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A B S T R A C T In previous work we found that vitamin
D-deficiernt and also calcium-deficient rats developed
hypocalcemia and an impairment of bone formation and
mineralization. The present study of thyroparathyroid-
ectomized (TPTX) rats was undertaken to determine
the effect of hypocalcemia without secondary hyperpara-
thyroidism. TPTX rats fed a normal diet developed hy-
pocalcemia and hyperphosphatemia in association with
impairment of osteoblastic bone matrix formation and of
mineralization of newly formed matrix. The serum cal-
cium X phosphorus product was not decreased. The de-
creased formation was largely due to a reduction in
matrix apposition indicating decreased synthetic activity
of individual osteoblasts. In contrast to the above results,
when TPTX rats were fed a high-calcium diet to pre-
vent hypocalcemia, no impairment of either formation or
mineralization was found. From the results of these two
experiments, it is reasonably certain that hypocalcemia
was responsible for the inhibition of formation and min-
eralization. Moreover, based on the magnitude of the
changes in serum calcium and bone parameters in TPTX
rats, hypocalcemia could have accounted for the inhibi-
tion of formation and mineralization in calcium-deficient
as well as vitamin D-deficient rats.

In TPTX rats the mineralization defect was mani-
fested by decreases in both the rate of osteoid matura-
tion (indicating a delayed onset of mineralization) and
the rate of mineralization. A strong correlation (r=
0.95, P < 0.001) was observed between these two rates
suggesting a tight coupling of these two aspects of
mineralization.

TPTX rats also had lower bone resorption rates and
higher serum phosphorus levels than sham-operated ani-
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mals when the normal calcium diet was fed but not when
the high-calcium diet was fed. Thus the inhibition of bone
resorption in TPTX rats was at least partially prevented
by correction of hyperphosphatemia. This is consistent
with previous work showing an inverse relationship be-
tween serum phosphorus and bone resorption. Accord-
ingly, the depression of bone resorption in TPTX rats
was probably due to hyperphosphatemia as well as to
hypoparathyroidism.

INTRODUCTION

In a previous study we found that vitamin D deficiency
resulted in an inhibition of osteoblastic bone matrix
formation and an impairment of matrix mineralization
(1). The factor(s) responsible for these changes could
not be established because in addition to having vitamin
D deficiency, the animals were hypocalcemic and thus
presumably had secondary hyperparathyroidism.

The possibility that hypocalcemia was responsible for
the inhibition of formation and mineralization was sup-
ported by the finding of strong correlations between the
rates of formation and mineralization and serum calcium
but not phosphorus (1), and also by the results of a
subsequent study on calcium-deficient animals. Rats fed
a diet deficient in calcium but adequate in vitamin D
developed hypocalcemia in association with an inhibition
of formation and mineralization of similar magnitude
to that observed in vitamin D-deficient animals (2).
These results suggested that hypocalcemia, or hypocal-
cemia and secondary hyperparathyroidism, were re-

sponsible for the inhibition of formation and minerali-
zation.

If hypocalcemia were the cause of these changes, one

would expect to find similar changes in hypocalcemic,
thyroparathyroidectomized (TPTX)' rats. Accordingly,

1 Abbreviations used in this paper: PTH, parathyroid
hormone; TPTX, thyroparathyroidectomized.
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the present study was undertaken to quantitate the ef-
fects of hypocalcenmia without secondary hyperparathy-
roidism on matrix formation and mineralization. In ad-
dition, an attempt was made to assess the cause of the
inhibition of osteoclastic bone resorption seen in TPTX
rats.

METHODS

Protocol
Male weanling (22-day old) Sprague-Dawley rats were

randomly divided into two groups, both fed a semisynthetic
diet containing 0.6% calcium and 0.6% phosphorus (3).
Prior to the experimental period, one group was thyropara-
thyroidectomized (TPTX) by blunt dissection and the other
group was sham-operated. The TPTX rats were injected
every other day with 4 /Lg/lOOg body weight of L-thyroxin
(Levoid; Nutritional Control Products, Hollywood, Fla.);
and the sham-operated group was inj ected with an equal
volume of diluent. 3 days after TPTX, blood samples were
drawn from the tail for serum calcium analysis. Only those
TPTX rats with serum calcium values of less than 9.0
mg/100 ml were used for the study.

The rationale for using the protocol given below to make
quantitative histological measurements of bone parameters
has been described in detail elsewhere (1, 4, 5). When 27
days of age both the sham-operated and TPTX rats were
divided into two groups of nine rats each (i.e., basal and
final groups). The two basal groups were sacrificed at the
start of the experimental period, 2 h after i.p. injections of
20 mg tetracycline per kg body weight. The final groups
were injected with 10 mg tetracycline per kg body weight
i.p. daily for 7 days beginning at the time of sacrifice of the
basal groups. All rats were sacrificed 10 days after starting
the daily tetracycline injections and 2 h after a final injec-
tion of tetracycline, 20 mg/kg body weight i.p., to label the
mineralizing front (1). Since a preliminary experiment indi-
cated that food consumption was slightly decreased in
TPTX rats, in this study the intact rats were pair fed with
the TPTX rats to avoid effects of differences in food con-
sumption on bone parameters.

A second experiment was done using a protocol very
similar to that described above, the major difference being
that both the sham-operated group and the TPTX final
groups received a diet containing 1.2% calcium and 0.55%
phosphorus throughout the experimental period. We previ-
ously demonstrated that this diet usually results in normal
values of serum calcium and phosphorus in TPTX rats
(5). In this second experiment, the rats were 28 days old
when tetracycline labeling was started and there were 10 rats
each in the basal and final control groups and 15 rats each
in the basal and final TPTX groups.

In a separate experiment the diurnal variation in serum
calcium and phosphorus was determined in 28-day old
TPTX rats fed a diet containing 1.2% calcium and 0.55%
phosphorus. Serum measurements were made starting three
days after the animals were given a 1.2% calcium and
0.55% phosphorus diet.

Serum chemistries
Blood was obtained by cardiac puncture at sacrifice or

from tail vein when a series of determinations was made
on the same animals. Total serum calcium and phosphorus
determinations were made as previously described (1), and
ionized calcium was measured on freshly obtained serum by

means of an Orion Model 98-20 flow through electrode
system (Orion Research, Inc., Cambridge, Mass.) (6).

Bone parameters
At sacrifice, the tibias were removed for analysis. Specific

sampling sites, section preparation, methods of analysis and
calculations have been treated in detail elsewhere (1, 4, 5).
Provided below are definitions of the calculated bone param-
eters, each of which is a measure of a discrete process.

Periosteal matrix formation rate (mm'/day). This in-
cludes all periosteal matrix, mineralized matrix as well as
osteoid, deposited during the experimental period. It is
identical to the bone formation rate, except when osteoid
maturation is impaired, in which case it exceeds the bone
formation rate.

Periosteal mn-atrix apposition rate (Ain/day). This is the
width of new periosteal matrix added per day and includes
both osteoid and mineralized matrix.

Periosteal osteoid maturation rate (%/h). This is a
measure of the onset of mineralization and is calculated by
considering that osteoid is 0% mature when deposited and
100% mature when mineralization is initiated. The term
"maturation" is used because we have demonstrated that
chemical changes occur in osteoid prior to the onset of
mineralization (7). Osteoid maturation rate is probably a
better measurement of the onset of mineralization than is
osteoid width since an increase in osteoid width may be
related to either an increase in matrix apposition or a delay
in the onset of mineralization, whereas the osteoid matura-
tion rate is independent of apposition (1).

Periosteal initial inineralivation, rate (% of maximtum/h).
This is a measure of the rate at which mineral concentra-
tion increases from 0 to 20% of maximum mineral concen-
tration. This rate is expressed as percent of maximum min-
eral concentration in mature bone but does not apply to
mineral deposition between 21 to 100% of maximum mineral
concentration. This method, which is based on the distance
that tetracycline diffuses into low mineral content bone,
gives results similar to those obtained from measurements
of the actual rates of calcium and phosphorus deposition
made by means of electron microprobe (8).

Enidosteal bone resorption rate (mm'l/day). Since re-
sorption increases, whereas formation decreases medullary
area, the resorption rate is equal to the mean daily change
in medullary area plus the endosteal bone formation rate
(1, 9). In our sampling site in the tibial diaphysis, the
endosteal resorption rate represents essentially the total re-
sorption rate because no resorption occurs at the periosteum,
and that occurring at vascular canals is only 10% of the
total and was ignored in this study (9).

Linear rate of endosteal bone resorption (pnm/day). This
is the mean width of endosteal bone resorbed per day and
is calculated by dividing the amount of bone resorbed by
the length of the endosteal surface involved in resorption.
It is analogous to the periosteal matrix apposition rate.

RESULTS

TPTX rats fed our control diet containing 0.6% calcium
and 0.6% phosphorus developed hypocalcemia and hyper-
phosphatemia (Table I). Serum calcium in the basal and
final TPTX groups were similar suggesting that the de-
gree of hypocalcemia was sustained throughout the 10-
clay experimental period (Table T). In these TPTX rats
as compared with shami-operated, intact control rats,
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TABLE I
Serum and Bone Parameters in Intact* and TPTX Rats

Fed a 0.6% Calcium and a 0.6% Phosphorus Diet

Intact TPTX

Body weight, g 92.0 ±3.0t 92.0±d 10.0
Serum calcium, mg/100 ml (basal

group)§ 9.7 40.2 6.6±1.011
Serum calcium, mg/100 ml 10.4±0.4 7.2±1.011
Serum phosphorus, mg/100 ml 10.0±0.7 15.9 62.9II
Serum calcium X phosphorus

(mg/100 mi)2 104.0±45.0 113.0±15.0
Periosteal osteoid width, Am 6.1 40.7 8.3 1.5¶
Periosteal mineral front width, jm 5.6 1:0.8 7.9 1.I 11
Total area, mm2 2.704±0.12 2.56 ±O.12**
Medullary area, mm2 1.05 ±0.07 0.87 40.0611
Periosteal surface, mm 5.96 40.17 5.85 ±0.17
Endosteal forming surface, mm 2.62±0.41 2.39±0.43
Endosteal resorbing surface, mm 1.57 ±0.48 1.78 i0. 12
Endosteal resorbing surface, % 37.2 ±9.8 43.1 ±4.9

* Sham-operated.
t Mean ±SD.
I All values are for final group with this exception.
11 P < 0.001.
¶ P <0.005.
** P < 0.05.

osteoblastic matrix formation, the mineralization of
newly formed matrix, and the osteoclastic bone re-
sorption rate were all depressed (Table II). Because of
the mineralization defect, bone formation was depressed
more than matrix formation.

The matrix formation rate is a function of two com-
ponents, the forming surface and the matrix apposition
rate; and the inhibition of matrix formation in the TPTX
rats was almost exclusively due to a decreased matrix ap-
position rate indicating decreased synthetic activity of
individual osteoblasts (Table II).

In the TPTX rats there was a delayed onset of min-
eralization, as indicated by the impairment of osteoid
maturation, and a decreased mineralization rate (Tablt
II). These changes are independent of matrix apposition
and are typical of those seen in osteomalacia (1). Thus,
despite adequate intake of vitamin D, calcium, and phos-

phorus, these TPTX rats developed a mineralization
defect.

Of particular interest was the finding of a strong cor-
relation between the rates of osteoid maturation and
mineralization when the data from the sham-operated
control rats and the TPTX rats were pooled (Fig. 1).
Although the slopes for the sham-operated and TPTX
groups may differ, it is clear that a relationship exists
over a wide range of rates. This relationship cannot
be explained by the manner in which these rates were
determined since they represent independent measure-
ments. These data suggest that the onset of mineraliza-
tion and the rate of mineralization are tightly coupled,
a conclusion consistent with previous observations
(1-5).

In TPTX rats as compared with intact rats, there was
a 70% decrease in bone resorption (Table II). Bone
resorption is a function of two components, the resorbing
surface and the linear rate of bone resorption. In the
TPTX rats the decrease in resorption was largely due
to a decrease in the linear rate of bone resorption.

When TPTX rats were fed a 1.2% calcium and a
0.55% phosphorus diet, rather than the 0.6% calcium
and 0.6% phosphorus diet, only slight changes in serum
calcium and phosphorus in bone were found (Tables III
and IV). In these TPTX rats as compared with sham-
operated control rats fed the same diet, serum calcium
was decreased only about 10% and serum phosphorus
was essentially unchanged (Table III).

In sharp contrast to the first experiment, in these
TPTX rats neither matrix formation nor mineralization
were decreased (Table IV). In addition, whereas in the
first experiment bone resorption was markedly depressed
in the TPTX rats, in this experiment bone resorption
was similar in TPTX and sham-operated control rats
fed the same diet (Table IV). These two experiments
show that the inhibition of matrix formation and min-
eralization and bone resorption seen in hypocalcemic
hyperphosphatemic TPTX rats can be largely corrected

TABLE I I
Bone Matrix Formation and Mineralization and Bone Resorption in Intact* and TPTX Rats

Fed a 0.6% Calcium and a 0.6% Phosphorus Diet

Intact TPTX Change P

Periosteal matrix formation rate, mm3/day 0.05540.007t 0.045±0.009 -18 <0.05
Periosteal matrix apposition rate, Mm/day 9.741.3 8.1±1.5 -16 <0.05
Periosteal osteoid maturation rate, %//h 5.8±0.8 3.640.7 -38 <0.001
Periosteal initial mineralization rate, %of maximum/h 1.440.1 0.7±0.1 -50 <0.001
Endosteal bone resorption rate, mm3/day 0.020±0.008 0.006±0.006 -70 <0.001
Linear bone resorption rate, Mm/day 10.4±4.9 2.5±2.5 -76 <0.001

* Sham-operated.
Mean ±SD.
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by feeding TPTX rats a diet which results in near nor-
mal levels of serum calcium and phosphorus.

DISCUSSION

The present study of TPTX rats is one of a series of
investigations in which we have quantitated discrete
bone processes associated with matrix formation, min-
eralization, and bone resorption. These studies have been
aimed at identifying systemic factors that influence each
of these bone processes under pathophysiologic condi-
tions (1, 2, 5).

The results of this study strongly implicate hypocal-
cemia as a factor that impairs matrix formation and
mineralization. On a normal calcium diet, TPTX rats
became hypocalcemic and rates of bone matrix formation,
osteoid maturation and bone mineralization were in-
hibited (Table II). Evidence of decreased bone forma-
tion in both TPTX and parathyroidectomized animals
and increased osteoid width in parathyroidectomized
animals have been previously described (10-12). Al-
though an increase in osteoid width may be associated
with an increase in bone matrix apposition (1, 13), in
TPTX rats the wide osteoid was due to a delayed onset
of mineralization, as indicated by a decreased rate of
osteoid maturation. When the dietary calcium level
was raised so that the TPTX rats were able to maintain
near normal serum calcium levels, formation and min-
eralization were no longer impaired. Thus neither thyro-
parathyroidectomy per se, nor the absence of parathyroid
hormone (PTH) or calcitonin was responsible for the
impaired matrix formation and mineralization. Impaired
formation has also been found in the other conditions
which resulted in hypocalcemia, i.e., calcitonin treat-

TABLE III
Serum and Bone Parameters in Intact* and TPTX Rats

Fed a 1.2% Calcium and a 0.55%o Phosphorus Diet

Intact TPTX

Body weight, g 112.0 ±3.0 109.0±i 11.0
Serum ionized calcium, mg/100 ml 4.7 ±0.2 4.0 10.4§
Serum calcium, mg/100 ml 10.5 40.4 9.5±0.811
Serum phosphorus, mg/100 ml 13.34±1.2 13.5±L1.4
Serum calcium X phosphorus

(mg/100 mI)2 140.0 i 13.0 128.0 4 17.0
Periosteal osteoid width, pim 10.6±1.0 11.5±1.0¶
Periosteal mineral front width, pm 5.740.4 6.8±0.911
Total area, mm2 2.92 ±0.16 2.97 ±0.22
Medullary area, mm2 0.97±0.09 0.90±0.12
Periosteal surface, mm 6.23 ±0.18 6.27 ±0.24
Endosteal forming surface, mm 2.294±0.30 2.28 ±0.54
Endosteal resorbing surface, mm 1.48±0.30 1.4640.50
Endosteal resorhing surface, % 39.3 ±7.0 39.1 ±13.0

* Sham-operated.
Mean ±SD.

§ P <0.001.
11 P < 0.005.
¶ P <0.05.
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FIGURE 1 Relationship between the rates of osteoid matura-
tion and mineralization in intact and TPTX rats together.
Although the slopes for the intact and TPTX rats may
differ, these data emphasize that a relationship exists be-
tween these two rates over a wide range of rates.

ment, vitamin D deficiency, and calcium deficiency
(1,2,9).

Hyperphosphatemia, though present in the TPTX
animals, is an unlikely explanation for the depression of
matrix formation and mineralization. For example, in
hypocalcemic vitamine D-deficient rats both formation
and mineralization were depressed even though serum
phosphorus was normal (1). And, in vitro, reduced but

TABLE IV
Bone Matrix Formation and Mineralization and Bone

Resorption in Intact* and TPTX Rats Fed a
1.2%o Calcium and 0.55% Phosphorus Diet

Intact TPTX

Periosteal matrix formation
rate, mm'/day 0.065 0.008$ 0.073+0.012

Periosteal matrix apposition
rate, pm/day 11.0±41.2 12.4 ±1.7§

Periosteal osteoid maturation
rate, %/h 4.2 ±0.4 4.5 ±0.6

Periosteal initial mineralization
rate, %of maximum/h 1.2 ±0.1 1.2 ±0.2

Endosteal bone resorption rate,
mm3/day 0.014±0.006 0.012 40.009

Linear bone resorption rate,
pm/day 6.2 ±2.8 5.1 ±4.2

* Sham-operated.
Mean 4SD.
P <0.05.
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TABLE V
Relationship between Serum Calcium and Phosphorus and

Bone Processes in TPTX, Calcium-deficient
and Vitamin D-deficient Rats*

Calcium Vitamin D
TPTX deficient deficient

Serum calcium, %A -32$ -26 -31
Serum phosphorus, %A +59 +16 +2
Periosteal matrix apposition, %A -16 -37 -25
Osteoid maturation rate, %A -38 -55 -50
Mineralization rate, %A -50 -55 -52

* See references 1 and 2 for further data on vitamin D-deficient and calcium-
deficient animals, respectively.
I %Afrom control group, each test group having its own control group;
data used to calculate %Awere mean values for about a 10 day experimental
period.

not elevated phosphorus in incubation medium inhibited
radioproline incorporation into bone matrix (14). From
these observations it is probable that hypocalcemia in-
hibits matrix formation, osteoid maturation, and min-
eral deposition.

The inhibition of the onset of mineralization in TPTX
rats was associated with hypocalcemia but not a de-
creased serum calcium phosphorus product; this product
was actually increased. The onset of mineralization ap-
pears to be dependent upon osteoid maturation. Accord-
ingly, matrix changes in lipid concentration, acid phos-
phatase activity, and particularly proteinpolysaccharide
concentration are coordinated both spatially and tem-
porally with the onset of mineralization (7, 15, 16). Be-
cause osteoid maturation implies that the onset of min-
eralization is at least partially under cellular control,
it seems likely that hypocalcemia inhibits the onset of
mineralization by adversely affecting cell-mediated proc-
esses.

The extent to which cellular activity is involved in
calcium and phosphorus deposition once the process has
been initiated is uncertain, though there is evidence of a

functional membrane around bone, which is maintained
by bone cells and which influences the ionic composition
of bone water (17). In addition, the finding in animals
treated with large amounts of fluoride, of a decreased
mineralization rate despite normal levels of serum cal-
cium and phosphorus, suggests that cellular activity may
also be involved in this process (4). Thus, the inhibition
of the mineralization rate by hypocalcemia may also be
through an effect on cellular activity.

The possibility that hypocalcemia inhibits osteoid
maturation and mineralization by a similar mechanism
is consistent with the strong correlation between the rate
of osteoid maturation and mineralization in the present
study. Furthermore, the magnitude of the changes in

these two rates was similar under a number of other ex-
perimental conditions, viz., fluoride treatment, vitamin
D deficiency, calcium deficiency, and phosphorus de-
ficiency (1, 2, 4, 5). Although the reason for this rela-
tionship is unknown, it is clear that these two rates are
tightly coupled under a variety of experimental condi-
tions.

It is generally held that the decrease in bone resorp-
tion in hypoparathyroidism is entirely due to PTH de-
ficiency whereas evidence is accumulating to indicate
that in TPTX rats hyperphosphatemia inhibits bone re-
sorption. First, we previously found that in TPTX rats
there is an inverse relationship between serum phos-
phorus and percent endosteal resorbing surface over se-
rum phosphorus values ranging from high to low (5).
Second, in the present study bone resorption was low
in hyperphosphatemic but near normal in normophos-
phatemic TPTX rats (Tables II and IV). Third, in tis-
sue culture increasing phosphorus concentration in the
incubation medium decreases bone resorption and also
decreases the effect of PTH to stimulate bone resorp-
tion (18). Thus, the decreased resorption in the TPTX
rats was probably due to hyperphosphatemia as well as
hypoparathyroidism. In view of this, it is doubtful that
PTHdetermines 75% of bone turnover since this concept
is based on the observation that turnover falls 75% after
removal of the parathyroid glands (19).

Since the resorption rate was only slightly decreased
in the normophosphatemic TPTX rats (Table IV), one
might conclude that hyperphosphatemia, as opposed to
hypoparathyroidism, was primarily responsible for the
inhibition of bone resorption in the hyperphosphatemic
TPTX rats (Table II). However, the control group for
the experiment in Table IV was fed a high calcium diet
which may have partially inhibited PTH secretion and
thus PTH-mediated bone resorption. Accordingly, it
is possible that the resorption rate would have been less
in the normophosphatemic TPTX rats than in intact rats

fed a normal calcium diet. In any case, it is evident that
lowering the serum phosphorus was associated with an

increase in bone resorption.
Although there is evidence that hypocalcemia per se

stimulates bone resorption (20, 21), in this study hypo-
calcemia was associated with decreased, not increased
resorption. Also in tissue culture studies, decreasing
calcium concentration in the medium does not signifi-
cantly enhance resorption (18).

Recent work suggests that the most potent vitamin D
metabolite with respect to bone resorption is 1,25-dihy-
droxycholecalciferol (1,25-OH2D,) (22), and that the
synthesis of this metabolite is PTH dependent (23).
Accordingly, it is possible that some of the bone changes
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in TPTX rats results from an abnormality in vitamin D
metabolism. If so, these changes were not evident in
TPTX rats fed a diet which resulted in near normal
levels of serum calcium and phosphorous (Tables III
and IV).

A major reason for undertaking this study was to gain
some insight as to the factors responsible for the inhibi-
tion of matrix formation and mineralization seen in vita-
min D-deficient and also in calcium-deficient animals
(1, 2). The relationships between serum and bone param-
eters in TPTX, vitamin D-deficient, and calcium-de-
ficient rats are compared in Table V. The changes in
serum calcium and mineralization *were similar in the
three groups. However, on the basis of the degree of
hypocalcemia, the inhibition of formation in the TPTX
rats was less than expected. That these three experi-
ments were done at different times and under conditions
which were not identical may not be an adequate explana-
tion for this discrepancy.

The degree of hyperphosphatemia was greatest in the
TPTX rats, and this may have accounted for the lesser
inhibition of bone formation (24). Alternately, the pres-
ence of secondary hyperparathyroidism as well as hypo-
calcemia may have been responsible for the relatively
greater depression of matrix formation in the calcium-
deficient and vitamin D-deficient rats (Table V). The
validity of this possibility is uncertain at the present time,
because under some conditions hyperparathyroidism re-
sults in decreased bone formation, whereas under other
conditions it results in increased bone formation (13,
25-27).

This study emphasizes that changes in serum calcium
and phosphorus have important effects on bone processes.
It seems possible that the effects of the serum ion
changes are mediated through changes in the ionic con-
centration of calcium and possibly phosphorus within
bone cells. If so, the results of this study are consistent
with the concept advanced by Rasmussen that intracel-
lular calcium and phosphate ion concentration play an
important role in bone cell metabolism (28). In this con-
text, since a number of factors influence the concentra-
tion of calcium and phosphorus within cells, the simi-
larities in Table V are more impressive than the
differences.
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