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ABSTRACT

Calcium ion concentration ([Ca*"]) in the systemic extracellular fluid, ECF-[Ca*], is
maintained around a genetically predetermined set-point, which combines the operational level of the
kidney/ and bone/ECF interfaces. The ECF-[Ca?*] is maintained within a narrow oscillation range by
the regulatory action of Parathyroid Hormone (PTH), Calcitonin, FGF-23, and 1,25(0OH),Ds. This
model implies two correction mechanisms, i.e. tubular Ca®* reabsorption and osteoclast Ca®*
resorption. Although their alterations have an effect on the ECF-[Ca*] maintenance, they cannot fully
account for rapid correction of the continuing perturbations of plasma [Ca*"], which occur daily in life.
The existence of Ca®* fluxes at quiescent bone surfaces fulfills the role of a short-term error correction
mechanism in Ca?* homeostasis.

To explore the hypothesis that PTH regulates the cell system responsible for the fast Ca** fluxes
at the bone/ECF interface, we have performed direct real-time measurements of Ca®* fluxes at the
surface of ex-vivo metatarsal bones maintained in physiological conditions mimicking ECF, and
exposed to PTH. To further characterize whether the PTH receptor on osteocytes is a critical
component of the minute-to-minute ECF-[Ca®] regulation, metatarsal bones from mice lacking the
PTH receptor in these cells were tested ex vivo for rapid Ca** exchange. We performed direct real-time
measurements of Ca®" fluxes and concentration gradients by a scanning ion-selective electrode
technique (SIET). To validate ex vivo measurements, we also evaluated acute calcemic response to
PTH in vivo in mice lacking PTH receptors in osteocytes vs littermate controls.

Our data demonstrated that Ca®* fluxes at the bone-ECF interface in excised bones as well as
acute calcemic response in the short-term were unaffected by PTH exposure and its signaling through
its receptor in osteocytes. Rapid minute-to-minute regulation of the ECF-[Ca®*] was found to be
independent of PTH actions on osteocytes. Similarly, mice lacking PTH receptor in osteocytes,

responded to PTH challenge with similar calcemic increases.
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INTRODUCTION

Calcium ion concentration ([Ca®]) of the extracellular (or plasma) fluid (ECF-[Ca®*]) is held at a
genetically predetermined set-point (1, 2), where ECF-[Ca®*] is maintained within a narrow oscillation
range by the regulatory action of parathyroid hormone (PTH), calcitonin (CT), 1,25(0OH).D3 (3-5) and
fibroblast growth factor-23 (FGF23) (6, 7) on the kidney- and on bone/plasma interfaces. This
classical model of “reactive homeostasis” (8) implies two controllers, i.e. tubular Ca** reabsorption and
osteoclast-mediated bone resorption. Although contributing to ECF-[Ca*"] maintenance (9-11), they
cannot be responsible for rapid and effective correction of the perturbations of plasma [Ca®*] which
occur in daily life (7, 12-15). Firstly, the amount of Ca®*" available in the distal nephron for error
correction is minimal as approximately 98% of the filtered load is already reabsorbed (16), and the
average daily flux due to distal nephron reabsorption is three to ten times lower than the rapid Ca®*
exchange at the bone/plasma interface (17). Second, the amount of bone resorbed by pre-existing
osteoclasts under normal condition is insufficient to provide an adequate Ca** aliquot to adjust the
short-term error to restore, minute-to-minute, normal ECF-[Ca®*] (12, 18). Indeed, the rapid Ca®*
exchange at the bone/plasma interface is higher than the average daily flux due to bone turnover
regardless of the degree of mineralization or turnover state (19). It is also worth considering that
bisphosphonates cause significant decreases in bone resorption and they have no effect on PTH action
to normalize plasma Ca*" (20), and that autosomal dominant osteoporosis in adults is not accompanied
by relevant alteration of ECF-[Ca?*] (21).

Bone contains an exchangeable Ca®* pool as a component of the extracellular fluid filling the
lacuno-canalicular network (BECF) which encloses the osteocyte cell bodies and dendrites within the
mineralized bone matrix (22). Since it has been recently estimated that BECF-volume is small,
accounting for ~24 mL (23), the mineral-ion reservoir function of bone is mainly mediated by the

structured hydrated layer, composed by loosely bound bivalent cations bound to the surface of apatite
4



nanocrystals as well as to the organic phase (24, 25) that are instantly exchangeable with the plasma
(26). By considering that the total surface area of the lacuno-canalicular system is ~215m? (23), the fast
and reversible ion exchanges might be very efficient as a short-term buffer to sustain Ca®* homeostasis
and skeletal integrity. Models proposed by Neuman (27), Talmage (15, 28), Bronner (17, 29) and
Parfitt (13, 18) support the concept of a dynamic bone/plasma Ca®* dis/equilibrium possibly modulated
by the saturation level of hydroxyapatite solubility and/or access to Ca®* binding sites. Novel
mathematical models have also been developed to integrate this fast component in the slow-reacting
Ca®" homeostasis (30-32), but its hormonal regulation remains unsettled despite its importance in the
overall plasma Ca®* homeostasis. Experiments and models addressed to assess the contribution of PTH
[see (13, 15, 18) for reviews] have suggested that the level of blood/bone equilibrium might vary with
the level of PTH, but the direct experimental evidence for the PTH effect at the bone surface in
eliciting a fast homeostatic response is lacking. As discussed by Parfitt (18), if and how PTH exert any
action at this level “remains a mystery”.

Direct experimental evidences that bone plays a central role in the short-term error correction of
plasma [Ca2+] without the contribution of bone remodeling were given by our group (33), which
confirmed the Neuman’s observation (27): when a disequilibrium occurs between bone and plasma,
ECF-[Ca2+] is corrected almost instantaneously. We performed direct real-time measurements of Ca2+
fluxes at the bone/plasma interface using a scanning ion-selective electrode technique (SIET), which
allows a non-invasive measure of differences in specific ion concentration just outside a living
membrane (34). The SIET measurements of the local Ca2+ concentration gradient (<10 um spatial
resolution) after exposing ex vivo metatarsal bones to the bathing solution, whose composition
mimicked ECF, showed influxes of Ca*" that reversed to effluxes when we depleted Ca®* from ECF,

mimicking a plasma demand. The reversal from influx to efflux and vice versa was immediate and



fluxes were steady throughout the experimental time. Only the efflux was annulled within 10 minutes
by the addition of Na-Cyanide, demonstrating its living-cell dependence.

We hypothesized that the cellular system able to rapidly fulfill the plasma Ca®* homeostatic
demand by sustaining an effective Ca®* efflux from bone without activating remodeling might be the
osteocyte-bone lining cell syncytium (OBLCS). Both interacting constituents of OBLCS, have
receptors for PTH and can play a role in the short-term error correction mechanism by modulating the
Ca®" aliquots needed to correct ECF-[Ca®*]. Osteocytes can modulate the availability of Ca®* from the
mineralized matrix without the need to activate an osteoclast-like function of matrix lysis (35) since
they are ideally placed to establish a direct and extensive contact to a mineralized matrix (36, 37); can
regulate virtually every phase of the mineralization process (36); can dissolve minerals through
canaliculi by acidifying their microenvironment, and then transfer it to the bloodstream (38, 39); and
can mobilize Ca®* under sclerostin-exposure by up-regulating carbonic anhydrase 2, a major generator
of H" (40).

In addition, it has been proposed that bone lining cells (BLCs), covering the quiescent surfaces of
bone, might constitute a “bone membrane” (10, 41-48), acting as a partition system between BECF and
ECF (48-51).

To explore the hypothesis that the cell system responsible for Ca** fluxes at the BECF-ECF
interface is under PTH control, we have performed direct real-time measurements of Ca®* fluxes at the
bone/plasma interface in metatarsal bones maintained ex-vivo under physiological conditions and
exposed to PTH. Then, to further characterize whether the PTH/PTHrP receptor (PPR) located on
osteocytes is a critical component of the minute-to-minute ECF-[Ca®"] plasma Ca®* regulation,
metatarsal bones from mice lacking the PTH receptor on osteocytes (DMP1-Cre:PPRfl/fl) (52, 53) have
been isolated and tested for rapid calcium exchange. Direct real-time measurements of Ca** fluxes and

concentration gradients at the bone/plasma Ca®* interface in isolated ex-vivo bone using SIET offered
6



the unique opportunity to determine how Ca?* gets into and out of bone almost instantaneously and
what regulates its movement. To validate the ex-vivo SIET measurement, DMP1-Cre:PPRfl/fl mice
were treated with PTH, and the acute changes in plasma Ca®* were evaluated in comparison with their
control littermates. We report here for the first time that acute treatment with PTH did not modify the
instantaneous Ca* fluxes at the bone/plasma interface and that the receptor activation in osteocytes
was not a critical component of the bone contribution to the short-term error correction mechanism(s)
in plasma Ca®* homeostasis.

This study addressed the characterization of a physiological function with a direct translational
value. Deviation of plasma Ca** from set-point modulates osteoclastogenesis (54) and has profound
effects on bone cell fate and activities, by means of the Ca®* sensing receptor (CaSR) and
independently of systemic calciotropic peptides (55). Moreover, plasma Ca** instability is critical in
CKD-MBD (14), osteoporosis (15, 56), PTH related disorders and RANKL inhibition (30, 31) as well

as cardiovascular diseases (57, 58).

MATERIALS AND METHODS

Metatarsal preparation

Incubation media were prepared as previously described (33). Living metatarsal bones were
dissected in a medium containing physiological concentrations of the ions present in plasma, and
defined HCO3'-free ECF containing: NaCl, (96 mM/L), Na,HPO, (1.35 mM/L), NaH,PO4 ( 0.45
mM/L), KCI (4 mM/L), Ca-Lactate (1.5 mM/L), MgSO4 (0.7 mM/L), Na-Isethionate (30.85 mM/L),
Glucose (28 mM/L), Mannitol (43.75 mM/L), Hepes (10 mM/L). Bicarbonate was excluded from the
dissection medium to avoid physicochemical changes of the solution due to the CO; volatility and was

replaced in the experimental solution to assure physiological conditions, as in the pioneering
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experiment (50). For SIET measurement (see below), the metatarsal bones were placed in a control
medium containing physiological concentrations of bicarbonate by substituting 27 mM/L of Na-
isethionate with 27 mM/L of NaHCOj3, and covered with a layer of mineral oil (Mineral Oil, Squib). As
previously described (44), the unique design of the experimental chamber and the use of mineral oil
was aimed at reducing to a reasonable minimum the exchange of CO, between the incubation medium
and the ambient atmosphere. This experimental set-up was shown to be suitable for the study described
here where the total elapsed time for the measurements obtained in bone incubated in a medium
containing bicarbonate did not exceed 35 minutes. Furthermore, 10 mM HEPES buffer minimizes pH
alterations.

All reagents were purchased from Sigma (St. Louis, MO). All experiments on living metatarsal
bones were performed at a controlled temperature, 37°C. The pH was maintained at 7.4 £ 0.1 at 37°C.
Measured osmolality was systematically controlled and matched the theoretical value with 5% error.
Human PTH(1-34) (MGH Peptide Core Facility) was dissolved in 0.1% trifluoroacetic acid (TFA),
aliquoted, stored frozen at —80°C, and subsequently diluted to the appropriate concentration in vehicle)
immediately before use.

Isolation of metatarsal bones was done as previously described (33, 42-44). Briefly, weanling
mice, both littermate controls (C57BL/6 and PPRfl/fl) and study (DMP1-Cre:PPRfl/fl), between 19-21
days old were euthanized with Isoflurane (Piramal Healthcare, Cat#66794-017-25) followed by
cervical dislocation.

The back limbs were amputated at the distal tibia epiphysis and immersed in the dissection
medium to avoid pH changes during manipulations. The metatarsal bones (approximately 7 mm long
and 1 mm thick) were carefully dissected to avoid damage to the bone surface. All manipulations were
carried out on samples immersed in the dissection medium using a surgical microscope. After the

metatarsal bone was freed of soft tissue ensheathments, the diaphysis was systematically cut by a
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surgical knife at 1/7 of the overall length. The distal 3/10 fragment (including the growth plate) was
discarded, and the 7/10 proximal fragment was retained for the analysis. In this way the area of bone
cortex exposed to the bathing fluid was kept constant, thus representing an advantage in terms of signal

analysis with respect to the previous procedure of drilling a hole through the cortex (33) (Fig 1).

Mice

The use of animals for the metatarsal extraction and measurement was approved by the local
(Marine Biological Laboratory, Woods Hole, MA) Institutional Animal Care and Use Committee.

DMP1-Cre:PPRfl/fl (or DMP1-PPR¥?) animals and littermate controls were generated by mating
mice in which 10KbDMP1 promoter drives the expression of Cre-recombinase (10Kb DMP1-Cre,
kindly provided by Dr. J. Feng) with mice in which the E1 exon of the PPR gene is flanked by lox-P
sites (control, kindly provided by Dr. T. Kobayashi), as previously described (53). The genotypes of the
mice were determined by PCR analysis of the genomic DNA extracted from tail biopsies. For the 10Kb
Dmp1-Cre transgene, the forward Cre primer (5’-CGCGGTCTGGCAGTAAAAACTATC-3’) and the
reverse Cre primer (5’-CCCACCGTCAGTACGTGAGATATC-3’) were used to generate a PCR
product of approximately ~400bp. For the floxed PPR allele, the Pl primer (5°-
ATGAGGTCTGAGGTACATGGC TCTGA-3’) and the P2 primer (5-
CCTGCTGACCTCTCTGAAAGAATGT-3’) were used, which recognized the sequence spanning the
3’lox-P site, as previously reported (53). Wild-type and mutant alleles give ~ 210 bp and 290 bp
products, respectively. The Institutional Animal Care and Use Committee, Subcommittee on Research
Animal Care, at Massachusetts General Hospital approved all animal protocols for animal models

generation.



Scanning ion-selective electrode technique (SIET)—basic principles

Key reviews reporting representative experiments have been recently published (34, 59) and the
SIET basic principles have been outlined (60).

The SIET measures the free-ion concentration gradient of a specific ion (depending on the
sensitivity of the selected tip-ionophore used, in our case Ca**) by means of repeatedly moving an ion-
sensitive microelectrode (ISM) between two measurement points in the bulk media, one just outside the
bone specimen and the other a fixed distance away (typically in the 10 pum range) using stepper motors
controlled by software (ASET-LV4 Program, Science Wares, Inc. Falmouth, MA, USA) at
programmed repetition rates slower than 1 Hz (typically 0.3 to 0.5 Hz range). A move-wait-measure
progression scheme is employed. Specifics of the system applied have been described in detail (33). In
short, the difference in voltage from the ISM between the two measurement points determines the flux
magnitude as a function of the difference between the two measured Ca®* concentrations. The ion flux

was calculated using Fick’s law of diffusion:

J = Cu (dc/dx)

where J is the ion flux in x direction, where C is the ion concentration in the solution; u is the ion
mobility; and dc is the concentration difference over distance dx (see Fig.1). The ISM potential in
standard solutions containing different Ca®* concentrations was used to construct a calibration curve to
calculate the actual ion concentration. As the ISM moves in an ion gradient, near a source or sink of ion
flux, the potential on the ISM varies in proportion to the size of the flux (J). A higher value at the

position near to the bone surface indicates an outward ion flux (efflux).
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Micrometer-tip size ion-selective electrode, ISM

Micrometer-tip size ISMs are extremely useful tools for measuring specific ion fluxes around
embryos, organs, tissues and single cells. Ca**-specific ISM for bone measurement at 37°C have been
previously described (33). Briefly, the ISM begins as a 1.5 mm diameter borosilicate glass capillary
(TW150-4; World Precision Instruments Inc, Sarasota, FL, USA), pulled in two stages on a Flaming
Brown Model P-97 electrode puller (Sutter Instruments, Novato, CA) to obtain a tip diameter ranging
from 3 to 5 um. The microelectrodes were then backfilled with 100 mM CacCl, electrolyte to a column
length of ~1 cm, and front-loaded with a 30- to 40-um-long column of liquid ion exchanger (LIX)
(Fluka Chemie AG Ca®* ionophore 1, cocktail A, Buchs, Switzerland). The ISM was then connected to
an ion head-stage amplifier (Applicable Electronics LLC) via a short piece of silver chloride plated
silver (Ag/AgCl) wire. This assembly acted as the measuring ISM. A new ISM was made for every
experiment as required. The reference electrode was an Ag/AgCl half-cell (#MEH3S, World Precision
Instruments, Inc., FL, USA), connected to the bone bathing (or calibration) solution by a PVC capillary
tube filled with 3 M KCI and 0.5% agar. Before each experiment the ISM was tested against a series of
Ca**-containing calibration solutions (i.e., containing 0.1 mM, 1.0 mM and 10.0 mM Ca Cl.). ISMs
with a deviation in their Nernst Slope of more than 3 mV from the theoretic value (i.e., between 27 and

33 mV) were discarded and a new ISM fabricated.

SIET experimental set-up and data acquisition

The experimental set-up was similar to the one previously described (33) with the exception of
new software (ASET-LV4); improved digital imaging; and improvements to the 37°C temperature
control system. The metatarsal bone was held by drops of cyanoacrylate glue [Loctite® Super Glue,
Westlake Ohio 44145] at the proximal extremity on a piece of a nylon washer fixed at the bottom of a

standard 3.5-cm plastic Petri dish and the bone-shaft was held parallel to the bottom of the dish to
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allow for ISM scanning of the exposed bone cortex of the distal extremity minimizing the risk of ISM
tip damage (Fig. 1). The dish was filled with the appropriate pre-warmed (37°C) medium (5.4 mL) and
positioned on the viewing stage. The ISM was then immersed in the medium after which the medium
surface was immediately covered with a thin layer of light, clear, pre-warmed (37°C) mineral oil.
Contact between the oil layer and the ISM tip was avoided because the oil adversely affects the
ionophore performance in the ISM tip. The oil layer also greatly reduces temperature-driven convection
flow in the medium that causes instability in the Ca®* gradient, and helps maintain pH by minimizing
air-exchange at the surface of the solution. The oil layer also allows microscopic viewing of the
specimen without any obstructions (see Fig. 1).

The environment inside the Faraday cage was maintained by a temperature controller (two quartz
heater elements, OMEGA Part# OTF-192/240, one controlled by a variable transformer, the other
controlled by a Temperature Control unit, OMEGA Model # CNI-3244). Temperature was controlled
via a thermocouple probe placed beside the experimental dish connected to the heat control unit. A
digital camera (Imaging Development Systems, Germany, Model # Ul-1240SEUEYE, 1.3 Megapixel)
was placed on an Optem Zoom 70 video zoom scope (magnification range: 5-45X, Thales-Optem,
Fairport, NY, USA) then connected to a USB port on the DELL T-3500 PC. A National Instruments
IMAQ Digital Interface was used to process the camera image and display it on an added PC monitor
(PC had 2 monitors, one for program, one for image). Light was provided through a fiber-optic ringlite
(Optem) connected to a light source (Dolan-Jenner, Model DJ-170). In this way, it was possible to run
the experiment within the closed Faraday cage and visualize the motion of the ISM on an additional
DELL flat screen monitor outside the Faraday cage, connected to the DELL PC. The cage was opened
briefly for the addition of PTH (1 min) to the Petri dish containing metatarsals. A thin, clear vinyl
curtain with a slit in the middle covered the access to the Faraday cage to minimize heat loss when the

doors were open.
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All SIET measurements were taken in the experimental medium. After stabilization of the readings
at a fixed distance of 2 mm from the exposed bone cortex, here defined “at reference”, and after having
mapped the spatial distribution of the Ca®* fluxes, the ISM was located at the point of maximal flux
over the exposed cortex, here defined “at bone” (see Fig. 1). The flux magnitude was first recorded for
five minutes in the ECF and then 600uL of ECF containing PTH or vehicle (control) was added in the
5.4 mL of experimental ECF to give a final concentration of 100nMol of PTH in the final volume of 6
ml of ECF. The ISM was left at the same location before and after PTH addition for 20 minutes, then
reported at the “reference” position for three minutes. Total elapsed time for the experiments was about
35 minutes. The same medium was left in the dish no longer than 30 min. This is the time-frame in
which medium containing bicarbonate is known to be stable in this set-up from previous experiments
(44). All movements were controlled via the ASET software. To assess any potential disturbance of the
recordings due to PTH, additional experiments (n=3) were performed by adding PTH in absence of

bone and no specific effects were observed.

Bone mineral structure analysis

RX© animals and

To study the mineral content of the metatarsal bones excised from DMP1-PP
littermate controls, we applied the same electron microprobe analysis developed to study the mineral
fine structure of American lobster cuticle, as previously described (61). Briefly, the liquid nitrogen
frozen bone samples were embedded, after having been plunged in liquid-nitrogen-chilled acetone, in
Epo-Thin Resin (Buehler), and finely polished to obtain a flat smooth surface.

The specimens were examined via a Cameca SX-50 Electron Microprobe (Madison, WI 53711,
USA) to provide electron probe microanalysis (EPMA) for a chosen list of ions PO*, Mg**, Ca*, Ba*",

Mn%*, K*, and Na*. The SX-50 allows for a set of ions, measured simultaneously at each location. Data

from the EPMA instruments were subsequently exported and analyzed as reported.
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Acute PTH injection in vivo

For in vivo acute PTH administration 8-10 weeks old male (n=4 in each group) mice were injected
with vehicle (10 mM citric acid/150 mM NaCl/0.05% Tween-80, pH 5.0) or vehicle containing human
PTH (1-34) at doses of 50 nmol/kg or a mutated long-acting PTH analog (LA-PTH) at 10 nmol/kg (62)
after a 2 weeks of wash-out following the first experiment. Blood was collected from the tail vein and
analyzed directly for Ca®* using a Siemens RapidLab 348 Ca2+/pH analyzer. Plasma cAMP was
measured by radioimmunoassay (RIA) using a commercial cCAMP assay kit (New England Nuclear
Corp., Boston, MA). Data were processed using Excel 2008 (Microsoft Corp.) and Prism 5.0
(GraphPad Software Inc.). Statistical analyses used the Student-t test (two-tailed, unequal variances),

with significance inferred from P values of 0.05 or less.

Cyclic AMP measurement

Metatarsal were isolated from 19-21 days old WT animals, as described above. Each metatarsal
was then placed in ice-cold cAMP-assay buffer (Dulbecco Modified Essential Medium containing 10
mM HEPES, 0.1% heat-inactivated BSA and 1 mM isobutylmethylxantine) or in modified cAMP-
assay buffer. Bone pieces were then incubated in cCAMP-assay buffer with the appropriate treatment at
37°C for 15 min. Three to five metatarsal were incubated with vehicle alone (assay buffer), 100 nM
human PTH (1-34) or 0.1 uM forskolin. At the end of the incubation, the reaction was terminated by
quickly removing the bones and placing them in 0.3 ml of cold 90% 2-propanol in 0.5 M HCI. Bones
were then incubated for 16-18 h at 4°C. Propanol extraction was repeated, and the combined extracts
were evaporated by vacuum centrifugation. The dried extracts were dissolved in acetate buffer (50 mM
Na acetate/0.05% Na azide, pH 6.2) for measurement of cAMP by a specific in-house RIA, as
previously described (53). cAMP RIA was done by the Center for Skeletal Research at Mass General

Hospital, Boston, MA. Bones were washed twice with 0.5 ml acetone and once with 0.5 mL ether and
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were air-dried and weighed. The results were normalized for the bone weight, and the data were
expressed as picomole of cAMP produced per mg of dry bone. Each experiment was done at least three

times.

Data analysis

Data from the ion probe were recorded by the ASET software (Science Wares, Falmouth, MA)
into comma-separated value files (CMV) with a time-base, location, and a mV measure of Ca*" titer
and a second mV reading 10 um away from which a flux calculation is made in that direction (33). The
two measures of Ca®* activity, concentration, directional flux, and place were recorded for measured
times under applied treatment regimes. Plots of the continuous recording of log of concentration and
the flux of Ca®* were amended for the times of drug-addition and opening of the Faraday cage. The
resulting data was smoothed using the LOESS function of R-Core team [R Foundation for Statistical
Computing, Vienna, Austria. 2016]. The significance of the treatments was judged from comparisons
of at least three replicates of each treatment-response curve considering the standard errors of departure
from the fitted curves. Atomic abundance data from the SX-50 EPMA analysis was measured versus
um displacement of the electron beam along the linear scan track. A LOESS smoothing of the X-ray
atomic abundance estimates are provided with 95% Confidence Interval (CI) standard error of the mean
departure from the curve is indicated as a vertical bar. Data from the EPMA instrument were exported
and analyzed by multivariate analysis of dispersion and test for additional information according to Rao

(63).
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RESULTS

Acute PTH does not affect Ca** fluxes in metatarsal bone
Initial studies were performed to investigate whether PTH was able to acutely induce changes in Ca**
influx in ex vivo metatarsal bones. As previously reported, in conditions in which the bones were
bathed in medium having the same ionic composition as plasma, there was a net influx of Ca®* entering
the bone at the cut site. The maximal Ca** influx was present at the edge of the metatarsal bone and the
flux decreased when the probe was moved away from the bone surface. We investigated whether the
maximal Ca®* influx was affected by PTH. The hormone (100 nM human PTH(1-34) was added to the
metatarsal medium and the Ca** fluxes at the bone site were recorder for 5 consecutive minutes. As
shown in the boxplot in Fig. 2A, there were no significant changes in Ca®* fluxes at the bone site when
the hormone was added (marked as PTHO), suggesting that the minute-to-minute Ca®* current at the
bone surface is independent of PTH action. The boxplot graph, showing the mean [Ca®*] at the
beginning of the experiment, at reference (R1) and near the surface of the bone (B) and at different
times upon administration of PTH (PTH1-3), indicates that there are no changes in the ECF [Ca®'] (Fig.
2A). We then analyzed the Ca®* fluxes in metatarsal bones of animals lacking PPR expression in
osteocyte, and exposed to PTH treatment. As shown in Fig. 2B, Ca®*fluxes from ex-vivo metatarsal
bones of DMP1-Cre:PPRfl/fl animals were similar to control littermates (PPR fl/fl), and the addition of
PTH elicited no significant effect. The boxplot shows no changes in ECF [Ca®*] after PTH. As shown
in Fig. 2C, the comparison of Ca®* slopes soon after adding PTH demonstrated no significant
difference between PPRfl/fl controls (WT) and KO bones. Taken together these data demonstrate that
ex vivo metatarsal bones are capable of maintaining Ca®* fluxes independently of PTH action, and that
the hormone is not implicated in the minute-to-minute regulation of ECF-[Ca’]. To exclude the

possibility that the lack of hormonal effect was related to the SIET experimental conditions, we



performed an experiment in which cAMP accumulation in response to PTH treatment was done in ex
vivo metatarsal bone maintained under identical SIET conditions or in standard cAMP buffer (both
containing phosphodiesterase inhibitors). As expected, there was a significant increase in CAMP upon
PTH or forskolin treatment in bones cultured in both conditions, demonstrating that metatarsal bones

do retain PTH-responsiveness (Fig. 3).

PTH receptor in osteocytes is not required for acute calcemic responses

It is well known that a single injection of PTH(1-34) into animals and humans results in an acute
rise in blood [Ca*] and decrease in blood phosphate concentrations. Three organs participate in
supplying Ca®* to the blood: (i) The small intestine through the absorption of Ca®* from the diet
(vitamin-D dependent); (ii) The kidney through tubular reabsorption of Ca®*; and (iii) The skeleton
with the release of Ca** from bone. PTH acts directly, or indirectly, on these target organs but the
mechanism by which the hormone rapidly (within hours) increases blood [Ca?*] is not completely
understood. One hypothesis put forward is that PTH can acutely release Ca®* from the mineralized
matrix surrounding the osteocytic lacuno-canalicular network. Since the data generated using the SIET
and ex vivo metatarsal bones revealed no effect of either PTH administration or PPR ablation in
osteocytes in regulating Ca®* fluxes, we performed acute PTH injection in male DMP1-Cre:PPRfl/fl as
well as PPRfl/fl littermate controls, in order to assess the role of PPR in osteocytes with regards to
acute calcemic responses. Fig. 4A shows that in animals lacking PPR expression in osteocytes, PTH
can elicit a full calcemic response, as demonstrated by a significant increase in Ca®* after 1 and 2 hr of
hormone administration. Serum [Ca®*] returned to basal levels after 4 hours. DMP1-Cre:PPRfl/fl mice
display full calcemic response to acute PTH administration, demonstrating that osteocytes do not
participate in a PTH acute calcemic response, and that other bone cells, probably BLCs or osteoclasts,

or other organs, might be driving the acute calcemic response. Lastly, we evaluated whether difference



in acute calcemic responses between DMP1-Cre:PPRfl/fl and littermate controls could be elicited by
injection with a long-acting mutated PTH (M-PTH 1-28). This peptide has been shown to have higher
affinity for the R° PPR conformation, and to have, both in vitro and in vivo, a prolonged activity (62).
Indeed, calcemic responses to PTH and M-PTH(1-28) - a long acting PTH analog - were similar in both
DMP1-Cre:PPRfl/fl and control mice. Serum cAMP concentration, detected 15 minutes after PTH or
M-PTH administration, was also identical between KO and control animals. These data support the
proposition that PTH induces acute, transient, calcemic responses that are independent of its effect on

osteocytes.

Lack of PTH receptor in osteocytes alters bone mineral composition
To further study the role of PPR in osteocytes in controlling mineral homeostasis, we analyzed the
mineral composition of metatarsals from DMP1-Cre:PPRfl/fl and littermate controls. We did not find
any significant difference between controls bones (n=3) in their composition of calcium, phosphorus,
magnesium, sodium, potassium, strontium, barium, manganese composition based on EPMA
(P>0.999). Conversely, we found a very highly significant difference between the atomic composition
of DMP1-Cre:PPRfl/fl bone vs the littermate controls as a whole (P<0.0001). The greatest difference
between DMP1-Cre:PPRfl/fl and littermate controls was contributed by strontium, barium and
manganese as indicated by their ratio of change, plotted in Fig 5. There was no significant additional
contribution by magnesium (P>0.903) and potassium (P>0.837).
As shown in Fig. 5, in the absence of PPR, the level of Sr** was more than 3-fold higher in bone
from KO mouse compared to controls. Interestingly, both Ca** and PO* levels were unaffected. This
data indicates that in the absence of PTH receptor signaling on osteocytes, there is shift in the relative

content of divalent cations and, in particular, a relative accumulation of Sr**.



DISCUSSION

Our study demonstrates that the immediately exchangeable Ca®* pool available at the bone/plasma
interface to contribute to plasma Ca®* homeostasis is independent of the effects of PTH. Via the unique
opportunity offered by SIET to obtain direct real-time measurements of Ca®* fluxes and concentration
gradients at the bone/plasma Ca** interface (34, 57, 58, 60), and by applying the previously validated
method of ex vivo metatarsal bones in physiological conditions (33), we have now been able to provide
the first direct demonstration that the immediately exchangeable Ca** fluxes at the bone/plasma
interface are independent of PTH and its signaling in osteocytes. Indeed, acute PTH treatment was
unable to affect Ca** fluxes in either DMP1-Cre:PPRfl/fl and controls metatarsal explants. Thus, our
results noticeably challenged the general assumption that PTH is the critical regulatory factor, acting on
bone surfaces to maintain stable plasma Ca®* concentration on a rapid minute-to-minute basis.

The experiments described here were performed under a normal Ca®* concentration in the external
medium. This was done with the purposes to obtain a bone response in a physiological condition, to
assure optimal probe sensitivity and stability, and to detect potential transient influx of Ca®* into bone
after PTH addition, as suggested by some early study with °Ca®* (64). SIET is not exposed to bias as is
radio-labeling Ca* - that remains sensitive to “°Ca**/**Ca®* equilibration phenomena - and gives a
direct real-time measurement of the net Ca®* flux and [Ca®'] gradient at the extracellular level. The
absence of a significant change of a SIET-detected Ca** flux at the bone/medium interface after PTH
addition, rules out any specific action of the hormone on Ca** handling at the bone surface in the short-
term. It is highly unlikely that we have missed a fast Ca®" transient during the two minutes when SIET
recording was interrupted due to the time needed for PTH addition and stabilization of the SIET signal,
since any PTH-activated Ca* entry into the cytosol would have significantly affected the [Ca?'] at the
bone surface in the very short term after PTH exposure. Under identical experimental conditions, the

SIET was able to detect a fast Ca®* efflux transient from the cytosol after cell poisoning (33).
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In addition, any potential bias due to the specific model used (i.e ex vivo metatarsal bones) was
ruled out because PTH treatment was found to be effective in eliciting an acute significant rise of
CAMP concentration in excised metatarsal bones of weanling mice, placed in identical experimental
conditions, therefore validating our experimental set-up, as shown in Fig. 3.

The present study has also shown that the Ca** fluxes at the bone/medium interface were
unaffected in the short-term by specifically ablating the PTH/PTHTrp receptor in osteocytes. Contrary to
the generally acknowledged assumption that PTH/PTHrp receptor activation might have an effect on
Ca®" homeostasis through the reversible enlargement of the osteocyte lacunae and demineralization of
the surrounding matrix under high Ca®* demand (38, 39, 65), our study raises the hypothesis that
minute-to-minute maintenance of Ca?* equilibrium at the bone surfaces does not require any rapid
action of PTH on the osteocytes. A further validation of the SIET results derives from our in vivo
observation that acute injections of PTH in DMP1-Cre:PPRfl/fl mice elicits a calcemic response that is
indistinguishable from control mice (PPRfl/fl littermates), thus confirming earlier reports (62). We can
therefore suggest that PTH receptor signaling in osteocytes (or DMP1-positive cells) is not required for
the acute calcemic effect of the hormone. Similarly, to the ex vivo experiment, the in vivo one was also
confirmed by the contemporary measurement of serum cAMP which was found to be significantly
increased in both DMP1-Cre:PPRfl/fl and control animals upon acute PTH administration.

Our study challenges earlier reports that have hypothesized that bone-mediated minute-to-minute
regulation of plasma Ca®* by PTH are due to Ca®* transport from bone without osteolysis (66). When
embryonic chick tibiae were exposed to PTH, a mechanism was envisaged for selectively moving Ca®*
out of bone, and maintaining Ca** level in the bone fluid lower than that in the general extracellular
fluid (67). However, earlier studies were inconclusive, nor do they identify the source of Ca** (15, 28).

Furthermore, the role of PTH in bone/plasma rapid Ca** equilibrium remained conjectural (13,18).
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Recently, the concept that PTH signaling in bone is essential for Ca** homeostasis has been re-
examined and a critical role for the PTHR-1 in regulating acute responses in target tissues has been
reported (62). PTH induces indeed a calcemic response that is significant at 1 to 2 h post injection (62).
However, the study outlined the importance of additional elements, as ambient Pi, of the overall
homeostatic regulation of calcium by PTH, thus leaving the target cells in bone, beyond osteoclasts,
undetermined. In order to selectively evaluate the role of osteocytes in plasma Ca®* homeostasis,
PTH/PTHrp receptor was specifically ablated in osteocytes and the plasma [Ca2'] was found,
respectively, to be reduced or not maintained in the DMP1-Cre:PPRfl/fl mice compared to littermate
controls when subjected to a low Ca** diet (52). Conversely, in our study basal plasma [Ca*] did not
differ between KO mice and controls when maintained on a regular diet (Fig 4A), thus in agreement
with previous report (53). This difference can be reconciled by considering that the low plasma [Ca®']
was detected only in DMP1-Cre:PPRfl/fl mice undergone to the challenge of a 2 weeks low Ca** diet. It
is therefore conceivable that under a long-term dietary Ca®* insufficiency, the role of the osteocytic
PTH/PTHTrp receptor can be highlighted as one element of the long-term error correction mechanisms
in plasma [Ca®*] homeostasis. Perilacunar osteocytes remodeling (68), and synergic osteoclastic
activity through the RANK/RANKL pathway (69), which are expected to be reduced due to the
ablation of PTH/PTHrp receptor, might require a time longer that the fast and reversible fluxes of Ca®*
at the bone/plasma interface following a physiological demand, as directly measured ex vivo by us in a
previous study (33), and confirmed here. Both phenomena, i.e., perilacunar osteocyte remodeling as
well as osteoclast resorption, require the reversible activation, in osteocytes as well as in osteoclasts, of
genes typically associated with bone resorption (70), and are induced under the physiological condition

of a long-term high Ca®* demand, such as during lactation (36, 65) and/or a low Ca?* diet (52).
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Our new study also challenge the recent observations that osteocytes can remove minerals from
bone through acidification of their surrounding bone fluid and their perilacunar matrix under PTH
infusion, as assessed with synchrotron X-ray tomographic microscopy (39), as well as in response to
PTHrP exposure in vitro, and in lactating mice in vivo (38). These observations have raised the
possibility that Ca®" can be released to the bloodstream faster than expected since PPR activation can
lower the microenvironment pH through a PTHrP-dependent stimulation of the ATP6V0D2, an
essential component of vacuolar ATPase (V-ATPase), and subsequent H* generation in primary
osteocytes (38). At present, however, the synchrotron X-ray tomographic microscopy does not allow
in vivo time-course analyses (39), nor is it known the time required to achieve an efficient acidification
of the mineralized matrix under PTH stimulation via V-ATPase in osteocytes (38). Thus, the relative
contribution of PPR activation in osteocytes on the instantaneous and reversible Ca®* fluxes in/ex vivo
via acidification of the perilacunar matrix, remains unproven. One hypothesis might imply the
contribution of “coastal crystals”, i.e., Ca?* ions linked to a glycoprotein template and distributed on
the surface of the osteocytic lacunae (71, 72). These crystals might be dissolved to fulfill minute-by-
minute Ca** demands without the need of enlarge the osteocytcic lacuna. SIET could be applied to
solve this question since it can provide a contemporary assessment of H" and Ca®** fluxes at the
bone/plasma interface in real-time (60, 61).

Of course, our study does not rule out the regulatory role of PPR under a prolonged calcemic
challenge allowing the remodeling of the lacunae and/or the acidification of the mineral surface. Our
finding that, in the absence of PPR signaling on osteocytes, there is a shift in the relative content of
divalent cations in favor of strontium ions (Sr**) indicates an altered incorporation of foreign ions into
the growing apatite domain of DMP1-Cre:PPRfl/fl animals. Sr** has chemical properties, hydrated
radius and interactions similar to those of Ca®". It belongs to the category of foreign ions that are

incorporated during the maturation of the apatite crystals, and it is no longer available for reverse
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exchange reactions (26). This suggests that the impaired function of PPR in osteocytes might have a
long-term impact on the maturation of the apatite.

Our present demonstration that fast and reversible Ca®* fluxes at the bone/plasma interface in the
short-term are independent of PTH and its signaling in osteocytes, is in agreement with the in vivo
observations that PTH is not essential for the rapid minute-to-minute regulation of plasma [Ca?*]. In all
these studies, the rapid recovery of plasma [Ca*] was examined after EGTA-related induction of
hypocalcemia in parathyroidectomized rats, and rats treated with PTH (73). Given the stability of the
Ca®*-EGTA complex and the rapid increase in plasma [Ca®'] after the brief induction of hypocalcemia
in PTH depleted animals (74), the overall conclusion of these studies, as stated by the authors, was that
PTH is not a prerequisite for the rapid correction of ECF-[Ca®*], although they later observed that the
recovery is influenced by the presence of what they described as a “kidney-bone axis” of minute-by-
minute regulation of ECF-[Ca®*] (7).

The present study is also in agreement with the observation that chronic inhibition of the Ca?*-
sensing receptor (CaSR) in thyro-parathyroidectomized rats selectively increases renal tubular ECF-
[Ca®*] absorption and blood [Ca*7] independently of PTH and without altering intestinal Ca*
absorption (75). The demonstration that the CaSR is a direct, PTH-independent determinant of blood
[Ca®*] (76) suggests that the CaSR - beyond being a component of the Ca®*/PTH axis and a regulator of
tubular Ca®* reabsorption - might be essential in Ca** homeostasis for its potential role at the
bone/plasma interface where it might regulate minute-to-minute Ca®* fluxes as it does in the thick
ascending limb of the loop of Henle. It has been indeed demonstrated that the recovery phase ECF-
[Ca®] in thyro-parathyroidectomized rats was significantly impaired in rats treated with the CaSR
activators, R-568 and gentamycin (77). It is worth noting that the CaSR modulates renal tubular Ca**
transport via the permeability of the paracellular pathway to Ca>* (75). It might be also involved at the

bone/plasma interface as it is at the tubular/plasma interface. Furthermore, the CaSR might modulate
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paracellular Ca?* transport trough the bone lining cells covering the quiescent surfaces, as well as along
electrochemical and chemical gradients that are generated by a complex multi-ionic pump-leak
systems (10, 42-44, 48). The existence of a “functional” epithelial-like bone membrane operating in
Ca®" homeostasis was foreseen by pioneering experiments based upon radioactive Ca** distribution in
bone (78). Recently, this view is sustained by the observation that claudins (tight junction membrane
proteins) have been reported to regulate and restrict paracellular ion transport at the bone/plasma
interface according to the metabolic demand (79, 80). It has been suggested that sufficient mineral
components can be supplied by bone lining cells that might change the permeability of the interface
between the lacunar-canalicular porosity and the collagen-hydroxyapatite porosity (22, 56) and/or
control the access to organic and inorganic Ca** hinding sites (15, 41). Further studies should be
undertaken to investigate possible CaSR-mediated modulation of paracellular Ca** transport through
the bone lining cells, and thus regulating the permeability of the lacunar-canalicular/collagen-
hydroxyapatite porosity interface. This phenomenon is worth consideration as potential mechanism
underlying the minute-to-minute regulation of plasma Ca®* homeostasis.

One limitation of this study is related to the lack of a positive control. However, at present, an
endogenous regulator (or regulators) of instantaneous calcium fluxes at the bone-plasma interface
remain unknown.

In conclusion, it can be argued that the fastest response in the continuous temporal hierarchy of
events addressing a disruption in plasma Ca®* homeostasis, is independent of PTH and its associated

signaling through its receptor in osteocytes.
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FIGURE LEGENDS

Figure 1: A) Schematic representation of the experimental set-up. As shown in the diagram, the
excised metatarsal bone is maintained in place by a drop of cyanoacrylate glue at the proximal
epiphysis on a a plastic spacer fixed at the bottom of a standard 3.5-cm plastic Petri dish. The shaft was
held parallel to the bottom of the dish to allow for ISM scanning of the exposed bone cortex of the
distal extremity. The dish was filled with the appropriate pre-warmed (37°C) medium (5.4 ml) and
positioned on the viewing stage. The ISM was immersed in the medium after which the medium
surface was immediately covered with a thin layer of light, clear, pre-warmed (37°C) mineral oil. The
oil layer greatly reduces temperature-driven convection flow and helps maintain pH by minimizing air
exchange at the surface of the solution. The ISM is then stabilized at reference (light blue ISM, away

from the bone) and then moved close to the bone surface (dark blue ISM).

Figure 2: Ca** fluxes in response to PTH. Acute PTH does not affect Ca®* fluxes in metatarsal bones
of Controls (A) or DMP1-PPRKO (B) animals. Comparison of Ca®* slopes soon after adding PTH

demonstrated no significant difference between PPRfl/fl controls (WT) and KO bones (C).

Figure 3: cAMP responses to PTH and forskolin in metatarsal bones cultured in cAMP or SIET

medium. Data is expressed as mean + S.D.

Figure 4: In vivo acute calcemic responses to PTH in controls and DMP1-PPRfl/fl animals. 8-10 weeks
old male mice (n=4 in each group) were injected with PTH or vehicle and Ca®* analyzed after 1, 2, 3

and 4 hrs. Data is expressed as mean + S.D.
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Figure 5: Bone mineral composition in DMP1-PPRfl/fl bones. Fine mineral structure analysis of
metatarsal bones from DMP1-PPRKO and control animals was performed with an Electron
Microprobe. Data shown as fold changes in DMP1-PPRKO compared to littermate controls. Error bars
are 95% CI (Confidence Intervals) of the mean. These data indicates that in the absence of PTH
receptor signaling on osteocytes, there is a shift in the relative content of divalent cation and a relative

accumulation of Sr?*,
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HIGHLIGHTS

1. PTH has no effect on rapid calcium flux at the bone/plasma interface
2. Osteocyte PTH receptor is not required for rapid calcium flux at this interface
3. Mice lacking osteocyte PTH receptor have fast calcemic response to PTH as controls

4. Bone mineral composition of PPR osteocyte KO mice differs from controls
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