrP receptor knockout mice,
the PTHrP knockout mice were also back-crossed into Black
Swiss for several generations to produce a similar strain. This new
hybrid Black Swiss strain of PTHrP knockoutmice was then used
to verify the findings obtained with the original C57BLy6–129y
SvJ strain.
Heterozygous (HET) males and HET females were mated

overnight; the presence of a vaginal mucus plug on themorning
after mating marked gestational day 0.5. Normal gestation in
these mice is 19 days. All mice were allowed a standard chow
diet and ad lib access to water. All studies described were
performed with the prior approval of the Institutional Animal
Care and Use Committee of Massachusetts General Hospital.
Ionized Calcium Measurements. Two samples of whole

blood were collected into heparinized, 50-ml capillary tubes
from the tail vein of each dam on day 18 6 0.5 of pregnancy
and placed on ice. The dam was then killed by cervical
dislocation, and a cesarean section was quickly performed to
remove the uterus intact. In turn, each individual fetus was
removed from its amniotic sac, the neck was incised to transect
the left carotid and jugular vessels, and whole blood was
collected into heparinized capillary tubes. The volume of fetal
blood collected measured 30–50 ml on average from each
fetus—sufficient for one calcium measurement. All capillary
tubes were capped and immediately immersed in ice. The order
that each fetus was collected in the litter was recorded, and the
tail of each fetus was clipped and placed in lysis buffer (100
mM TriszHCl, pH 8.0y500 mM EDTA, pH 8.0y0.2% SDSy200
mM NaCly100 mgyml proteinase K) for later DNA extraction
and genotyping. Each blood sample was then analyzed within
15 min of collection on a CIBAyCorning 634 Ca21ypH ana-
lyzer to obtain the ionized calcium and pH. The raw, ionized
calcium data were used; ‘‘normalized’’ ionized calcium values
(i.e., adjusted by the machine to the expected equivalent value
for a normal pH of 7.4) were not used.
Placental Calcium Transport. Pregnant dams on day 176 0.5

of gestationwere lightly anesthetized by isoflurane inhalation and
then were given an intracardiac injection of 50 mCi of 45Ca and
50 of mCi 51Cr-EDTA in 0.9% saline (total injection volume, 100
ml) (1 Ci 5 3 GBg). These doses of isotopes were chosen after

preliminary experiments showed that they would be detectable at
levels 500- to 10,000-fold above background in the recovered
fetuses. At specific time points after the injection of the isotopes
(5, 15, or 30 min), the dam was killed by cervical dislocation. A
cesarean section was quickly performed, and the uterus was
removed intact. Each fetus was removed from its gestational sac,
and a tail clipping was obtained for subsequent genetic analysis by
PCR. Each fetus was asphyxiated, weighed, and placed into a
capped test tube, and the 51Cr activity was determined using a
Packard g-counter. The fetuses were subsequently solubilized
with Scintigest at 608C for 24–48 h and vortexed twice. Once the
fetuses were fully solubilized, scintillation fluid (Scintiverse I,
Fisher) was added. To minimize chemoluminescence, 5 drops of
glacial acetic acid was added to each vial, and the vials were wiped
with an antistatic cloth, shielded from light, and equilibrated to
room temperature over 12–24 h. 45Ca activity was then counted
on a Beckman liquid scintillation counter, and the ratio of
45Cay51Cr activity was calculated for each fetus. In the subsequent
data analysis, the mean ratio for the heterozygotes of each litter
was set at 100% so that the results from different litters could be
compared.
In preliminary experiments, it was established that the

amount of 51Cr activity in the vials registered on the liquid
scintillation counter at a level that was ,1% of the activity of
the 45Ca. In turn, the 45Ca activity did not register above
background on the g-counter. Thus, it was not necessary to
adjust the windows on either instrument in an attempt to
exclude the activity of the other isotope.
Backflux of Calcium. In separate experiments designed to

measure relative fetal–maternal calcium flow (backflux), a
pregnant dam on day 18 6 0.5 of gestation was anesthetized
with isoflurane. A cesarean section was quickly performed,
and the individual gestational sacs were partly opened to
identify a HOM fetus. Two apparently normal fetuses were
removed, and their placental vessels were cauterized to pre-
vent maternal blood loss. A HOM fetus (left in situ with
umbilical vessels patent) was given an intraabdominal injection
of 2mCi of 45Ca in 2ml of 0.9% saline bymicroinjection pipette.
The maternal incision was closed, and the dam recovered from
the anesthesia. The two removed (control) fetuses were as-
phyxiated and given an intraabdominal injection of 1y100 or
1y1000 the activity of 45Ca. After 30 min, the dam was killed
by cervical dislocation, and the injected, HOM fetus was
removed. The dam, HOM fetus, and two control fetuses were
ashed at 5008C for 24 h. The ashes were dissolved in 10 MHCl,
scintillation cocktail was added, and the samples were counted
on a Beckman liquid scintillation counter.
PTHrP Fragment Injections. All lyophilized stock peptides

were dissolved in 0.9% saline at a concentration of 0.5 nmolyml
and kept at 2208C until used. Anesthesia in a HET PTHrP-
deleted dam was induced by inhalation of isoflurane and was
maintained by a single i.p. injection of 200 ml of a 1% solution of
methohexital (Brevital, Lilly Research Laboratories, Indianapo-
lis). This combination of anesthetics rapidly induced 10 min of
surgical anesthesia but allowed the dam to be fully awake within
20–30 min of the initial injection. A transverse incision was used
to open the right lower quadrant and to allow access to two
fetuses. After grasping with forceps, the abdomen of each se-
lected fetus was identified and pierced through the uterine wall
and amniotic sac from the left side (to avoid puncturing the liver)
with a microinjection pipette, and 1.0 nmol of peptide in 2 ml of
0.9% saline was injected under positive pressure. A suture was
placed in the uterinewall overlying each injected fetus to facilitate
its later identification. After injection of two fetuses in each litter,
the pelvic incision was closed, and the dam was allowed to
recover.
One hour after fetal injection of the peptides or vehicle, the

HET PTHrP-deleted dam was again lightly anesthetized with
isoflurane alone to allow an intracardiac injection of radioiso-
topes, as described above. The dam was subsequently killed 30
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min after injection of the isotopes (90 min after fetal injection of
peptides or vehicle), and, after identifying the two injected
fetuses, all fetuses were harvested and processed as described
above.
PCR. Tail clippings were digested at 558C for 12–24 h in the

lysis buffer containing proteinase K. Genomic DNA was
extracted and purified using phenolychloroform, precipitated
with a 25:1 solution of ethanol and 3 M sodium acetate (pH
5.2), and resuspended in TE buffer (10 mMTriszHCl, pH 8.0y1
mM EDTA, pH 8.0). Using pairs of oligonucleotide primers
specific for the native PTHrP gene sequence and the inserted
neomycin gene sequence (23) or the native PTHyPTHrP
receptor gene sequence and the inserted neomycin gene
sequence (24), the genomic DNA was amplified in a single-
tube, 36-cycle PCR using a PTC-200 Peltier Thermal Cycler
(MJ Research, Cambridge, MA). The validity of the PCR
genotyping was confirmed in preliminary experiments by
Southern blotting of the genomic DNA with independent
probes (23, 24).
Statistical Analysis. Data were analyzed using SYSTAT 5.2.1

for Macintosh (Systat, Evanston, IL). Two-tailed probabilities
are reported, and all data are presented as mean 6 SE.

RESULTS
Ionized Calcium in PTHrP Knockout Mice. In preliminary

experiments in normal fetuses (obtained from mating normal
litter mate males to normal litter mate females), the fetal pH was
found to fall quickly from an initial mean pH of 7.2 during the
harvesting of fetuses (Fig. 1A). This value is consistent with

published data of late term, fetal pH in rats (26). However, the
ionized calcium values were only modestly affected by the fall in
pH. As shown in Fig. 1B, there was a slight rise in ionized calcium
from the first to last pup of each litter. However, because the pups
were sampled in random order (so genotypes were not known),
these modest effects of pH on the ionized calcium did not affect
importantly the analysis of the results that followed. This finding
of a small effect of pH on the ionized calcium is consistent with
published data from fetal rats, which showed that ionized calcium
comprises.80%of the total calcium value and, therefore, is little
affected by the action of H1 to release calcium bound to albumin
(27).
In the offspring resulting frommating HET, PTHrP-deleted

dams to HET, PTHrP-deleted males (all obtained from the
original C57BLy6–129ySvJ strain), HOM, PTHrP-deleted
fetuses had an ionized calcium of 1.226 0.02 mmolyliter. This
was significantly lower than the values obtained from their
HET and wild-type littermates (1.48 6 0.02 mmolyliter and
1.52 6 0.03 mmolyliter, respectively; P ,, 0.001) (Fig. 2A).
Although the mean ionized calcium was 0.04 mmolyliter lower
in HET, PTHrP-deleted fetuses than in their wild-type litter-
mates, this difference was not statistically significant.
The maternal–fetal ionized calcium gradient was deter-

mined by subtracting the corresponding maternal calcium
value from each individual fetal calcium value. HET and
wild-type fetuses had a positive calcium gradient of 0.246 0.03
mmolyliter and 0.20 6 0.02 mmolyliter, respectively (P 5 not
significant). The gradient in HOM fetuses was 20.06 6 0.02
mmolyliter, significantly lower than that of the wild-type and
HET littermates (P ,, 0.001) (Fig. 2B).

FIG. 1. Normal fetal pH and ionized calcium. Data from offspring
of normal litter mate dams are presented. The x axis indicates the order
in which the fetal blood was collected in each litter.

FIG. 2. Ionized calcium and maternal–fetal calcium gradient in
PTHrP knockout fetuses. WT, wild-type fetus. p, P ,, 0.001 vs. WT
or HET. The number of observations is indicated in parentheses.
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Calcium Transport in PTHrP Knockout Mice. To determine
if placental calcium transport was also affected in the HOM,
PTHrP-deleted fetuses, pregnant HET dams from the original
C57BLy6–129ySvJ strain were given an intracardiac injection of
45Ca and 51Cr-EDTA. 51Cr-EDTA remains in the extracellular
fluid and has been used in placental perfusion studies in rodents
to serve as amarker for blood flow differences between placentas
(28). Therefore, the ratio of 45Cay51Cr activities accumulated in
each fetus was determined as an index of relative calcium
transport differences among fetuses of a given litter.
Repeated sets of experiments were terminated at one of

three time points: 5, 15, or 30 min after the injection of the
isotopes to the dam. At all three time points, HOM, PTHrP-
deleted fetuses had an accumulated 45Cay51Cr activity ratio
that was significantly lower than that of their wild-type or HET

littermates (Fig. 3). For example, at 15 min, the value of the
HOM, PTHrP-deleted fetuses was 82.36 3.8% compared with
104.5 6 5.4% (wild-type littermates) and 101.7 6 3.4% (HET
littermates) (P , 0.005). The relative placental transport of
45Ca was significantly lower in HET fetuses compared with
wild-type fetuses at the 30-min time point only. This was an
inconstant finding in additional experiments (data not shown),
so the true difference in placental calcium transport between
wild-type and HET fetuses is likely to be modest.
Backflux of 45Ca and 51Cr-EDTA across the placenta from the

fetus to the dam could have affected these results if the amount
of backflux was comparable to the forward flow. In control
experiments, a single HOM, PTHrP-deleted fetus was injected
with 45Ca, and, after 30 min, the amount of activity remaining in
the fetus and the amount of activity present in the dam were
determined.Under these conditions,,1%of the activity injected
into the fetus was lost from the fetus and recovered in the dam
(data not shown). These observations agree with those of others
who have found backflux of calcium in rats and sheep to be,10%
and probably ,1% of the forward flow (29, 30). Furthermore,
because the small volume of 45Ca crossing the placenta from dam
to fetus would be expected tomixwith the nonradioactive calcium
within the total fetal blood volume before returning to the dam,
it is unlikely that backflux of 45Ca could have accounted for the
consistent 20% decrease in the 45Cay51Cr ratio observed in the
HOM fetuses at all time points.
Acute Effects of PTHrP Administration to PTHrP Knock-

out Mice. In the following experiments, three questions were
addressed: (i) Are the effects of gene deletion on calcium
transport acutely reversible? (ii) Can systemically delivered
PTHrP accomplish this reversal? (iii) What portions of the
PTHrP molecule control placental calcium transport? Two
fetuses of each litter were blindly (i.e., without determining the
phenotype or genotype) given an intraabdominal injection of
specific fragments of PTHrP, PTH, or diluent (0.9% saline)
alone as described in Materials and Methods, and the radio-
isotopes were administered 1 h later.
In the first series of these experiments, HOM, PTHrP-deleted

fetuses that did not receive an injection had a 45Cay51Cr ratio of
75.3 6 3.3%; 1 nmol of PTHrP-(1–86) increased the 45Cay51Cr
ratio of injected HOM fetuses to 98.96 5.2% (P, 0.001) (Table
1). 45Cay51Cr ratios of wild-type and HET fetuses were not
significantly increased by PTHrP-(1–86) (not shown).
Similarly, PTHrP-(67–86) also increased the baseline 45Cay

51Cr ratio of HOM fetuses from 78.1 6 2.6% to 92.6 6 5.8%
(P , 0.04) (Table 1). 45Cay51Cr ratios of wild-type and HET
fetuses also were unaffected by PTHrP-(67–86) (not shown).
Our study further determined that PTHrP-(1–34), PTH-(1–

84), and diluent (0.9% saline) alone had no significant effect on
the 45Cay51Cr ratios of HOM,HET, and wild-type fetuses (Table
1). To independently verify that the aliquots of PTHrP-(1–34)

FIG. 3. Placental transport of 45Ca and 51Cr-EDTA in PTHrP
knockout fetuses. The ratio of 45Cay51Cr activity accumulated in
fetuses was determined (A) 5, (B) 15, and (C) 30 min after maternal
administration of the isotopes. The mean heterozygote 45Cay51Cr ratio
of each litter was set at 100% to allow the results of multiple litters to
be compared. The number of observations is indicated in parentheses.
WT, wild-type fetus. (A) p, P, 0.02 vs. HET; (B) p, P, 0.001 vs. HET;
(C) p, P , 0.005 and pp, P , 0.001 vs. HET.

Table 1. Acute effects on 45Ca transport by HOM fetuses treated
with PTHrP, PTH, or diluent alone

Treatment

45Cay51Cr activity ratios

Homozygote
(n)

Treated
homozygote (n) P value

PTHrP-(1-86) 75.3 6 3.3 (20) 98.9 6 5.2 (8) ,0.001
PTHrP-(67-86) 78.1 6 2.9 (25) 92.6 6 5.8 (6) ,0.04
PTHrP-(1-34) 79.0 6 4.5 (11) 69.9 6 5.6 (7) NS
PTH-(1-84) 75.0 6 3.6 (18) 80.9 6 4.8 (10) NS
0.9% saline 75.1 6 3.9 (14) 76.1 6 2.7 (7) NS

All peptides were administered in 1-nmol amounts in an injection
volume of 2 ml. The number of observations is indicated in parenthe-
ses. For the purpose of comparing data from different litters, the mean
45Cay51Cr ratios of the untreated heterozygotes of each litter from
which these basal and treated homozygote values were obtained have
been set at 100%. For further details, see Materials and Methods. NS,
not significant.
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and PTH-(1–84) were biologically active, we found that these
same stocks of PTHrP-(1–34) and PTH-(1–84) were as active as
PTHrP-(1–86) in stimulating cAMP production in a cultured
chondrocyte cell line (data not shown). Therefore, the lack of
effect of PTHrP-(1–34) and PTH-(1–84) on placental calcium
transport in these experiments cannot be attributed to biologically
ineffective stocks of these peptides.
Ionized Calcium in PTHyPTHrP Receptor Knockout Mice.

The requirement for the mid-molecular region of PTHrP for
stimulation of transplacental calcium transport suggests that this
activity is mediated by a receptor distinct from the cloned
PTHyPTHrP receptor (which can respond to either amino-
terminal PTH or PTHrP). Nevertheless, this receptor, which is
expressed in fetal bone, kidney, yolk sac, and other tissues (31),
could well contribute to fetal calcium homeostasis. To evaluate
the role of the PTHyPTHrP receptor in fetal calcium metabo-
lism, blood calcium was first measured in fetuses HOM for
deletion of the PTHyPTHrP receptor gene.
In the offspring resulting from mating HET, PTHyPTHrP

receptor gene-deleted dams and males (in a Black Swiss hybrid
strain; see Materials and Methods), HOM fetuses had an
ionized calcium of 1.00 6 0.04 mmolyliter. This was signifi-
cantly lower than the values obtained from their HET and
wild-type littermates (1.65 6 0.04 mmolyliter and 1.66 6 0.05
mmolyliter, respectively; P ,, 0.001). The maternal–fetal
gradient of the HOM fetuses was 20.31 6 0.05 mmolyliter
compared with the maternal–fetal gradients of their HET and
wild-type littermates (0.35 6 0.04 mmolyliter and 0.36 6 0.04
mmolyliter, respectively). By comparison, the ionized calcium
of HOM, PTHrP-deleted fetuses in a Black Swiss hybrid
background was 1.34 6 0.05 mmolyliter with a maternal–fetal
calcium gradient of 0.04 6 0.03 mmolyliter (HET and wild-
type fetuses had ionized calcium values of 1.70 6 0.04 mmoly
liter and 1.73 6 0.06 mmolyliter and calcium gradient values
of 0.34 6 0.03 mmolyliter and 0.36 6 0.03 mmolyliter, respec-
tively). Thus, like the HOMPTHrP-deleted fetuses, the PTHy
PTHrP receptor-deleted fetuses had lower than normal levels
of ionized calcium.
CalciumTransport in PTHyPTHrPReceptorKnockoutMice.

To independently confirm that the action of PTHrP on placental
calcium transport is a function of a mid-molecular region of
PTHrP and is not mediated by the PTHyPTHrP receptor,
relative placental calcium transport in HOM PTHyPTHrP re-
ceptor gene-deleted fetuses was determined. Pregnant, HET
dams for deletion of the PTHyPTHrP receptor gene were given

an intracardiac injection of 45Ca and 51Cr-EDTA, and the activ-
ities of 45Ca and 51Cr accumulated in each fetus after 5 min were
determined. The relative accumulation of 45Ca was significantly
increased in HOM fetuses (150.56 12.1%) compared with their
wild-type and HET littermates (97.9 6 8.8% and 100.1 6 9.3%,
respectively;P, 0.005) (Fig. 4). In contrast, the placental transfer
of 45Ca into HOM PTHrP-deleted fetuses was reduced in the
Black Swiss hybrid strain (data not shown), just as in the original
C57BLy6–129ySvJ strain.

DISCUSSION
We have shown that absence of the murine PTHrP gene results
in relative fetal hypocalcemia, obliteration of the normal mater-
nalyfetal calcium gradient, and reduced placental transport of
calcium. These observations reflect direct control of placental
calcium transport by PTHrP but do not reflect complicated
effects of the genetic ablation on placental development; injec-
tions of PTHrP-(1–86) were able to rapidly reverse the abnor-
malities in 45Ca transport. The fact that the wild-type and HET
fetuses did not respond to PTHrP-(1–86) or PTHrP-(67–86)
injections suggests that, late in pregnancy, calcium transport
cannot be further up-regulated by additional exogenous PTHrP.
These results partly confirmed those of others in the ovine,

perfused placental preparation (17, 18); PTHrP-(1–86) and, to
some extent, PTHrP-(67–86) could increase placental calcium
transport, but PTH could not. Thus, the structurally different
epitheliochorial (ovine) and hemochorial placentas (rodent and
human) share similar responses to PTHrP. However, the results
of this study differ from the data obtained from the ovine
placental perfusion model in some respects. PTHrP-(67–86)
stimulated calcium transport in perfused placentas obtained from
some intact ovine fetuses (18) but did not do so in our studies with
intact wild-type or HET mice. This difference may be accounted
for by the experimental method used in the ovine placental
perfusion experiments, which disrupted the normal fetal-
placental unit. Fetuses were acutely removed from the uterus,
and, after 2 to 3 h of baseline perfusion, the experiments were
performed. This time period was probably sufficient to eliminate
all residual PTHrP in the perfusate that was derived from fetal
sources.
In contrast, in the PTHrP gene knockout mice, placental

calcium transport was studied in vivo with intact fetuses and
placentas, which permitted normal fetal-placental interaction,
with the exception that fetally derived PTHrP was absent in all
tissues of the HOM, PTHrP gene-ablated mice. PTHrP appar-
ently is produced not only in the fetal parathyroid gland (32) but
also in the umbilical cord (33), amnion (34), and trophoblast cells
of the placenta (35), and all of these sources (and perhaps others)
might be relevant for placental calcium transport. Thus, in this
model, addition of PTHrP to the endogenously produced PTHrP
in normal (wild-type) fetuses did not further increase placental
calcium transport.
The sole characterized receptor for PTHrP is the PTHyPTHrP

receptor (31). PTHrP-(1–34) and PTH-(1–34) bind to and stim-
ulate this receptor in virtually identical fashion. Another receptor
specific for PTH has recently been identified and cloned (36), but,
as yet, no specific PTHrP receptors have been identified. The
PTHyPTHrP receptor has been detected as early as day 7.5 of
gestation in mouse parietal and visceral extraembryonic
endoderm (37) and, therefore, might be well situated for PTHrP
to act on placental calcium transport. However, PTHrP-(1–34)
and PTH-(1–84), which activate the PTHyPTHrP receptor, did
not increase placental calcium transport inHOM, PTHrP-deleted
fetuses. Furthermore, PTHrP-(67–86) was confirmed to stimulate
placental calcium transport, and PTHrP-(67–86) is not known to
activate the PTHyPTHrP receptor, so it was anticipated that
placental calcium transport might be unaffected by deletion of the
PTHyPTHrP receptor gene. In fact, relative calcium transportwas
increased in the HOM, PTHyPTHrP receptor gene-deleted fe-
tuses. This finding suggests the possibility that PTHrP may have

FIG. 4. Placental transport of 45Ca and 51Cr-EDTA in PTHy
PTHrP receptor knockout fetuses. The ratio of 45Cay51Cr activity
accumulated in fetuses was determined 5 min after maternal admin-
istration of the isotopes. The mean heterozygote 45Cay51Cr ratio of
each litter was set at 100% to allow the results of multiple litters to be
compared. The number of observations is indicated in parentheses.
WT, wild-type fetus. p, P , 0.005 vs. HET.
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up-regulated placental calcium transport, perhaps in response to
the fetal hypocalcemia. This further confirms the hypothesis that
the stimulation of placental calcium transport by PTHrP is not
mediated by the PTHyPTHrP receptor.
Thus, it is likely that a receptor specific for the mid-region

of PTHrP is expressed in the placenta. Further evidence for a
receptor that recognizes a mid-molecular region of PTHrP
includes the stimulation by PTHrP-(67–86) of a rise in intra-
cellular calcium, epidermal growth factor-receptor mRNA and
fibronectin (but not cAMP accumulation) in a squamous cell
cancer line (38), and stimulation of bicarbonate excretion by
PTHrP-(1–141) and PTHrP-(1–108), but not PTHrP-(1–34),
in the isolated, perfused rat kidney (39). Studies of the
posttranslational processing of the PTHrP mRNA made in
transfected cell lines suggest that the mid-molecular forms of
PTHrP likely encompass amino acids 38–94 (40, 41).
The relative hypocalcemia of HOM, PTHrP gene-deleted

fetuses is consistent with, but probably not solely due to, the
reduction in 45Ca transport that was observed in this study. The
fetal blood calcium level most likely is determined not only by
transport of calcium across the placenta but by flux of calcium
in and out of the developing skeleton, excretion of calcium by
the fetal kidney, and reabsorption of calcium from the amni-
otic f luid. The latter processes might result in part from the
actions of PTH andyor PTHrP on the PTHyPTHrP receptor.
This is further suggested by the findings that fetuses HOM for
absence of the PTHyPTHrP receptor gene are hypocalcemic
in utero and that the reduction in ionized calcium is greater
than that due to loss of PTHrP. It is, therefore, plausible that
the relative hypocalcemia of the HOM, PTHrP-deleted fetuses
results from the failure of PTHrP to act on the PTHyPTHrP
receptor in kidney and bone, in addition to the absence of
PTHrP action on the receptor in the placenta that recognizes
the mid-region of PTHrP. The hypocalcemia in PTHyPTHrP
receptor gene-deleted fetuses may result from the combined
loss of PTH and PTHrP action in bone and kidney, despite
intact or increased placental calcium transfer. These findings
also indicate that placental calcium transport is only one
determinant of fetal blood calcium because hypocalcemia is
present in HOM, PTHyPTHrP receptor gene-deleted fetuses,
despite intact or increased placental calcium transport.
In summary, this study shows that HOM, PTHrP gene-

ablated mice have relative fetal hypocalcemia, obliterated
maternal–fetal calcium gradient, and reduced placental trans-
port of calcium. The calcium transport abnormalities were
reversed acutely by PTHrP-(1–86) and PTHrP-(67–86) injec-
tion but not by PTHrP-(1–34) or PTH. HOM, PTHyPTHrP
receptor gene-deleted fetuses are also hypocalcemic but have
increased placental calcium transfer. These findings demon-
strate that PTHrP is an important regulator of fetal calcium
physiology, acting at least partly by stimulating a novel receptor
to increase placental calcium transport. The findings also show
that the PTHyPTHrP receptor in tissues other than placenta
(probably bone and kidney) is an important determinant of
fetal calcium homeostasis.
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