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Hypercalcemia Induced with an Arotinoid in Thyroparathyroidectomized Rats
New Model to Study Bone Resorption In Vivo

U. Trechsel, A. Stutzer, and H. Fleisch
Department of Pathophysiology, University of Bern, Bern, Switzerland

Abstract

A model of stimulated bone resorption was developed using a
synthetic retinoid in thyroparathyroidectomized rats. The reti-
noid induced an increase in bone resorption and in the number
of vertebral subperiosteal osteoclasts. The resulting increase in
plasma Ca could be used as an easily measured index of bone
resorption. Three bisphosphonates produced a dose-related
prevention and reversal of retinoid-induced hypercalcemia.
Their potencies were similar to those previously obtained by
histomorphometry. Irradiation (600 rad) of the rats prevented
hypercalcemia but failed to reverse it, showing that prolifera-
tion of osteoclast precursor cells was important in inducing, but
not in maintaining, bone resorption. Calcitonin produced simi-
lar effects on calcemia and prevented the increase in osteoclast
number but failed to reverse the increase, suggesting that it
inhibited precursor proliferation. This model represents a new
tool to study mechanisms of bone resorption and the action of
inhibitors in vivo.

Introduction

Bone resorption by osteoclasts is a process which is tightly
controlled by a number of circulating and local factors (1-3).
Regulation can occur at different levels, namely by altering the
activity of osteoclasts present in bone or by influencing the
generation of new osteoclasts from precursor cells. Osteoclasts
are thought to originate from stem cells in the bone marrow
under the influence of hemopoietic growth factors. Multinu-
cleated osteoclasts are then generated by fusion of precursor
cells (4, 5). The activation of osteoclasts can be studied using
the acute hypercalcemic effect of PTH in parathyroidecto-
mized rats. This system has been successfully used to study the
inhibitory effect of bisphosphonates on bone resorption (6). In
contrast, an animal model of bone resorption in which this
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process is altered mainly by a recruitment of new osteoclasts
and which allows to monitor this process by an easily mea-
sured biochemical parameter such as plasma calcium has, to
our knowledge, not been reported.

Because it has long been known that excess vitamin A leads
to an increase of osteoclastic bone resorption and of the num-
ber of osteoclasts (7-9), we have studied whether a synthetic
vitamin A derivative (retinoid) shown in Fig. 1 might be used
to develop such a model. The arotinoid used is one of the most
potent retinoids known in terms of vitamin A activity (10, 1 1).

In this paper we demonstrate that the retinoid is a potent
stimulator of bone resorption in the thyroparathyroidecto-
mized (TPTX)' rat and that the increase in bone resorption
involves the generation of new osteoclasts. The changes in
bone resorption can be easily monitored by measuring plasma
Ca. This system proved to be suitable to study the effect of
inhibitors of bone resorption and to differentiate between their
effects on osteoclast activity and on proliferation of precursors.

Methods

Except for the balance and 45Ca kinetics study, male Wistar rats
weighing 150-180 g from our breeding colony were used. The animals
were thyroparathyroidectomized surgically under ether anesthesia and
from then on received 1 gg thyroxin subcutaneously three times a
week. The success of parathyroidectomy was tested by measuring
plasma Ca 8 d after the operation. Rats with < 2 mMplasma Ca were
considered TPTX. The TPTX rats were placed in single cages and
pair-fed a commercial chow containing 1 g Ca/100 g, 0.75 g P/100 g,
and 800 IU vitamin D3/kg (Kliba 331, Klingenthalmihle, Basel, Swit-
zerland). Blood was taken either by retroorbital puncture, aortic punc-
ture, or from the tip of the tail and collected in heparinized tubes.
Plasma was then obtained by centrifugation.

The retinoid ethyl p-[(E)-2-(5,6,7,8-tetrahydro-5,5,8,8-tet-
ramethyl-2-naphtyl]benzoate (Ro 13-6298, a gift from Hoffmann La
Roche AG, Basel, Switzerland) (Fig. 1), was administered subcutane-
ously in 0. 1 ml/rat of polyethylene glycol 300 with 10% ethanol. Con-
trol animals received the vehicle alone.

The bisphosphonates dichloromethylenebisphosphonate (Cl2-
MBP), 3-amino- I -hydroxypropylidene- 1, -bisphosphonate (AHPrBP)
(both provided by Procter & Gamble Co., Cincinnati, OH), and 4-
amino-l-hydroxybutylidene-l 1,-bisphosphonate (AHBuBP) (from
Gentili S.p.A., Pisa, Italy) were dissolved in water, the pH was adjusted
to 7.4, and NaCl was added to obtain isotonic solutions. The drugs
were given subcutaneously in 2 ml/kg body wt.

Bovine parathyroid hormone (TCA powder, Sigma Chemical Co.,
St. Louis, MO)was injected subcutaneously in 0.2 ml/rat of 0. 15 NaCl
containing 0.01 MHCl, 1 mg/ml bovine serum albumin, and 0.16 M
glutathion.

1. Abbreviations used in this paper: AHBuBP, 4-amino-l-hydroxybu-
tylidene-l 1,-bisphosphonate; AHPrBP, 3-amino-l-hydroxypropyl-
idene-l, 1-bisphosphonate; C12MBP, dichloromethylenebisphospho-
nate; CT, calcitonin; 25(OH)D, 25-hydroxyvitamin D; 1,25(OH)2D,
1,25-dihydroxyvitamin D; TPTX, thyroparathyroidectomy; TRAP,
tartrate-resistant acid phosphatase.
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Figure 1. Chemical
structure of the arotin-
oid Ro 13-6298.

Salmon calcitonin (CT) (Calcitonin-Sandoz, 100 Medical Research
Center units/ml; Sandoz AG, Basel, Switzerland) was diluted in 0.1 M
Na acetate with 1% bovine serum albumin and injected subcutane-
ously in a volume of 1 ml/kg body wt.

Balance and 'Ca kinetics. This method was originally described
by Aubert and Milhaud (12) and later modified as described earlier ( 13,
14). Weaning female Wistar rats from our own breeding colony were

fed a commercial chow (Kliba 331) containing 1.0 g/l00 mgCa, 0.75%
P, and 800 IU vitamin D3/kg. At the age of 42 d, the animals were

placed in single metabolic cages and pair-fed a diet containing 0.5% Ca
and 0.35% P. This diet was made by adding Ca gluconate and a mix-
ture of K2HPO4/KH2PO4* 2H20 (ratio 7:3) to a low-Ca, low-P, low-
vitamin D diet (Altromin 1730, Altromin GmbH, Lage, FRG). The
animals were supplemented with 50 IU of vitamin D3 per d given
orally in 0.1 ml vegetable oil. Thyroparathyroidectomy, thyroxin ad-
ministration, and retinoid treatment were performed as described
above. Daily treatment with the retinoid was started on the 54th day of
life and given for 9 d.

Balance and 4ICa kinetics were studied during the last 3 d of treat-
ment. On day 60 of life, 30 MCi of 41CaCl2 (sp act, 10-40 mCi/mg,
Amersham International, Buckinghamshire, England) in 0.3 ml 0.15
MNaCl were injected into the tail vein of each rat and blood samples
were taken at 2, 4, 6, 24, 48, and 72 h postinjection and analyzed for
radioactivity. A balance study was performed over 72 h in which urine
and feces were collected and 45Ca radioactivity as well as Ca were

determined in each. At the end of the experiment the plasma Ca level
was measured.

The measurements of nonradioactive Ca allowed the determina-
tion of (a) intake of Ca, (b) net intestinal Ca absorption, and (c) Ca
retention in the body. The latter is assumed to be entirely due to
skeletal retention. The measurements of 45Ca allowed, using a model
with two compartments, the calculation of (a) bone formation defined
as the amount of Ca which leaves the first compartment irreversibly
over the time period measured and is not accounted for by Ca appear-

ing in urine and the feces, (b) bone resorption calculated as the differ-
ence between the rates of bone formation and the Ca retention in the
body, and (c) urinary Ca calculated by dividing the total urinary '"Ca
by the integral of plasma specific radioactivity. All fluxes are expressed
as millimoles per day.

Determination of bone mineral content. Tibiae and spines were

removed and freed from remaining soft tissue by Dermestid beetles
(Dermestes maculatus) as described previously (15). The cleaned bones
were dried at 105°C for 24 h and dry weight determined. Defatted dry
weight was obtained by extraction with a mixture of equal parts of
chloroform and methanol for 48 h, with one change of solution after 24
h. Subsequently the bones were dried at 105°C for 24 h and weighed.
They were then ashed at 700°C for 3 d and the ash weight was deter-
mined. Finally, for Ca measurement, the ash was dissolved in 30 ml
1 MHCl.

Histology. Lumbal vertebrae were dissected without removing ad-
herent muscles and periosteal tissue. The vertebrae were fixed in neu-

tral formaldehyde, dehydrated in alcohol, cleared in xylene, and em-

bedded in methylmethacrylate. Longitudinal sections of the central
portion of the vertebrae were obtained using a Jung 1 130 microtome.
5-Mm sections were stained histochemically for tartrate-resistant acid
phosphatase (TRAP) using naphtol-ASTR-phosphate as substrate and
6.5 mMdisodiumtartrate. Active osteoclasts were identified as multi-
nucleated cells showing strong TRAPactivity by an intensely red cy-

toplasm. For microradiography, the tibia was embedded in methyl-
methacrylate. Frontal sections of the head of the tibia were then cut

with a precision saw and ground to a thickness of 80 ,Mm.
Irradiation experiments. TPTX rats were subjected to 600 rad

x-ray irradiation using a conventional x-ray source. This radiation dose
has been shown to suppress bone marrow proliferation in the rat ( 16).

Analytical methods. Ca was measured by atomic absorption spec-

trophotometry and inorganic phosphate by the method of Chen et al.
(17). 25-Hydroxyvitamin D (25 [OH]D) and 1,25-dihydroxyvitamin D
(1,25[OHJ2D) were measured by protein binding assays as described
previously (18).

Statistical analysis. Unless stated otherwise, all values are ex-

pressed as means±SEM. Significance of differences between groups

was evaluated by the two-sided Student t test.

Results

Balance and 5Ca-kinetics. Preliminary experiments had
shown that the retinoid increased plasma Ca in TPTX rats.
Although these results suggested that the compound might
stimulate bone resorption, hypercalcemia could also have been
due to the action of the retinoid on Ca metabolism at another
site. A balance and '"Ca-kinetics study was therefore per-

formed to identify the sites of action of the compound on Ca
metabolism. Because the retinoid effect appeared to require a

few days to develop the Ca balance and '"Ca kinetics measure-

ments were started after 6 d of retinoid administration.
The main findings are presented in Fig. 2, A and B. Fig. 2 A

demonstrates that the retinoid produced a conspicuous in-
crease of Ca release from bone, i.e., bone resorption, whereas
Ca entry into bone, i.e., bone formation, was unaffected.
Plasma Ca was significantly increased at the highest dose level
tested. Plasma phosphate was unchanged (data not shown). As
shown in Fig. 2 B, retinoid treatment also produced a dose-re-
lated decrease of net intestinal Ca absorption. It should be
noted that Ca intake was similar in control animals and in rats
receiving 0.2 or 1 Mg retinoid/d (1.25±0.04 mmol Ca/d,
mean±SD). Retinoid given at 5 gg/d, however, led to a de-
crease of food intake, so that those animals only received
1.0±0.07 mmol Ca/d. Despite this, urinary Ca was increased
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Figure 2. Effect of retinoid on Ca balance and '"Ca kinetics in TPTX
rats. Animals were treated with retinoid for 9 d, and Ca balance and
4ICa kinetics were performed during the last 3 d of treatment, as de-
scribed in Methods. Values are means±SEMof four animals (0 and
1 Mg) or three animals (0.2 and 5 ug) per group. *P < 0.05; **P
< 0.01, as compared with controls by Student's two-sided t test.
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at the highest dose level tested. Ca retention, which is the
difference between net intestinal Ca absorption and urinary Ca
output, decreased in parallel with Ca absorption in the gut,
because the effect of the retinoid on urinary Ca was small
compared to that on the intestine.

These findings suggest that the retinoid affected Ca metab-
olism mainly at the level of stimulated bone resorption and of
the intestine by decreasing Ca absorption. The observed in-
crease in plasma Ca appeared therefore likely to be due to the
increased Ca release from bone.

Effect of retinoid treatment on plasma J,25(OH)2D in
TPTX rats. Because 1,25(OH)2D is considered to be the main
physiological stimulator of intestinal Ca absorption, we as-
sessed whether a decrease in plasma 1,25(OH)2D might ex-
plain the impairment of Ca absorption in retinoid-treated
TPTX rats. As shown in Table I, plasma 1,25(OH)2D was
decreased to very low levels at the highest dose level tested.
Concomitantly, there was a conspicuous increase in plasma
Ca, whereas plasma inorganic phosphate was unchanged. An-
other experiment with intermediate doses of retinoid showed a
high inverse correlation (r = 0.75; P < 0.001) between plasma
Ca and 1,25(OH)2D (Fig. 3), suggesting a link between these
two parameters. 25(OH)D was 11.8±2.2 nmol/liter
(mean±SD) and did not significantly differ between groups.

Therefore, it appeared that the retinoid-induced decrease
in intestinal Ca absorption might well be explained by a de-
crease in plasma 1,25(OH)2D. In contrast, the stimulation of
bone resorption was unlikely to be related to a difference in
vitamin D metabolism.

Retinoid-induced hypercalcemia in TPTX rats. In view of
the likely possibility that the observed increase in plasma Ca in
rats given the largest dose of retinoid was due to the increased
Ca release from bone, we then investigated whether plasma Ca
might be used as an easily measured biochemical parameter to
monitor bone resorption in retinoid-treated TPTX rats. In a
first step, the time course of the induction of hypercalcemia
and the conditions to maintain it were studied. To produce a
rapid increase in bone resorption, the maximal tolerated dos-
age was also determined.

A single injection of 100 ,gg of retinoid produced a progres-
sive increase of plasma Ca that was detectable after 24 h and
continued over 4 d. Signs of hypervitaminosis A appeared on

Table L Effect of Retinoid Treatment on Plasma Ca, Inorganic
Phosphate, and J,25(OH)2D in TPTXRats

Retinoid
Plasma
concentration 0 0.1 1 10

ug/d jig/d ug/d uig/d
Ca (mM) 1.40±0.05 1.35±0.08 1.43±0.05 2.40±0.20*
Pi (mM) 1.77±0.06 1.84±0.06 2.03±0.10 1.74±0.10
1,25(OH)2D (pM) 132±20 114±12 110±15 <26*

Values are means±SE, n = 6.
* P < 0.005 by Wilcoxon's rank test for unpaired values. TPTX rats
were pair-fed and treated with one daily subcutaneous injection of
retinoid for 6 d. They were then fasted overnight and blood taken by
aortic puncture on the next day.
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Figure 3. Relationship be-
tween plasma Ca and
1,25(OH)2D in TPTX rats
treated with retinoid. Animals
were treated with solvent (.),
2.5 Ag (A), 5 gg (o), or 7.5 ,ug
(o) of retinoid per day for 6 d.
Blood was obtained by aortic
puncture 24 h after the last in-
jection of retinoid, after an
overnight fast.

the second day after retinoid administration. In subsequent
experiments, the retinoid was given three times at 25 Mg/rat on
three consecutive days (Fig. 4, A and B). With this schedule,
signs of general toxicity, namely a decreased food intake, con-
junctivitis, and hair loss, did not appear until day 4, and the
time course of the increase in plasma Ca was indistinguishable
from that observed with a single injection of 100 Mg/rat.
Plasma Ca reached a maximum on day 4 and then decreased
to control values within 2-3 d. The level could be maintained
or elevated by continuing retinoid administration, given either
daily at a lower dose or intermittently. Fig. 4 B shows that one
additional injection of retinoid given on day 4 at the same dose
was able to maintain plasma Ca until day 6.

Effect of retinoid treatment on bone mass in TPTXrats. To
assess the extent of bone destruction under the conditions used
in the experiments of Fig. 4, A and B, we used these treatment
schedules to determine bone mass as assessed by measuring
dry weight, defatted dry weight, ash weight, and Ca content in
tibiae as well as vertebrae. As shown in Table II, no significant
effect on bone mass could be detected 3 d after the onset of
retinoid treatment. 6 d after beginning treatment, however, all
parameters were lower than in the corresponding solvent-
treated animals, statistical significance being reached in all,
with the exception of Ca content of the tibia.

These results confirm that retinoid treatment stimulated
bone resorption. Moreover, they show that plasma Ca is a
more sensitive parameter to evaluate this effect than mineral
analysis of the bones.

Effect of retinoid of osteoclast number in TPTXrats. To test
whether the retinoid induced bone resorption by activating
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Figure 4. Effect of retinoid on
plasma Ca in TPTX rats. Ani-
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1, and 2 (a), or on days 0, 1, 2,
and 4 (b). Values are
means±SEM. No. of animals
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Table II. Effect of Retinoid on Bone Mass and Mineral Content in TPTXRats

Day 3 Day 6

Initial Solvent Retinoid Solvent Retinoid

No. animals 11 11 11 12 12
Dry weight (mg) Tibia 516±9 535±7 523±9 557±6* 509±7§

Vertebra 491±8 515±7* 502±11 513±8 446±7*.§
Defatted dry weight (mg) Tibia 497±9 512±6 509±8 536±5* 491±7§

Vertebra 474±7 497±7* 487±10 518±8* 447±7*.§
Ash weight (mg) Tibia 276±5 289±4 292±6 310±3 291±5*11

Vertebra 260±4 268±6 274±6 284±4* 249±4§
Calcium (mg) Tibia 111±2 119±2* 120±3* 126±3* 120±2'

Vertebra 104±2 107±2 111±3 115±4* 101±111
Plasma Ca (mM) 1.30±0.05 148±0.05 257±0.04§ 1.39±0.04 2.93±0.08§

The animals were treated with 25 ,ug/rat of retinoid using the same injection schedule as in the experiments of Fig. 2. After an overnight fast,
blood was taken by aortic puncture and the bones were removed and processed as described in Methods. Values are means ± SEM. *P < 0.05,
Y< 0.001, 'P < 0.01 as compared with initial values. §P < 0.001, "1P < 0.01 as compared with animals treated with corresponding solvent.

osteoclasts present in bone and/or by stimulating the genera-
tion of new osteoclasts, we determined osteoclast numbers. As
shown in Table III, 3 d of retinoid treatment resulted in a
conspicuous increase in subperiosteal osteoclast number in
vertebral bodies. An increase was also evident in the proximal
tibial metaphysis, but in this region the osteoclasts were too
numerous to be counted and compared accurately. It therefore
appeared that retinoid produced an increase in the generation
(recruitment) of new osteoclasts.

Effect of bisphosphonates on retinoid-induced hypercalce-
mia in TPTX rats. To investigate further whether plasma Ca
reflects bone resorption in the retinoid model, we studied the
effect of bisphosphonates on this parameter. Some of these
compounds have been shown to be potent and specific inhibi-
tors of bone resorption (19). The bisphosphonates used in this
study have been shown previously to inhibit bone resorption
in rats and to differ markedly in potency (20).

The drugs were given in two different situations. In the first
we tested whether they could prevent the induction of hyper-
calcemia by the retinoid ("preventive" effect), and then
whether they could reverse the hypercalcemia after it had been
induced with retinoid ("curative" effect). The experimental
protocols are shown in Fig. 5.

As shown in Fig. 6, all three bisphosphonates produced a
dose-related inhibition of retinoid-induced hypercalcemia.
The dose-response curves were almost identical in the preven-

tive and the curative protocols. At the highest dose-levels
tested, plasma Ca was in the range observed in untreated
TPTX rats, indicating that the hypercalcemic effect of the ret-
inoid was totally abolished. The dose-response curves were the
same as those obtained previously in rats using histomor-
phometry (19). The radiomicrographs of Fig. 7 demonstrate
that retinoid treatment resulted in a marked thinning of the
cortical shaft of the head of the tibia, which, moreover, had an
increased porosity (Fig. 7 B). These changes were completely
inhibited by all three bisphosphonates given at a dose that
prevented retinoid-induced hypercalcemia (Fig. 7, C-E).

Effect of irradiation on retinoid-induced hypercalcemia in
TPTX rats. To assess whether the retinoid effect on recruit-
ment involved the proliferation of precursor cells or only the
formation of osteoclasts by fusion from postmitotic precur-
sors, TPTX rats were irradiated with a dose known to abolish
the proliferation of bone marrow cells (16), and plasma Ca was
measured to monitor the effect of retinoid treatment on bone
resorption.

As shown in the left panel of Fig. 8, irradiation of TPTX
rats with 600 rad resulted in a complete abolition of retinoid-
induced hypercalcemia, suggesting that proliferation of osteo-
clast precursors plays a central role in the induction of bone
resorption by the retinoid. To ascertain that the irradiation did
not act by inhibiting the osteoclasts already present, we as-
sessed the hypercalcemic effect of PTH (6). TPTX rats were

Table III. Effect of Retinoid Treatment on Number
of Osteoclasts in the Vertebral Periosteum of TPTXRats

Total no. of No. of osteoclasts per
subperiosteal osteoclasts millimeter of periosteal
per vertebral section surface

x + SEM

Control 1-7 0.39±0.27
Retinoid 45-56 5.65±0.33*

Animals were treated with retinoid for 3 d, as in the experiment of
Fig. 4A. Bones were removed 24 h after the last dose of retinoid and
processed for histology as described in Methods. n = 3; UP< 0.001.

Retinoid

Days I I

t I Ps
BP

Plasma
Ca

Retinoid

I I §§II
f t I

BP Plasma
Ca

ICurativel
Figure 5. Protocol used to study the effect of bisphosphonates (BP)
on retinoid-induced hypercalcemia. Dose of retinoid was 25 ag/rat
per d.
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Figure 6. Effect of bisphosphonates on retinoid-induced hypercalce-
mia in TPTX rats. All animals were treated with retinoid and bis-
phosphonates according to the protocols shown in Fig. 5. To allow
the comparison of results from three different experiments, values
were normalized by taking plasma Ca in retinoid-treated control
TPTX rats as 100%. Values are means±SEM, n = 4-6. Solid sym-
bols are preventive; open symbols are curative. (-o -o -, - * -)
C12MBP; ( . - -o -, - -) AHPrBP; (- - - -- -,A -) AHBuBP.

irradiated and then immediately given 300 IU of PTH subcu-
taneously. Plasma Ca was measured before and 6 h after the
administration of the hormone. In irradiated rats, the PTH-
induced increase in plasma Ca was 0.47±0.08 mM(x±SEM, n
= 4). This value was not significantly different from the in-
crease of 0.62±0.08 mMobserved in control TPTX rats.
Therefore, osteoclasts present remained responsive to PTH
after irradiation.

Fig. 8, right panel, shows that irradiation, in opposition to
bisphosphonates, had no effect on retinoid-induced hypercal-
cemia once it had been induced. This lack of effect also shows
that osteoclasts once formed are not influenced by irradiation,
and suggests that in the conditions used to study the curative
effect of bone resorption inhibitors, proliferation of osteoclast
precursors plays no significant role in maintaining bone re-
sorption at a high level.

Effect of CT on retinoid-induced hypercalcemia in TPTX
rats. CT is known to be a potent specific physiological inhibi-
tor of osteoclastic bone resorption. Therefore, the effect of this
hormone on retinoid-induced hypercalcemia was studied
using the preventive and curative protocols (Fig. 5).

The effect of CTwas assessed in two ways. First, plasma Ca
was measured 24 h after the last injection of CT. This permit-
ted to exclude the acute hypocalcemic effect of CTwhich lasts
only a few hours. In addition, the acute hypocalcemic effect
was also assessed by measuring plasma Ca 2 h after the injec-
tion of CT.

As shown in Fig. 9, CT given simultaneously with retinoid
prevented the increase of plasma Ca as assessed 24 h after the
last injections of CT and retinoid. The same dose of CT failed,
however, to reverse retinoid-induced hypercalcemia once it
had been induced. Similar results were obtained at a lower
dose of 4 IU/kg in both protocols. These results are strikingly
similar to those obtained with irradiation. Thus, it appears that
CT prevented the recruitment of osteoclast precursors by
retinoid.

In identical experiments, osteoclast numbers were then de-
termined in groups sacrificed either at the end of the preven-
tive (day 3) or the curative protocol (day 6). These results are
shown in Table IV. In the preventive protocol, osteoclast num-
bers in retinoid-plus-CT-treated animals were about half of
those found in rats given retinoid alone. Retinoid-induced hy-

percalcemia was abolished as in the previous experiment. In
the curative protocol, osteoclast numbers were higher than in
the preventive and were not influenced by CT. Plasma Ca was
0.4 mMhigher in the curative than in the preventive group.

The acute hypocalcemic effect measured 2 h after a single
injection of CTwas present both after 3 d and 6 d, 2 IU/rat of
CTproducing a decrease in plasma Ca of 0.93 + 0.08 mMand
0.85±0.05 mM(mean±SEM, n = 3), respectively. These re-
sults suggest that osteoclasts recruited by the retinoid were
sensitive to the hormone.

Discussion

Increased bone destruction has long been known to occur in
vitamin A poisoning in animals and man (7-9). Whereas it
should be possible to use naturally occurring vitamin A or
retinoic acid to stimulate bone resorption, we found both
compounds to be impractical. Dosage of vitamin A is difficult
because it goes to liver stores before hypervitaminosis A de-
velops (21), and retinoic acid produced necroses at the injec-
tion site when it was administered parenterally at the dose level
required to induce hypercalcemia. Therefore, we used a new
synthetic retinoid, one of the most potent retinoids currently
available in terms of vitamin A activity (10, 1 1). Administra-
tion did not pose any problem.

The balance and 45Ca kinetics experiments as well as chem-
ical analysis of the bones demonstrate that the retinoid stimu-
lated bone resorption. This effect was likely to be due to a
direct action on bone because vitamin A has been shown to
stimulate bone resorption in organ culture in vitro (22). In
contrast, the changes in intestinal Ca absorption and in renal
Ca excretion were probably indirect consequences of the in-
creased Ca release from bone. Because plasma 1,25(OH)2D
was decreased by retinoid given at large dose and because this
vitamin D metabolite is considered to be the main stimulator
of intestinal Ca absorption (23), the retinoid-induced decrease
of the latter could be mainly explained by the decrease in
plasma 1,25(OH)2D. The decrease in plasma 1,25(OH)2D
could be due to a direct effect of the retinoid on the renal
25(OH)D-l-hydroxylase (24). However, in view of the close
inverse correlation between plasma 1,25(OH)2D and plasma
Ca, it appears more likely that the retinoid influenced plasma
1,25(OH)2D indirectly through its hypercalcemic effect. Sev-
eral studies in the literature suggest a regulatory role of extra-
cellular Ca in vitamin Dmetabolism (23, 25). An intermediate
dose of retinoid produced a small but statistically significant
decrease in intestinal Ca absorption without changing plasma
Ca (Fig. 2). Therefore, an additional, possibly 1,25(OH)2D-in-
dependent effect of the retinoid on the intestine cannot be
ruled out.

Our data provide no evidence for a renal effect of the reti-
noid on Ca metabolism. The retinoid-induced increase in uri-
nary Ca is explained by an increase in filtered load as a conse-
quence of hypercalcemia. Moreover, retinoid-induced hyper-
calcemia was completely prevented by C12MBP. This inhibitor
of bone resorption has been shown not to influence the renal
handling of Ca (26), and therefore a renal contribution to the
retinoid-induced hypercalcemia should have become apparent
in Cl2MBP-treated animals.

It appears, therefore, that the retinoid influenced Ca me-
tabolism by a primary action on bone resorption, which led to
the observed changes in plasma Ca, 1,25(OH)2D, Ca absorp-
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Figure 7. Microradiographs of tibias from TPTX rats without and
ITh1T\1t1!;,,l itl'j8l!.'iwith retinoid and bisphosphonate treatment. Rats were treated ac-

_XtlI|I~_- j'', i'4 4 cording to the preventive protocol shown in Fig. 5 and the tibias re-
wow f4$§ 1*l # i [i ttt'brrmoved on the day after the last injections of retinoid and bisphos-

phonate. The insert shows a 40 X magnification of the areas indi-
cated by arrows. (a) untreated; (b) retinoid alone; (c) retinoid + 10

v *; ^ s mgP/kg Cl2MBP; (d) retinoid + 1 mgP/kg AHPrBP; (e) retinoid
+ 0.1 mgP/kg AHBuBP.
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Figure 8. Effect of irradiation on retinoid-induced hypercalcemia in Figure 9. Effect of calcitonin (CT) on retinoid-induced hypercalce-
TPTX rats. All animals were given retinoid (R) at 25 ,ug/rat. Values mia in TPTX rats. All animals were given retinoid (R) at 25 Mg/rat.
are means+SEM, n = 4-5. (a) Retinoid; (a) retinoid and irradiation 8 lU/kg per d CT was given for 3 d as indicated. Values are
at time points indicated by arrows. means±SEM, n = 4-5. (o) Retinoid; (-) retinoid + CT.
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Table IV. Effect of CTon Number of Osteoclasts in the Vertebral
Periosteum of Retinoid-treated TPTXRats

Number of osteoclasts per millimeter of
periosteal surface

Preventive protocol Curative protocol

Retinoid 4.35±0.60 10.60±1.04
Retinoid + CT 2.29±0.59* 10.73±1.12

Experimental protocol was same as that of Fig. 9. Vertebrae were re-
moved on day 3 in the preventive and on day 6 in the curative pro-
tocol. Untreated TPTX rats had 1.03±0.19 osteoclasts per mmof
periosteal surface. Values are rreans±SEM; n = 5; *P < 0.05.

tion, and urinary Ca. The increase in plasma Ca with retinoid
was therefore a direct consequence of stimulated bone resorp-
tion, suggesting that this parameter could be used to monitor
changes in bone resorption. Plasma Ca would not be the most
sensitive parameter because an intermediate dose of retinoid
which did produce a significant increase in Ca release from
bone as assessed by 45Ca kinetics (Fig. 2) had no effect on
plasma Ca. However, as we subsequently demonstrated,
plasma Ca can be very useful to monitor the effect of inhibitors
of bone resorption in this model.

The treatment schedule shown in Fig. 5 was found to be
optimal with respect to the rapidity of the increase in plasma
Ca vs. the appearance of general signs of hypervitaminosis A,
which occurred only after hypercalcemia was established. The
observed decrease in bone mass demonstrated the stimulatory
effect of the retinoid on bone destruction under these experi-
mental conditions. Moreover, the finding of an increase in the
number of osteoclasts suggested that the increased bone re-
sorption was mainly due to the generation of new osteoclasts
rather than an activation of those present in bone. An increase
of osteoclast numbers has previously been reported with vita-
min A in vivo (7, 9) and in vitro (22).

The effect of bisphosphonates on retinoid-induced hyper-
calcemia shows that plasma Ca is a reliable index for the effect
of inhibitors of bone resorption in this model. These pharma-
cological agents have been shown to inhibit bone resorption
specifically in vivo and in vitro (19). The dose-related inhibi-
tion of retinoid-induced hypercalcemia agrees very well with
histomorphometric data obtained with these three compounds
(20), the potencies of the bisphosphonates being identical with
both methods. The compounds had similar potencies in pre-
venting and reversing retinoid-induced hypercalcemia, show-
ing that the sensitivity of bone resorption to this type of inhibi-
tor was similar in both situations.

While the observed increase in the number of osteoclasts
showed that recruitment of new osteoclasts was involved in
retinoid-induced bone resorption, they did not indicate
whether this occurred at the level of proliferation of osteoclast
precursors or by an effect on the fusion of postmitotic precur-
sors. To address this question and moreover to assess whether
recruitment was also of importance in maintaining retinoid-
induced bone resorption at a high level, the irradiation experi-
ments were performed. The prevention of retinoid-induced
hypercalcemia by irradiation suggests that proliferation of os-
teoclast precursors plays a major role in the stimulation of
bone resorption. However, from the lack of effect of irradia-

tion in reducing established hypercalcemia, it appears that pro-
liferation of osteoclast precursors is not important in main-
taining retinoid-induced bone resorption.

The results obtained with CT on retinoid-induced hyper-
calcemia are strikingly similar to those of the irradiation ex-
periments, suggesting that this hormone inhibited the prolifer-
ation of osteoclast precursors. This conclusion is in agreement
with reports in the literature which showed that CT inhibited
the vitamin A-induced increase in osteoclast number in organ
culture in vitro (22). A decrease of osteoclast number with CT
given for 4 wk was also observed in vivo in TPTX rats (27). In
the curative protocol, osteoclast numbers were higher than
those in the preventive (Table IV), suggesting that new osteo-
clasts may have been formed between day 3 and 6 in the
curative protocol. CT did not affect this process. Because the
experiments with irradiation show that proliferation played a
minor role in maintaining bone resorption at a high level in
the 3-d period of the curative protocol studied, an increase in
osteoclast number in this period appears to be due to a post-
mitotic process unaffected by CT. The acute hypocalcemic
effect of CT in the preventive and curative protocols con-
firms the well-known direct inhibitory action of CT on osteo-
clasts (28).

A comparison of the effects of CT with those of bisphos-
phonates on retinoid-induced hypercalcemia demonstrates
that this model is suitable to distinguish between different
mechanisms of action of inhibitors of bone resorption.
Whereas CT appears to inhibit proliferation of osteoclast pre-
cursors, at least one of the actions of bisphosphonates is inde-
pendent of this process. However, it remains to be established
whether they act on recruitment as well. A histological investi-
gation is required to answer this question.

In conclusion, we have shown that retinoid-induced bone
resorption represents a new animal model to study the induc-
tion of this process in vivo. Because proliferation of osteoclast
precursors appears to play a major role in this system, the
model may be a valuable tool to study this process in vivo. To
our knowledge, no comparable animal model has yet been
described. Moreover, the study shows that retinoid-induced
bone resorption is suitable to study the effects of inhibitors of
bone resorption, and, moreover, to differentiate between ef-
fects on the activity of osteoclasts present and on proliferation
of osteoclast precursors. Because much information can be
obtained by monitoring plasma Ca, the model represents also
an efficient system to test new inhibitors of bone resorption
and may be of value in the development of new compounds.
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