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aBsTRACT. Age-related changes in bone mineral density (BMD) and cross-sectional area and bone strength index (SSI) of the femur, tibia,
humerus, and first lumbar vertebra in female Wistar (WM/MsNrs) rats were examined by a quantitative computed tomography (pQCT)
method. One hundred and sixteen virgin female Wistar (WM/MsNrrs) rats aged 2—-33 months were used. The data indicate that the to tal
BMD values of metaphyses and diaphyses of long bones increased until 12 months, then decreased to a varying degree depending on
the bone after 15-24 months, but the values of cortical and trabecular BMD with age were not always similar to the tota BMD value.
Nevetheless, the values for cross-sectional area and SSl in the long bonesincreased regardless of the total BMD decrease with age, indi-
cating that this increase might have been due to a characteristic of the modeling pattern in rats. The total and corticadl BMD values in
the first lumbar vertebra decreased after 18 months, and SSI did after 15 months. The data obtained in this study were compared with
those obtained from malesin aprevious study. In conclusion, it was indicated that in thisstrain the rats over 12 months with the highest
tota BMD values in the femur and tibia, and before the onset of various tumors, are useful as a model anima for osteoporosis experi-

ments and observation of senile bone change.

KEY worDs: bone minera density, cross-sectional area, female Wistar rat (WM/MsNrs), pQCT, strength strain index.

We have previoudly reported the age-related changes in
bone mineral density (BMD), cross-sectional area, and
strength strain index (SSI), an indicator of bone fragility, in
male rats [17], as rats are widely used for experiments
regarding bone disease and for pharmacological tests.
Female rats are more frequently used than males, for exam-
ple, as a model of postmenopausal osteoporosis after ova-
riectomy treatment. Nevertheless, the differences between
rats and humans in bone metabolic and morphologic charac-
teristics have been contested [2, 7, 8, 18, 25, 34]. Further-
more, although many studies on bonesintherat have carried
out, the data have varied because of differencesin the bones
observed and the measurement methods[3, 9, 11,13,16, 22,
27, 32, 33].

We consider it important to clarify the age-related
changes in bones throughout the life span of rats to deter-
mine whether it isworthwhile to use ratsin studies related to
bones. Our report regarding the life span and incidence of
tumorsin this strain is available to aid in our understanding
of the changes in bones with age in rats as laboratory ani-
mals[10].

The measurement of BMD, cross-sectional area, and SSI
in the present study was done by the QCT method because
this method has merits with regard to simultaneously mea-
suring BMD and morphologic features by separating trabe-
cular and cortical bones, and because it can be carried out in
liverats, the ssme asin clinical use for humans, as described
previously [17].

The purpose of the present study was to clarify the char-
acteristics of age-related changes in BMD, cross-sectional
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area, and SSI of long bones and first lumbar vertebra in
female rats, and to compare these characteristics with those
of males, as obtained in our previous study.

MATERIALS AND METHODS

A total of one hundred and sixteen female Wistar (WM/
MsNrs) rats were selected from groups which were virgin,
intact and without mammary tumorsin alarge breeding col-
ony. Ratswere sacrificed, ten each at the ages of 2, 3, 6, 9,
12,15, 18, 21, 24, 27 and 30 months and six at the age of 33
months. Ratswere housed five each in a sainless steel cage
(height: 20 cm, wide: 26.5 cm and length 44 cm) under con-
ventional conditions. They were kept in an anima room
controlled at a constant condition (temperature; 22 + 2°C;
relative humidity, 55 + 5%; 12-hr light-dark cycle). They
were freely fed a commercial diet (MB-1, Funabashi Farm
Co., Ltd., Japan) containing 1.0% calcium, 1.2% phospho-
rus, 24.2% crude protein, 4.4% crude fat, 3.6% crude cellu-
lose, 5.4% ash and 54.4% non-nitrogeous substance, that
provided 4.26 Kilo-calorie per gramme of feed, and water.

After the body weight was measured under anesthesia
induced by chloroform inhalation, the femur, tibia,
humerus, and first lumbar vertebra were extracted, and the
muscles and tendons were removed.

M easurements of the BMD and cross-sectional areawere
performed with a pQCT (XCT-960A, Norland & Stratec
Co.). Thestrength-strain index (SSI) wasalso calculated by
means of the software described in detail in aprevious study
[17]. Tota (cortica + trabecular) BMD, cortical BMD, and
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trabecular BMD as well as the cross-sectional area of the
metaphyses, and the cortical BMD and cross-sectional area
of the diaphyses of long bones were measured at 3 and 12
mm from the center of the growth-plate image in the distal
epiphysis of the femur and the proximal epiphyses of the
tibia and humerus, respectively. The measurement in the
first lumbar vertebra was performed at the center of the
transverse direction.

Statistical analysiswas performed by aone-way ANOVA
test and the Student’ st-test. Significance was defined as the
0.05 level.

The laboratory animals used in this study were treated
and/or handled according to the “Recommendations for the
Handling of Laboratory Animals for Biomedica Research”,
compiled by the Committee on the Safety and Ethical Han-
dling Regulations for Laboratory Anima Experiments at
our institute.

RESULTS

Body weight (Fig. 1): The body weights of rats increased
rapidly until 12 months of age, and thereafter continued to
increase until 27 months, and then had decreased at 33
months.

Total, trabecular, and cortical BMD values in the meta-
physes of long bones (Fig. 2): Thetotal BMD was high from
9 to 15 months in the femur and tibia, and 12 to 21 (except
15) monthsin the humerus (Fig. 28). The cortical BMD was
high from 9 to 33 (except 24 and 30) monthsin the femur, 9
to 15 monthsin the tibia, and 6 to 27 (except 15) monthsin
the humerus (Fig. 2b). The trabecular BMD was high from
6 to 27 (except 18 and 24) months in the femur, 6 to 33
monthsin thetibia, and 9 to 24 (except 12 and 21) monthsin
the humerus (Fig. 2c).

Cortical BMD valuesin the diaphyses of long bones (Fig.
3): The cortical BMD of the diaphysis was high from 9 to 33
(except 24) monthsin the femur, from 9 to 30 monthsin the
tibia, and from 6 to 12, 21, 24 and 33 monthsin the humerus.

BMD values in the first lumbar vertebra (Fig. 4): The
total, cortical, and trabecular BM D values of thefirst lumbar
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vertebra were high from 3 to 15 months, 6 to 15 months
(Fig. 4a) and 2, 3, 24 and 27 months (Fig. 4b), respectively.

Cross-sectional area of the metaphyses and diaphyses of

long bones (Figs. 5 and 6): In the distal metaphysis of the
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femur, the total areaincreased with age and was high from
21 to 33 (except 24) months; the cortical areawas high from
6t0 21 (except 18) months, and the trabecular areawas from
30to 33 months (Fig. 53). In the proximal metaphysisof the
tibig, the total and cortical areasincreased with age and were
high from 27 to 33 months and 9 to 33 months, and the tra-
becular areawas high from 2 and 27 to 33 months (Fig. 5b).
In the proximal metaphysis of the humerus, the total, corti-
cal and trabecular BMD values were high from 24 to 33
months, respectively (Fig. 5¢). The cortica area of thedia-
physes of long bones was high from 9 to 27 months in the
femur, 9 to 30 monthsin thetibia, and 21 to 33 monthsin the
humerus, respectively (Fig. 6).

Cross-sectional area of the center of the first lumbar ver-

Femur:9-27(18,24)mo.
Tibia:18-33mo.
Humerus:24-33mo.
Lumbar V:9-12mo.

|

Strength strain index (cm'1_)
3
I

0 11 11T T 1T T T T1T"1
0 3 6 9 12 15 18 21 24 27 30 33
Age (months)
b —®——  Femur:9-33mo.
-——&——  Tibia:9-33(15)mo.
7 i Humerus:27-33mo.
-

T

Strength strain index (cm'1)
i

T e
3 _ nl Ini
] 4
1 | ENN S S B R S S — —
0 3 6 9 12 15 18 21 24 27 30 33

Age (months)

Fig. 8. SSI of the metaphyses of the femur, tibia and
humerus and central cross-section of the first lumbar verte-
bra (a), and diaphyses of the femur, tibia and humerus (b).
The ages with high values are shown in each figure. Vaues
and bar are the mean £+ SD.

tebra (Fig. 7): Thetotal area was high from 6 to 30 (except
15 and 27) months, and the cortical area was high from 6 to
24 months. The trabecular area was high from 24 to 33
months.

SS of the long bones and first lumbar vertebra (Fig. 8):
The SSI of the metaphysis was high from 9 to 27 (except 18
and 24) months in the femur, and from 18 to 33 monthsin
thetibia, and from 24 to 33 monthsin the humerus, and from
9 to 12 months in the first lumbar vertebra (Fig. 83). The
SSI of the diaphysis was high from 9 to 33 months in the
femur, 9 to 33 (except 15) months in the tibia, and 27 to 33
monthsin the humerus (Fig. 8b), respectively.
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DISCUSSION

Although the general patterns of age-related changes in
total, trabecular and cortical BMD values, cross-sectional
area, and SSI in long bones were similar to those of males
[17], sex differences were seen in the age when BMD
reached its highest va ues: the highest values of total and
cortical BMDs in the metaphyses of the femur and tibiain
females were 9 months later than in males (6 months),
whereas the trabecular BMD highest value was 6 months
earlier than in males (9 and 12 months). The cortical BMD
highest values for the diaphyses of the femur and tibiawere
9 months, earlier than in males (12 months). Large age dif-
ferences between males and females in the BMD highest
value were also observed in the first lumbar vertebra; the
ages in females and males were 3 months and 6 months for
total BMD, 6 months and 15 months for cortica BMD, and
2 months and 15 months for trabecular BM D, respectively.

It seems that the BMD value is affected by many factors
such as body weight and hormones [6, 14, 19, 20, 29, 35].
The increase curve of body weight in females was different
from that of males; the body weight in malesincreased until
12 months and then reached a plateau (about 400 g),
whereas that in femal es continued to increase to about 300 g
(Fig. 1), but our data showed that the BMD values in
females were also higher than those in males, as observed in
Charles River CD rats aged 23~150 days after birth by
Saville [28]. Wronski et al. [35] have reported that bone
loss is induced regardless of the increase in body weight
after ovariectomy, although the tendency to dightly increase
bone volume is observed partly in the metaphyses of long
bones. Although the burden ratio of body weight shared by
the fore and hind limbs is 40:60% when a rat stands, the
BMD values for the humerus, where the body burden isless
than that on the hind limbs, are higher than those for the
femur and tibia in females (Fig. 2aand b). Therefore, the
BMD level might not be greatly affected by the body weight
burden in rats, except for the growing period when the body
weight and BMD increase.

Schapira et al. [29] have observed that the sex hormones
in female Wistar (Charles River Farm, U.K.) reaches a peak
at 12 months, and that the estrus cycles ceased at 15 months.
The data obtained in the present study suggest that the total
BMD values for the femur and tibia decrease after 15
months; but no clear point of inflection at which cortical and
trabecular BMD values begin to decrease as observed in the
ovariectomized rats and menopausal women, has been
found [1, 4, 9, 12, 15, 21]. The trabecular bone val ues,
which might have a greater response to sex hormone loss
than cortical bone in the tibia, did not decrease after 15
months in this strain (Fig. 2c). Schot et al. have reported
that bone mineral lossis not induced only by changes in the
concentrations of sex hormones in the blood [29]. There-
fore, the rapid decreasein BMD, as seen in postmenopausa
women, might not be induced in normal rats. Probably the
moderate decrease in BMD is due to achangein organs such
asthat occurring with changes in renal function, and/or cal-

cium transport in the intestines related to changesin calcium
and bone metabolism with increasing age [14, 26, 31].

The total, cortical, and trabecular areas in long bones
tended to increase with age, except for the cortical area of
the femur, as in males. Sontag [32] has also observed that
the diameter of the mid-shaft of the femur enlargesin male
and female Heiligenberg rats at ages from 62 to 840 days.
This enlargement might be due to the dominance of peri-
osteal formation rather than endostea resorption, a charac-
teristic of the modeling pattern in rats.

The SSI values in the metaphysis and cortical areain the
diaphyses of long bones and the first lumbar vertebra in
femaes were found to be lower than those in males. The
SSI values in the metaphysis and diaphysis of long bones
increased with age along with increasing cross-sectional
area, despite the decreasing or unchanging BMD. The SSI
is calculated from the BMD value based on the geometric
valuesfor the bone, if it is presented simply. The SSI value
is used as an indicator to assess bone fragility as well as
BMD. TheBMD valuesinfemales werefound to be higher
than those in males, whereas the SSI valuesin females were
found to be lower than in males. Therefore, the sex differ-
ence in the SSI of the long bonesis strongly affected by the
cross-sectional area of bone in rat, different from that in the
bones of humans. On the other hand, in the first lumbar ver-
tebra, the SSI decreased (Fig. 8a) with decreases in the total
and cortical BMD values after 18 months (Fig. 4a). There-
fore, the age changes in thefirst lumbar vertebra are similar
to those in the bones of humans.

The age at which the decrease in BMD startsis an impor-
tant indicator of the time when bone fragility begins in
humans. Similarly, the agein ratsisinteresting to determine
when planning for the use of female rats in osteoporosis
experiments. Our results indicate that the ages at which
total BMD decreases began were different: 15 monthsin the
femur and tibia, 24 months in the humerus and 18 monthsin
the first lumbar vertebra, respectively. We observed that the
average life span of females of this strain was 813 + 214
days (n=907), and mammary tumors began to appear after
18-24 months, with the final incidence being 20.1% [10].
Namely, the age when the BMD in long bones and first lum-
bar vertebra begins to decrease may overlap in time with or
be close to the onset of tumors. Nevertheless, this strain has
the merit that the incidences of mammary and other tumors
were lower than in other strains such as the Sprague-Dawley
and Donryu [5, 23, 24].

In conclusion, it was indicated that in this strain, the rats
over 12 months with the highest values for the femur and
tibia and before the onset of various tumors are useful for
osteoporosis experiments and observation of senile bone
changes.
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