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Abstract

Objective: To examine the effect of prior pregnancy and lactation on bone density in aged
rats.

Materials and Methods: 2 month-old female Fischer-344 rats were divided into 4 groups: 1) 13
rats were allowed to get pregnant and to nurse their offspring for two or three cycles; 2) 14 rats
were allowed to get pregnant two or three times and were immediately separated from their
young after each delivery prior to lactation; 3) 10 rats were not allowed to become pregnant; and
4) 7 rats were sacrificed at the beginning of the experiment. All rats were fed ad libitum. After
the rats had completed two or three pregnancies with or without subsequent lactation, all were
fed a restricted diet until they were 25 months old (aged rats). Then they were sacrificed and
both femurs were removed from each rat. One bone was used for analysis of mineral content and
the other bone was used for photodensitometry of the diaphysis.

Results: 31 rats (83.8% ) survived until they were sacrificed. The femurs of the aged rats
showed increased ash weight compared to those of 2 month-old rats. Aged rats with prior preg-
nancies with or without subsequent lactation had higher femoral ash weight than those without
prior pregnancies. There were no differences among aged rats in regard to marrow diameter,
bone diameter, cortical width or bone density of the diaphysis in femur by photodensitometry.

Conclusion: In aged rats, past pregnancies but not lactation were related to increases in bone
density of the femur. (J Nippon Med Sch 2000; 67: 18—23)
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Introduction

There are significant alterations in the calcium me-
tabolism during pregnancy and lactation in rats.
There is evidence that the maternal skeleton accumu-
lates calcium during early to mid-pregnancy in rats
before the onset of fetal skeletal mineralization'. When
dietary calcium intake is adequate, the calcium re-
quirements for fetal development are met with no re-
duction in the amount of calcium in the maternal
skeleton. Most authors have found increased bone
mass at the end of pregnancy in rats"*. However, de-
creased bone density of lumbar vertebrae in rats at

the end of pregnancy has been reported®.

In contrast to the changes brought on by fetal min-
eralization during pregnancy, lactation results in sub-
stantial mobilization of calcium from bone irrespective
of the amount of calcium in the diet"***. Although a
very significant decrease in bone mass ordinarily oc-
curs during lactation, there is little evidence to sug-
gest that pregnancy and lactation are harmful to the
long-term health and integrity of the skeleton of rats’
or human beings’. In part, this may reflect compensa-
tion by the accumulation of skeletal calcium stores
during early to mid-pregnancy so as to meet the cal-
cium demands of fetal skeletal development in late
pregnancy and subsequent milk production during

lactation as described above.
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There is evidence that reconstitution of skeletal
mineral stores occurs in human beings’ and rats"*® fol-
lowing lactation and weaning. Ellinger and others’
studied the effect of differing diets over three con-
secutive pregnancies and the associated lactation in
each instance. They reported that bone mass lost dur-
ing the postpartum period was restored by the end of
a subsequent pregnancy.

As far as we know, there have been no reports con-
cerning bone density in aged rats with differing histo-
ries of pregnancy and lactation. In that regard, in the
present study we examined the long-term effects of
physiological bone loss associated with the reproduc-
tive cycle through measurement of bone density in

older rats with varying reproductive histories.

Materials and Methods

1. Experimental animals and protocol

Fischer-344 female rats (Charles River, Kanagawa)
were used in this study. At 2 months of age, the rats
were divided into 4 groups: 1) aged rats with history
of pregnancy and lactation; 2) aged rats with history
of pregnancy alone; 3) aged rats with no history of
pregnancy or lactation; and 4) 2-month-old rats.

For group 1, 16 rats were placed for 7 days with
male rats for mating. Following delivery, they were al-
lowed to rear their offspring for 3 weeks. Ten days fol-
lowing separation from their offspring, each rat was
again placed for 1 week with a male rat for mating.
The cycle was repeated twice, whereby 3 pregnan-
cies with subsequent lactation were established for
each rat when possible. For the group 2 rats, 18 rats
were subjected to a regimen identical to that of the
group 1 rats, except that the rats were separated
from their offspring immediately after each preg-
nancy. There by, 3 pregnancies without subsequent
lactation were established if possible. For group 3, 10
rats were fed ad libitum until all of the rats in groups
1 and 2 had finished three pregnancies with or with-
out subsequent lactation. In group 4, 7 control rats
were sacrificed at the start of this experiment (age 2
months plus 1 week).

All group 1, 2, and 3 rats were fed a laboratory diet
containing 1.27% calcium and 0.84% phosphorus
(CRF-1, Oriental Yeast Co., Tokyo)ad libitum until ap-
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proximately 11 months of age, at which time all of the
group 1 and 2 rats had completed 3 reproductive cy-
cles with or without lactation. All rats were allowed
free access to water. Thereafter, all rats were fed a re-
stricted diet (70% of ad libitum feeding). Each rat was
individually caged. The conditions in the animal labo-
ratory were as follows: temperature was kept at 21
2C, humidity was maintained at 55 * 15% and expo-
sure to light was controlled as a 12 hr. alternating
light-dark cycle. When age 2 years and 1 month old,
each rat was anesthetized with ether and the femoral
bones were removed. One femoral bone was kept at
—50C and the other femoral bone was kept in 70%
ethanol until use. Blood, hearts, brains, livers were

taken for other use.

2. Measurement of bone density and mineral level

One femoral bone from each rat was cleaned, dried
and weighed. The bone was reduced to ash using a
muffled furnace at 550~600C for 20 hr. The ash thus
obtained was then dissolved in 1IN nitric acid and total
bone calcium was determined by atomic absorption
spectrophotometry. Phosphorus content was deter-
mined by the Fiske-Subbarow method”. The other
femoral bone from each rat was placed on an alumi-
num plate corresponding to soft tissue together with
a 10 step aluminum gradient and an x-ray photograph
was taken. The x-ray photograph was scanned at the
mid point of the femur and analyzed by a photodensi-
tometer according to a reported method"" ( per-
formed by Teijin laboratory, Tokyo). Thus, bone den-
sity of an x-ray photo was determined based on the
density of a 10 step aluminum gradient. From this the
bone diameter (D), marrow diameter (d), cortical
width (D-d), CTI (cortical thickness index) and £GS/D
(bone density) of the diaphysis were obtained (Fig-1).

Values are means + SEM. Analysis of variance
(ANOVA) followed by Tukey's multiple comparison
test was used to determine significant differences
when more than two means were compared. A p-
value less than 0.05 was considered significant.

All procedures on rats were in compliance with the

American Journal of Physiology guidelines.

Results

In group 1, 6 rats completed 3 pregnancies with lac-
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tation, 7 rats experienced 2 pregnancies with lacta-
tion. During this period, 3 rats were excluded because
they did not get pregnant more than once. Ten of
these 13 rats survived more than 2 years (survival
rate: 76.9%) . In group 2, 4 rats had 3 pregnancies, 10

rats had 2 pregnancies, and after exclusion of 4 rats

D —
— d

2

“

5

[

3

ki 2GS

[=9

o)

D: bone diameter

d: marrow diameter

D-d: cortical width

CTI: cortical thickness index = (D-d)/D
2 GS/D: bone density.

10,11

Fig. 1 Photodensitometric measurement
X-ray photo of each femur was taken together with an
aluminum gradient. The bone x-ray was scanned at
the mid-point of the femur and the optical density of
the bone was determined using a photodensitometer.
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for the same reason as above, 13 rats lived more than
2 years (survival rate: 92.9%). In group 3, 8 rats out of
10 lived more than 2 years (survival rate: 80%). There
was no difference in survival rate between the 3
groups.

The results of the bone mineral level study are
shown in Table 1. In terms of dry weight and ash
weight, two month-old rats differed significantly com-
pared with the aged rats in the three other groups (p
<0.001). Aged rats with no history of pregnancy had
lower mineral levels than aged rats with history of
pregnancy (p<0.05 as dry weight, p<0.01 as ash
weight). Aged rats with earlier pregnancy and lacta-
tion showed higher ash weight compared with aged
rats with no history of pregnancy (p<0.05). Two
month-old rats had lower calcium content (mg/bone)
than aged rats in the three other groups (p<0.001).
Also, 2-month-old rats showed a decreased level of
phosphorus content (mg/bone) compared with the
three other groups (p<0.001), and phosphorus content
(mg/bone) was increased in rats with prior preg-
nancy and lactation compared with rats with history
of no pregnancy (p<0.05). Phosphorus content, ex-
pressed as ash weight, was higher in two-month-old
rats compared with aged rats with history of preg-
nancy (p<0.05). There were no differences in calcium
content (dry%and ash%) or phosphorus content (dry
%) among the 4 groups.

The results of quantitative assessment of bone den-
sity in x-ray photos of the diaphysis are listed in Ta-

ble 2. Two-month-old rats differed in bone diameter

Table 1 Bone mineral content of the femur

Aged rats with Aged rats with Aced rats with
Two-month-old no history of history of .08

e history of pregnancy ANOVA

rats (n=>5) pregnancy pregnancy . —

_ - and lactation (n=28)
(n=9) (n=12)

Dry weight (g/bone) 0.392 = 0.015° 0492 + 0.011° 0.533 = 0.010 0533 = 0.012 p < 0.001
Ash weight (g/bone) 0.183 = 0.014° 0.278 + 0.010%¢ 0.325 = 0.009 0.324 = 0.011 p < 0.001
Ca content (mg/bone) 69.620 * 5.612° 108.233 + 4.183 121.033 + 3.622 123.263 = 4.436 p < 0.001
(dry %) 21.164 = 0.627 22.002 = 0.467 22.630 = 0.405 23.139 + 0496 p = 0.090
(ash %) 38.160 = 0.724 38911 = 0.539 37.283 = 0.467 38.125 = 0.572 p = 0176
P content  (mg/bone) 27928 + 2,086 41.950 + 1.555¢ 47124 + 1.347 48.150 + 1.649 p < 0.001
(dry %) 8.488 = 0.237 8528 = 0.177 8.814 = 0.153 9.048 = 0.188 p = 0.164
(ash %) 15.320 * 0.216" 15.078 £ 0.161 14517 = 0.139 14.925 + 0.170 p = 0014

* The number of rats analyzed is in parenthesis

ap < 0.001 compared to all aged rats, "p < 0.05 compared to aged rats with history of pregnancy, °p < 0.01 compared
to aged rats with history of pregnancy, p < 0.05 compared to aged rats with history of pregnancy and lactation, Ca:

calcium, P: phosphorus.
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Table 2 Photodensitometry of the diaphysis

Aged rats with Aged rats with Aced rats with
Two-month-old no history of history of .08

iy history of pregnancy = ANOVA

rats (n=7) pregnancy pregnancy d lactati =8

(=7 (n=10) and lactation (n=28)
D (mm) 3510 = 0.055 3.648 * 0.055 3.838 £+ 0.046 3.822 = 0.051 p < 0.001
d (mm) 2520 + 0.044 2499 * 0.044 2548 * 0.036 2579 = 0.041 p = 0.568
D-d (mm) 0.990 + 0.066¢4 1.149 = 0.066 1.290 = 0.055 1.243 = 0.062 p = 0011
CTI 0.282 = 0.013 0.315 = 0.013 0.327 = 0.001 0.324 = 0.013 p = 0.076
>GS/D 3913 £ 0.148° 5.207 = 0.148 5.326 = 0.124 5,505 *+ 0.139 p < 0.001

D: bone diameter, d: marrow diameter, D-d: cortical widh, CTI: cortical thickness index = (D-d)/D,

2. GS/D: bone density.

* The number of rats analyzed is in parenthesis, *p < 0.01 compared to aged rats with history of pregnancy
and lactation, "p < 0.001 compared to aged rats with history of pregnancy, °p < 0.05 compared to aged rats
with history of pregnancy and lactation, p < 0.01 compared to aged rats with history of pregnancy, °p <

0.001 compared to all aged rats.

from aged rats with history of pregnancy (p<0.001)
and aged rats with prior pregnancy and lactation (p<
0.01). Also two-month-old rats differed in cortical
width from aged rats with history of pregnancy (p<
0.01) and aged rats with prior pregnancy and lactation
(p<0.05). There were no differences in the cortical
thickness index or marrow diameter among the 4
groups. Two-months-old rats differed in XGS/D from
aged rats in the three other groups. However, there
was no difference in these parameters among aged

rats, regardless of history of pregnancy and lactation.

Discussion

As to longevity of Fischer-344 rats, the ages in
weeks for female rats with 90% and 50% survival
that were fed ad libitum were reported to be 92 and
115, respectively. For the female rats fed a restricted
diet, the ages were 91 and 132, respectively®. In the
present study at the 109 weeks of age, 83.8% of rats
survived, which is compatible with the cited report.

Considerable bone loss during lactation in rats oc-
curs whether dietary calcium intake is sufficient or
not. Brommage" reported that lactating rats had dra-
matically higher intestinal absorption of calcium and
phosphorus. However, by balance study, he calculated
that 19% of the calcium transferred to milk was de-
rived from the maternal skeleton with the maternal
diet supplying the remaining calcium.

Bone loss during the lactation period is more severe

in the cancellous bone than in the cortical bone in

rats". Within the proximal epiphysis of the femur, can-
cellous bone loss was as high as 51%, whereas cortical
bone loss was only 0.7%. The response of the cortical
bone to lactation is not the same at different levels of
the femur. Ioss of diaphysis of the femur was reported
to be 11%6".

In rats, various differing etiologies for bone mass
loss are manifested as differing patterns of bone loss.
The Metaphyseal cancellous bone of the femur serves
both metabolic and mechanical functions®. The Can-
cellous bone in the central metaphyseal regions in the
femur serves a metabolic function, while that in the
lateral metaphyseal regions serves more of a mechani-
cal function. Following ovariectomy, the loss of cancel-
lous bone occurs mostly in the central metaphyseal
region, whereas following immobilization, cancellous
bone is lost throughout metaphysis'®. During the lacta-
tion period, the central metaphyseal bone is ab-
sorbed'. Similar findings can be observed in the corti-
cal bone of the femoral diaphysis. Bone loss during lac-
tation occurs almost exclusively in the endosteal
layer, which may be subject to lesser mechanical de-
mands than the subperiosteal layer, which is not ab-
sorbed".

In humans, various studies have suggested that lac-
tation is associated with loss of bone, although no evi-
dence of significant negative effects of lactation on
subsequent bone mass or incidence of fracture has
been reported, and recovery of bone mineral during
and after weaning has been reported to occur®. Smith"”

reported that in humans, there is a statistical relation-
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ship between parity and both cortical thickness and
periosteal diameter of the femur, and that these femo-
ral measurements for women with four or more chil-
dren exceeded those of the childless by 1.7 and 1.6
mm, respectively. Restoration of the bone loss from
lactation in rats has been observed. Increased trabe-
cular bone formation, an increased proportion of
double-labeled surface and increased mineral apposi-
tion of the lumbar vertebrae take place in late lacta-
tion'.

The present study shows that aged rats had a
higher ash weight compared with 2-month-old rats.
There was increased ash weight in aged rats with his-
tory of pregnancy with or without lactation when
compared to aged rats with no history of pregnancy.
Calcium content and phosphorus content remained
unchanged among aged rats irrespective of history of
pregnancy or lactation. However, in terms of bone di-
ameter, marrow diameter, cortical bone width and
bone density at the femoral diaphysis as determined
by photodensitometry, there was no difference seen
among aged rats having different histories of preg-
nancy and lactation. We did not determine which part
of the femur increased in bone density with the repro-
ductive cycle.

During the lactation period, a certain amount of
bone is lost and restoration of bone occurs subse-
quently. This change may be enhanced in aged rats
for which this cycle has been repeated two or three
times. This observation, however, was made more
than one year after the last reproductive cycle at
which time they were sacrificed. Nnakwe" reported
the effect of aging on bone composition of female
Fischer rats ranging from 5 to 29 months of age. He
concluded that steady increase in bone length, bone
ash weight and calcium content occurs with increased
age. In contrast, it has been reported by Sato et al.”
that aging effects are manifested by a small but sig-
nificant decline in volumetric bone mineral density at
the proximal tibia metaphysis as determined by com-
puted tomography over a 5 month period starting at 9
months of age in Sprague-Dawley female rats. In addi-
tion to aging, changes of gonadal steroids have an ef-
fect on bone density’. Nelson and others® reported
that long-term caloric restriction retarded both neural

and ovarian aging processes. In the present study, we
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looked at vaginal smears of aged rats for 8 days
shortly before they were sacrificed. No rats showed
normal estrous cycles, although the period of 8 days
was not long enough to completely evaluate the cycle
(data not shown), and it was not possible to deter-
mine how much change was secondary to aging or
change of gonadal steroids, if there is such change. All
rats, however, were kept under the same condition af-
ter reproduction, for which reason it is likely that
changes observed in the bones of aged rats reflect ef-

fects caused by pregnancies or lactation.

References

1. Miller SC, Shupe JG, Redd EH, Miller MA, Omura TH:
Changes in bone mineral and bone formation rates
during pregnancy and lactation in rats. Bone 1986; 7 :
283-287.

2. Redd EH, Miller SC, Jee WSS: Changes in endochon-
dral bone rates during pregnancy and lactation in
rats. Calcif Tissue Int 1984; 36: 697-701.

3. Tojo Y, Kurabayashi T, Honda A, Yamamoto Y, Ya-
hata T, Takakuwa K, Tanaka K: Bone structural and
metabolic changes at the end of pregnancy and lacta-
tion in rats. Am J Obstet Gynecol 1998; 178: 180—185.

4. Miller SC, Halloran BP, DeLuca HF, Jee WSS: Role of
vitamin D in Maternal skeletal changes during preg-
nancy and lactation: A histomorphometric study. Cal-
cif Tissue Int 1982; 34: 245-252.

5. Miller SC, Bowman BM: Comparison of bone loss dur-
ing normal lactation with estrogen deficiency os-
teopenia and immobilization osterpenia in the rats.
Anat Rec 1998; 251: 265-274.

6. Sowers M: Pregnancy and lactation as risk factors for
subsequent bone loss and osteoporosis. Bone Miner
Res 1996; 11: 1052-1060.

7. Sowers M, Randolph J, Shapiro B, Jannausch M: A
prospective study of bone density and pregnancy af-
ter an extended period of lactation with bone loss. Ob-
stet Gynecol 1995; 85: 285-289.

8. Halloran BP, DeLuca HF: Skeletal changes during
pregnancy and lactation: The role of vitamin D. Endo-
crinol 1980; 107: 1923-1929.

9. Ellinger GM, Duckworth J, Dalgarno AC, Quenoulle
MH: Skeletal changes during pregnancy and lactation
in the rats: Effects of different levels of dietary cal-
cium. Brit J Nutr 1952; 6 : 235-253.

10. Fiske CH, Subbarow Y: The colorimetric determina-
tion of phosphorus. ] Biol Chem 1925; 66: 375-400.

11. Inoue T, Kusida K, Miyamoto S, Sumi Y, Orimo H,
Yamashita G: Quantitative assessment of bone density
on x-ray picture. J Jpn Orthop Ass 1983; 57: 1923-1936.

12. Okumura H, Yamamuro T, Kasai R, Takahashi H,
Yoshida S: Photo—density and fracture of the femoral
neck in the rat. JBMM 1988; 6 : 47-51.

13. Thurman JD, Bucci T], Hart RW, Turturro A: Sur-



J Nippon Med Sch 2000 ; 67(1)

14.

15.

16.

17.

vival, body weight, and spontaneous neoplasms in ad
libitum—fed and food-—restricted Fischer—344 rats.
Toxicol Pathol 1994; 22: 1-9.

Brommage R: Measurement of calcium and phospho-
rus fluxes during lactation in the rats. ] Nutr 1989; 119:
428-438.

Lozupone E, Favia A: Distribution of resorption proc-
esses in the compacta and spongiosa of bones from
lactating rats fed a low-calcium diet. Bone 1988; 9 :
215-224.

Bagi CM, Miller SC: Comparison of osteopenic
changes in cancellous bone induced by ovariectomy
and/or immobilization in adult rats. Anat Rec 1994;
239: 243-254.

Smith RW: Dietary and hormonal factors in bone loss.

18.

19.

20.

23

Fed Proc 1967; 26: 1737-1746.

Nnakwe NE: The effect of aging on bone composition
of female Fischer 344 rats. Mech Aging 1995; 85: 125—
131.

Sato M, Zeng GQ, Turner CH: Biosynthetic human
parathyroid hormone (1-34) effects on bone quality in
aged ovariectomized rats. Endocrinol 1997; 138: 4330—
4337.

Nelson JF, Karelus K, Bergman MD, Felicio LS:
Neuroendocrine involvement in aging: Evidence from
studies of reproductive aging and caloric restriction.
Neurobiol Aging 1995; 16: 837-843.

(Received, August 19, 1999)
(Accepted, October 22, 1999)




