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ABSTRACT The hypophosphatemic male mouse,
an animal model for human vitamin D-resistant rickets,
is characterized by low serum phosphorus concentra-
tion due to increased urinary phosphate excretion,
rickets, osteomalacia, and dwarfism. Because phos-
phate administration can heal rickets but not osteo-
malacia in the human disease, we have compared the
effect of phosphate supplementation on the epiphyseal
and endosteal bone mineralization in the mutant ani-
mal. Phosphate was given in drinking water for 137 d
and the biochemical and bone responses were assessed
by analytical and histomorphometric methods. Treat-
ment with phosphate normalized the endochondral cal-
cification (vertebral growthplate thickness: 83+5 SD
vs. controls [+/Y] 73+8 um, NS), but did not correct the
endosteal bone mineralization (mineralization front:
13.6+2.7 vs. +/Y 67.1x£6.9% osteoid surface, P < 0.001,
endosteal mean osteoid seam thickness: 46.4+6.1 vs.
+/Y 3.3+0.3 um, P < 0.001). In addition, both osteoblastic
and osteoclastic recruitment and activity were stimu-
lated, as a result of a probable increase in parathyroid
hormone secretion following the phosphate induced
fall in serum calcium. Our results show that in the
hypophosphatemic mouse, phosphate supplementa-
tion can heal the epiphyseal, but not the endosteal
defective bone mineralization. Then, the biochemical
and skeletal response to phosphate therapy appear to
be similar to what we have observed in the human
disease, further stressing the interest of the ani-
mal model.

INTRODUCTION

The hypophosphatemic (Hyp)! mouse has been pro-
posed as a valuable animal model for human vitamin
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D-resistant rickets (VDRR) (1). As in the human dis-
ease, the mutation is transmitted as an X-linked domi-
nant trait and causes hypophosphatemia due to an in-
trinsic renal tubular reabsorption defect for phosphate
(2). Moreover, the Hyp mouse has a mild hypocalcemia
(1) and reduced bone magnesium (Mg) content (3). Be-
sides these biochemical abnormalities, the mutant ani-
mal presents with growth retardation resulting from
rickets (1) and skeletal deformities associated with
histologic evidence of osteomalacia (3). In children
with VDRR, the radiological appearance of rickets can
be healed by adequate supplementation of phosphate
(Pi) (4) whereas osteomalacia remains uncured (5, 6).
The present study was designed to evaluate the effect
of Pi on the epiphyseal and endosteal mineralization
in the affected male mouse.

METHODS

Animals. At weaning, six normal male mice (+/Y) and
seven hemizygous mutants (Hyp/Y) from the C57BL/6] strain
were fed a mouse Purina chow containing 0.50% calcium and
0.74% phosphorus. Pi supplementation was given to the Hyp
animals as Pi salts (1.93 g elemental phosphorus/liter) ad lib.
in drinking water from weaning (21 d old) to death (149 d old).
Daily water intake was about 4 ml/mouse.

Analytical procedures. 1d before sacrifice, fasted mice
were housed in metabolic cages where urine was collected for
16 h overnight. At death, blood was drawn by cardiac puncture
and serum and urine prepared for biochemical determinations.
Calcium, phosphorus, Mg, alkaline phosphatase and creati-
nine concentrations were determined using modified Auto
Analyzer procedures (Technicon Instruments Corp., Tarry-
town, N. Y.). The fractional excretion of phosphate was calcu-
lated by the equation: (urine Pi X plasma creatinine) + (plasma
Pi X urine creatinine) (7). Urinary cyclic (c)AMP was deter-
mined by a competitive binding assay (Amersham Searle
Corp., Arlington Heights, I11.).

Skeletal analysis. At sacrifice, tibias were freed of soft tis-
sue and bone marrow, dried to constant weight at 100°C and
ashed for 8 h at 600°C. Bone ashes were dissolved in concen-
trated hydrochloric acid. Calcium, phosphorus, and Mg
concentrations were analysed by atomic absorption spectro-
photometry. Caudal vertebrae were fixed in buffered formal-
dehyde (pH 7.1), embedded undecalcified in methylmeth-
acrylate and sectioned on a microtome (Autocut, Jung Inc.,
Heidelberg, W. Germany). 5-um thick transverse sections
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TABLE I
Effect of Phosphate Supplementation on Biochemical Parameters in the Hyp Mouse

Serum Urinary Fractional Urinary
Serum Serum Serum alkaline phosphorus excretion of Urinary Mg cAMP
Group (n) calcium phosphorus i hosph (creatinine) Pi (creatinine) (creatinine)
mg/dl mg/dl mgldl 1U/lliter mg/img % mgimg mM/mg
+/Y (6) 9.1+0.2 7.5+0.6 3.0+0.1 56+5 44+0.8 17.2+3.6 0.73+0.08 58.6+7.8
Hyp/Y (7) 8.6+0.5* 5.2+0.7* 3.2+0.2* 227+31* 52+1.5 44.7+9.7* 1.28+0.24* 116.4+9.3*
Hyp/Y + Pi (6) 7.8+0.4% 5.2+0.9 2.9+0.2¢ 172+37% 9.4+2.2% 78.1+14.1% 0.93+0.23¢ 114.2+13.6

The results shown represent the mean=SD of all the values obtained from the indicated (n) number of animals.
* P < 0.05 or higher level of significance by ¢ test as compared with +/Y.
1 P < 0.05 or higher level of significance by t test as compared with untreated Hyp/Y.

stained with the von Kossa method (8) or toluidine blue (9),
were quantitatively analyzed using a semi-automatic image
analyzer (MOP 3, Carl Zeiss Inc., Ober Kochen, Wuerttenberg,
W. Germany). Bone growth and epiphyseal calcification were
assessed by measuring, on histologic sections of the seventh
caudal vertebra, the total length and the mean thickness, re-
spectively, of the cartilaginous part of the growthplate. The
following histologic parameters (9) were measured exclusively
on the endosteal surface of the vertebral diaphysis: percentage
of total surface covered by an osteoid seam (osteoid surface);
percentage of osteoid surface showing a well defined meta-
chromatic staining with toluidine blue at the calcified osteoid
tissue interface (mineralization front); percentage of total sur-
face lined with plump osteoblasts (osteoblastic surface); per-
centage of total surface showing resorption lacunae filled with
osteoclasts (osteoclastic surface); number of osteoclasts per
square millimeter of bone section. The mean endosteal and
periosteal osteoid seam thickness were determined by
measuring the average width 0f 30 or more intercepts along the
bone surface. Results were expressed as mean+SD and
statistic analysis was made using the Student’s ¢ test.

RESULTS

As shown in Table I, untreated Hyp/Y mice displayed a
slight hypocalcemia and a striking hypophosphatemia as-
sociated with increased fractional excretion of Pi, ele-
vated serum alkaline phosphatase, and urinary cAMP. A
slight increase in serum Mg concentration was associated
with a higher than normal urinary Mg excretion (Table

I) and a low Mg bone content (0.55+0.05 vs. +/Y
0.67+0.01% bone ash, P < 0.001). Calcium and phos-
phorus bone ash concentrations were normal. Pi sup-
plementation induced a significant drop in serum cal-
cium (Table I). Although the fasting serum phosphorus
concentration was unchanged, both urinary Pi concen-
tration and the fractional excretion of Pi rose markedly,
reflecting the high Pi load brought up by treatment.
Serum alkaline phosphatase was decreased but not nor-
malized while urinary cAMP was unchanged. Although
bone Mg content remained lower than normal (0.53
+0.01 vs. +/Y 0.67+0.01%, P < 0.001), serum and uri-
nary Mg concentrations were normalized after Pi ther-
apy (Table I).

Bone growth failure and defective epiphyseal calcifi-
cation were demonstrated in untreated Hyp/Y mice by a
shorter than normal vertebral length associated with a
wide epiphyseal growthplate (Table II, Fig. 1A and B).
Impaired endosteal bone mineralization was evidenced
by excessive osteoid surface (87.0+3.1 vs. +/Y 3.8+1.5%,
P < 0.001) and thickness, and decreased extent of the
mineralization front (Table II). After treatment with Pi,
the vertebral length was increased but remained shorter
than normal, while the growthplate thickness was re-
duced within the normal range and metaphyseal cal-
cification of the primary spongiosa was induced (Table

TABLE II
Effect of Pi Supplementation on Bone Growth and Histomorphometric Bone Parameters in the Hyp Mouse

Mineralization

Mean osteoid seam thickness

Vertebral Growthplate front Osteoblastic Osteoclastic Number of
Group (n) length thickness (osteoid surface) periosteal endosteal surface surface osteoclasts
mm pum % um % total % total per mm? of
section
+/Y (6) 3.83+0.01 73+8 67.1+6.9 4.6+0.8 3.3+0.3 1.9+04 0.6+0.2 0.21+0.07
Hyp/Y (7) 2.51+0.08* 135+ 12* 6.9+4.1* 67.7+3.4* 44.9+4.9* 1.5+0.8 0.6+0.1 0.20+0.08
Hyp/Y + Pi (6) 2.76+0.06% 83+5% 13.6+2.7% 51.9+7.0% 46.4+6.1 10.3+2.0% 24+1.2¢ 0.43+0.19%

The results shown represent the mean+SD of all the values obtained from the indicated (n) number of animals.

* P < 0.05 or higher level of significance by t test as compared with +/Y.
1 P < 0.05 or higher level of significance by ¢ test as compared with untreated Hyp/Y.
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FIGURE 1 Morphologic aspect of the epiphyseal growthplate
(GP) of a caudal vertebra in the normal (A) and in the Hyp/Y
mouse untreated (B) or treated with Pi supplementation (C).
Note that growthplate width was reduced within normal thick-
ness in the Pi-treated mouse whereas the osteoid borders (O)
remain excessively large along the calcified bone matrix (BM).
Undecalcified, toluidine blue stained section, x100.
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I1, Fig. 1B and C). At the diaphyseal level, the osteoid
surface was unchanged (82.0+£2.9%), the mineraliza-
tion front was poorly improved while the periosteal but
not the endosteal osteoid thickness was slightly re-
duced but not normalized. On the other hand, the ex-
tent of active osteoblasts and both the osteoclastic
surface and the number of osteoclasts were markedly
increased along the endosteal bone surface (Table II).

DISCUSSION

The present study demonstrates that, as in human
VDRR (4, 6, 10), the rachitic lesion can be healed by Pi
in the hypophosphatemic mouse. Although serum
phosphorus measured in the fasting state was un-
changed during Pi therapy, the marked elevation of Pi
excretion shows that treated mice had a higher Pi ab-
sorption. The increased Mg excretion associated in
untreated Hyp/Y with a slight hypermagnesemia ap-
pears to result from the deranged Pi homeostasis
since correction of serum and urinary Mg concentra-
tions could be achieved by Pi supplementation. In the
rat, Pi depletion increases the Mg intestinal absorption
and decreases the net renal tubular reabsorption of Mg
with the main source of urinary loss being bone (11).
In Hyp/Y mice, it is possible that correction of bone Mg
content will require the normalization of endosteal
bone mineralization.

As evidenced by correction of the growthplate thick-
ness by Pi, normalization of the epiphyseal and meta-
physeal calcification was achieved despite a Pi-induced
drop in serum calcium. Although both calcium and Pi
are essential for optimal epiphyseal mineralization, Pi
seems to be the critical mineral required in the process
(10, 12-14). As in VDRR (5), correction of epiphyseal
calcification by Pi was associated with increased overall
body length (1). The mutant animals, however, did not
catch up within the normal range. This may be due to
the severity of the bone disease already present at the
onset of treatment.

As in the human disease, improvement of bone
growth was associated with reduction of serum alkaline
phosphatase concentration (5, 6). However, serum alka-
line phosphatase was not corrected, which probably
reflects the persistent abnormality of the endosteal
bone mineralization. This discrete response of the
epiphyseal and endosteal bone to Pi is fully in ac-
cordance with our findings in the human disease (5, 6).
This may be due to the different ways minerals are
supplied to the two regions and/or to a greater sen-
sitivity of the epiphyseal cells to extracellular Pi con-
centration as compared with the endosteal cells (6).

In line with the human disease (5, 6) and with ex-
perimental studies in the rat (15), Pi supplementation
lowered serum calcium, which probably induced a
state of secondary hyperparathyroidism. Indeed, in-
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creased serum parathyroid hormone levels have been
found in Pi-treated Hyp mice (7). In the present study,
urinary cAMP remained unchanged, suggesting that
the phosphaturic effect of parathyroid hormone was
already maximal before treatment. On the other hand,
the marked increment of bone cells recruitment and
activity observed in Pi treated mutants demonstrates
that, as in VDRR (5, 6), bone turnover was greatly stimu-
lated as a result of the probable increase in PTH
secretion (15).

Our results show that the effects of Pi supplementa-
tion on the epiphyseal and endosteal bone mineraliza-
tion and turnover are similar in Hyp/Y mice and VDRR
children. In the latter, recent data showed that im-
provement of endosteal bone mineralization and pre-
vention of Pi-induced secondary hyperparathyroidism
require the pharmacologic use of 1,25-dihydroxyvita-
min D; combined with Pi supplementation (6). A simi-
lar therapeutic approach, in the mutant animal, is cur-
rently under way in our laboratory.
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