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Abstract Since hyperprolactinemia was found to induce

osteopenia in the metaphysis of long bone in non-mated

female rats, pregnant and lactating rats with sustainedly

high plasma prolactin (PRL) levels might also exhibit some

changes in their long bones. We performed a longitudinal

study in pregnant, lactating and post-weaning rats, using

dual-energy X-ray absorptiometry to demonstrate site-

specific changes (i.e., metaphysis vs. diaphysis) in femoral

bone mineral density (BMD) and content (BMC). The

results showed that femoral metaphyseal BMD and BMC

were higher when compared to their age-matched controls

during pregnancy, before decreasing in late lactation and

post-weaning. On the other hand, femoral diaphyseal BMC

increased during pregnancy, early lactating and mid-lac-

tating periods without change during late lactation and

post-weaning. After 7 days of bromocriptine administra-

tion which inhibited endogenous PRL secretion, the

lactation-induced increases in BMC during early and mid-

lactating periods were abolished. Moreover, a decrease in

metaphyseal BMD during late lactation was restored to the

control levels by bromocriptine. However, bromocriptine

did not antagonize the pregnancy-induced increases in

BMD and BMC. It could be concluded that the effect of

PRL on bone was variable during the reproductive periods.

While having no effect on femoral BMD and BMC during

pregnancy, PRL was responsible for bone gain in early and

mid-lactating periods, but induced bone loss during late

lactating period.

Keywords Bone density � Dual-energy X-ray

absorptiometry (DXA) � Femur � Lactation � Pregnancy

Introduction

Previous investigations in non-mated female rats demon-

strated that short-term exposure to high plasma prolactin

(PRL) levels induced by 4 weeks of anterior pituitary

transplantation (AP) led to net bone gain, while prolonged

PRL exposure longer than 4 weeks gradually led to net

bone loss [1, 2]. Such hyperprolactinemic effects appeared

to be observed primarily at the trabecular sites, e.g., ver-

tebrae and sternum, but not the cortical sites, e.g., tibiae

and femora [3, 4]. However, by using dual-energy X-ray

absorptiometric (DXA) analysis on specific regions of rat

femur, we found that prolactin could decrease bone mineral

density (BMD) and content (BMC) of the femoral

metaphysis, which was predominantly trabecular bone, but

not diaphysis which was predominantly cortical bone [5].

Thus, it was possible that elevated plasma PRL levels

during pregnancy (*75–100 ng/mL) and lactation

(*200–300 ng/mL), i.e., physiological hyperprolactine-

mia, could alter BMD and BMC of the long bone.

Reports on site-specific changes in BMD and BMC

(metaphysis vs. diaphysis) of long bone during pregnancy

and lactation in rats were controversial. Zeni and co-workers
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[6] reported that in situ BMDs of the proximal and distal

tibiae were not changed on the first day postpartum, but were

decreased at the end of lactation. Similarly, single-photon

absorptiometric analysis revealed greater lactation-induced

bone loss in the femoral metaphysis than in the diaphysis [7].

However, densitometric changes at mid-pregnancy and mid-

lactation, which have high rates of maternal calcium loss,

were presently not known. Nishiwaki and co-workers [8]

demonstrated decreases in BMDs in the distal femur, lumbar

spine and caudal spine (i.e., trabecular sites) at week 2–3 of

lactation, but changes in cortical BMDs were not studied.

Thus, a complete longitudinal densitometric study was first

performed to demonstrate changes in site-specific femoral

BMD and BMC during these reproductive periods.

To investigate the effects of endogenous PRL on BMD

and BMC during pregnancy and lactation, an inhibitor of

pituitary PRL secretion, bromocriptine, was administered to

the animals. Bromocriptine is a dopaminergic D2 receptor

agonist which mimics the hypothalamic PRL-inhibitory

factor dopamine, thereby suppressing PRL release from the

pituitary lactotrophs [9, 10]. Since osteoblasts were found to

directly respond to several monoamines, e.g., serotonergic

and adrenergic agonists [11], expression of D2 receptors,

which have two isoforms known as long and short isoforms,

was also determined to exclude possible direct actions of

bromocriptine on osteoblasts.

Materials and methods

Animals

Non-mated (nulliparous) and pregnant (primiparous)

Sprague–Dawley rats (8-week-old, weighing 210–220 g),

were obtained from the Animal Centre of Thailand, Salaya,

Thailand. They were placed in hanging stainless steel

cages, fed standard chow containing 1% w/w calcium and

4,000 IU/kg vitamin D (Perfect Companion, Bangkok,

Thailand), and distilled water ad libitum under 12:12 h

light:dark cycle. Room temperature was controlled at

23–25�C, and the relative humidity was about 50–60%.

Body weight and food intake were recorded daily. After

delivery, the litter size was adjusted to eight pups per dam.

Animals were cared for in accordance with the ‘‘Guiding

Principles for the Care and Use of Animals in the Field of

Physiological Sciences’’. This study has been approved by

the Institutional Animal Care and Use Committee

(IACUC) of the Faculty of Science, Mahidol University.

Experimental design

Rats were divided into 6 groups, i.e., 14-day pregnancy

(P14; mid-pregnancy), 21-day pregnancy (P21; late

pregnancy), 8-day lactation (L8; early lactation), 14-day

lactation (L14; mid-lactation), 21-day lactation (L21; late

lactation), and 15-day post-weaning (PW), with ages of

10, 11, 12, 13, 14, and 16 weeks, respectively. In some

experiments, prior to the removal of femora, pregnant and

lactating rats were administered for 7 days with 4 mg/kg

per day bromocriptine s.c., which have been known to

diminish plasma PRL in pregnant and lactating rats [1, 9].

Thus, each group consisted of vehicle-treated mated

(pregnant or lactating) rats, bromocriptine-treated mated

rats, and vehicle-treated age-matched non-mated control

rats. Bromocriptine (Sigma, St. Louis, MO, USA) was first

dissolved in a mixture (vehicle) of tartaric acid, absolute

ethanol, and normal saline, as described previously [12].

After the rats were killed, BMD and BMC of proximal

metaphysis, distal metaphysis (trabecular sites), and

diaphysis (cortical site) of the femur were determined.

Primary osteoblast culture

As described previously [13], tibiae were dissected from a

9-week-old non-mated female rat by sterile surgical tech-

nique. After removing the connective tissues and marrow

cells, the bones were cut into small dice, and incubated on

a shaker (60 cycles/min) for 2 h at 37�C in a 25-cm2

T-flask (Corning, NY, USA) containing DMEM supple-

mented with 100 U/mL penicillin/streptomycin and

2 mg/mL collagenase (all purchased from Sigma). There-

after, bone dice were washed with DMEM, and then cul-

tured in DMEM supplemented with 15% FBS, 100 U/mL

penicillin/streptomycin, 100 lg/mL ascorbate-2-phosphate,

and 0.5 mM sodium pyruvate (Sigma) at 37�C with 5%

CO2. Osteoblasts proliferated and migrated from bone dice

into the media within 3 days. Media were changed daily

until day 20 for expression study. Rat osteoblast-like

UMR-106 cells [American Type Culture Collection

(ATCC) no. CRL-1661] were cultured as described by the

ATCC’s instruction.

Polymerase chain reaction (PCR) and sequencing

Total RNA was prepared from primary rat osteoblasts,

UMR-106 cells, pituitary glands, gastrocnemius muscle

(negative control), and brain (positive control) using TRI-

zol reagent (Invitrogen, Carlsbad, CA, USA), and purified

with RNeasy Mini kit (Qiagen, Valencia, CA, USA). 1 lg

of the total RNA was reverse-transcribed with oligo-dT20

primer and iScript kit (Bio-Rad, Hercules, CA, USA).

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), a

housekeeping gene, served as a control gene to check the

consistency of reverse transcription. Conventional PCR

was performed for 36 cycles with the GoTaq Green

Master Mix (Promega, Madison, WI, USA) and Bio-rad
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MyCycler. Oligonucleotide sequences used as primers

were 50-CAGTCGAGCTTTCAGAGCCAA-30 and 50-TCC

ATTCTCCGCCTGTTCA-30 for long isoform of rat D2

receptor (amplicon 129 bp), 50-TATGGCTTGAAGAG

CCGTG-30 and 50-TGTCTGCCTTCCCTTCTGA-30 for

short isoform of rat D2 receptor (amplicon 134 bp), and

50-AGTCTACTGGCGTCTTCAC-30 and 50-TCATATTTC

TCGTGGTTCAC-30 for GAPDH (amplicon 133 bp). PCR

products were visualized on a 1.5% agarose gel stained

with 1.0 lg/mL ethidium bromide under a UV transillu-

minator (Alpha Innotech, San Leandro, CA, USA). After

electrophoresis, PCR products were purified by the HiYield

Gel/PCR DNA Extraction kit (Real Biotech Corporation,

Taipei, Taiwan), and were sequenced by the ABI Prism

3100 Genetic Analyzer (Applied Biosystems, Foster City,

CA, USA).

BMD and BMC measurements

Site-specific BMD and BMC were determined by the

modified methods of Binkley et al. [14] and Thongchote

et al. [5]. Femora of pregnant and lactating rats were

removed and cleaned of adhesive tissue. Femoral BMD and

BMC were assessed by a dual-energy X-ray absorptiometer

(model Lunar PIXImus2; GE Medical Systems, Madison,

WI, USA), operated with software version 2.10. The dual-

energy supply was 80/35 kVp at 500 lA. The regions of

interest (ROI) for femoral metaphysis included the proxi-

mal and distal 8 mm of the femur, whereas the ROI of

femoral diaphysis included the middle part of the femur

between its 8-mm ends. The machine was calibrated daily

using a phantom provided by the manufacturer. The in-

terassay coefficient of variation was less than 0.3%.

Statistical analysis

Results are expressed as mean ± SE. Two-group and

multiple comparisons were performed by Student’s t test

and one-way ANOVA with Newman–Keuls post-test,

respectively. The level of significance for all statistical

tests was P \ 0.05. Data were analyzed by GraphPad

Prism 4.0 for Mac OS X (GraphPad Software, San Diego,

CA, USA).

Results

Prior to investigating the effects of PRL on site-specific

BMD and BMC of femora of pregnant and lactating rats,

expression of dopaminergic D2 receptor was determined.

As shown in Fig. 1, long isoform D2 receptor expression

was observed only in pituitary gland and brain (positive

control), but not in primary rat osteoblasts, osteoblast-like

UMR-106 cells, or gastrocnemius muscle (negative con-

trol). Short isoform of D2 receptor mRNAs were not

expressed in osteoblasts. Thus, the results indicated that

bromocriptine had no direct action on osteoblasts.

Densitometric analysis in non-mated control rats

showed that femoral BMD and BMC of both trabecular

sites (proximal and distal metaphyses) and cortical site

(diaphysis) increased with age (Figs. 2, 3). When com-

pared to non-mated control, BMD of proximal femoral

metaphysis in the P14, P21, and L8 groups were signifi-

cantly higher, while that of the L21 and PW groups were

lower (Fig. 2a). BMC of the proximal metaphysis was also

higher during pregnancy (P14 and P21), early lactation

(L8), and mid-lactation (L14), without any difference from

control thereafter (Fig. 2b). Similarly, BMD of distal

femoral metaphysis in the P14 and P21 groups were

markedly elevated when compared to non-mated control,

and became lower in the L21 and PW groups (Fig. 2c).

BMC of distal femoral metaphysis was higher in the P14,

P21, and L14 groups, and later became lower in the PW

group (Fig. 2d). Neither BMD nor BMC of distal

metaphysis in the L8 group was different from the control

values. As for the cortical site, when compared to control,

significantly higher BMD was found in the P14, P21, and

L14 groups (Fig. 3a), while higher diaphyseal BMC was

found in the P14, P21, L8, and L14 groups (Fig. 3b).

To demonstrate the effects of PRL on femoral BMD and

BMC in pregnant and lactating rats, bromocriptine was

administered for 7 days prior to removal of the femora. As

shown in Fig. 4, suppression of PRL secretion had no

effect on the pregnancy-induced increases in BMD and

BMC in the P14 and P21 groups. On the other hand, during

lactation, an absence of PRL abolished increases in meta-

physeal and diaphyseal BMC, but not BMD, in the L8 and

L14 groups (Fig. 5a–d). In the L21 group, absence of PRL

secretion also prevented a decrease in BMD and restored it

to the control levels (Fig. 5e), without effect on BMC

(Fig. 5f).

Fig. 1 Expression of long and short isoforms of subtype 2 dopamine

(D2) receptor mRNAs in primary rat osteoblasts (OB), osteoblast-like

UMR-106 cells, and pituitary gland. Gastrocnemius muscle and brain

were used as negative and positive controls, respectively. Glycer-

aldehyde-3-phosphate dehydrogenase (GAPDH) is a housekeeping

gene. This result was a representative of three independent repeats
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Discussion

Little is currently known regarding the effects of

hyperprolactinemia during pregnancy and lactation on the

long bone. In the present study, we demonstrated that

BMD and BMC of both trabecular and cortical parts of

the rat femur were significantly increased during preg-

nancy until mid-lactation (L14). During late lactation

(L21) and 15-day post-weaning, BMD of trabecular

bone, but not cortical bone, was decreased. Furthermore,

effects of PRL on bone during these reproductive periods

were evaluated by administration of a selective D2

receptor agonist bromocriptine. The results suggested

that PRL secreted from the pituitary gland was respon-

sible for BMD and BMC changes during lactation, but

not pregnancy. Daily administration of 4 mg/kg per day

bromocriptine for 7 days was recently shown to decrease

serum PRL of L7 rats by greater than 50% [15].

Moreover, in L7 rats with suckling, a single dose of

bromocriptine injection markedly decrease serum PRL

level from *430 to *100 ng/mL [15]. Since direct

effect of bromocriptine on bone has never been reported,

and osteoblasts did not express D2 receptor (Fig. 1), the

bromocriptine effects observed in the present study

Fig. 2 BMD and BMC of a–b
proximal and c–d distal femoral

metaphyses in mated (pregnant,

lactating, and post-weaning) and

non-mated age-matched control

rats (n = 7–9 per group).

*P \ 0.05, **P \ 0.01,

***P \ 0.001 compared with

its respective age-matched

control group. ��P \ 0.01

compared with age-matched

control of P14 group.
#P \ 0.05, ##P \ 0.01

compared with the P14 group.

P14 and P21 designate 14- and

21-day pregnant rats, while L8,

L14, and L21 designate 8-, 14-,

and 21-day lactating rats,

respectively. PW indicates

15-day post-weaning rats

Fig. 3 a BMD and b BMC of femoral diaphyses in mated (pregnant,

lactating, and post-weaning) and non-mated age-matched control rats

(n = 7–9 per group). *P \ 0.05, ***P \ 0.001 compared with its

respective age-matched control group. ��P \ 0.01 compared with

age-matched control of P14 group. ##P \ 0.01 compared with P14

group. P14 and P21 designate 14- and 21-day pregnant rats, while L8,

L14, and L21 designate 8-, 14-, and 21-day lactating rats, respectively.

PW indicates 15-day post-weaning rats

4 J Physiol Sci (2010) 60:1–8

123



should occur through suppression of pituitary PRL

release.

In general, fetal development during pregnancy leads to

a massive drain on maternal calcium pool [16]. In humans,

*200–300 mg/day calcium was lost during the second and

third trimester to maintain bone calcium accretion in the

fetus [17]. However, changes in bone density during

pregnancy remained controversial. Several investigators

showed that there was no change in BMD in either preg-

nant women or rats [6, 16, 18]. In contrast, Gonen and co-

workers [19] reported increased BMD of lumbar vertebrae,

femur and tibia in pregnant rats, whereas others reported

pregnancy-induced osteoporosis in humans [20, 21]. Such

controversy could partly be due to the fact that an in situ

densitometric measurement in living subjects is not sensi-

tive enough to detect a slight change in bone density.

Herein, by using ex vivo densitometric measurement, BMD

and BMC of pregnant rats were found to increase at both

femoral metaphysis and diaphysis. Despite the lack of

evidence for the underlying mechanism, we speculated that

the enhanced intestinal calcium absorption, in part, due

to elevated serum PRL, placental lactogen and/or

1,25(OH)2D3 levels, was responsible for supplying calcium

both for fetuses, and for maternal trabecular and cortical

bone calcium accretion [15, 22, 23], thereby leading to

increases in ash weight, calcium content, and cross-sec-

tional area of femur [1, 24]. Changes in the size and cross-

sectional area of femur without proportional change in the

total calcium content partially explained why BMC

changes occurred in an absence of BMD change. Increased

bone calcium content during pregnancy, as indicated by

BMC (Figs. 2, 3), may also provide a reserved calcium

pool for later use in milk production.

During lactation, an increase in BMC persisted until

mid-lactation, presumably due to the lactation-induced

increase in intestinal calcium absorption and renal calcium

reabsorption [15, 16, 25]. PRL surge during suckling

(*400–650 ng/mL) may further contribute to the elevated

BMC, since short-term hyperprolactinemia of 2–4 weeks

could increase bone calcium content in the rat femur, and

further augment calcium absorption in the small intestine

[1, 15, 26]. Besides metaphysis, PRL also had a positive

effect on the femoral diaphysis of L8 and L14 rats, despite

having no effect on the cortical sites in non-mated rats [4].

Although diaphyseal bone gain could be due to periosteal

or endosteal bone formation, little is known regarding the

direct effect of PRL on both processes in early lactation.

We speculated that PRL did affect cortical bone but only in

rats fed high-calcium diet [4], and perhaps in rats with

enhanced intestinal calcium absorption. Bone histomor-

phometric study in hyperprolactinemic rats as well as in

early lactating rats should reveal the effect of PRL on

endosteal and periosteal calcium accretion.

When breastfeeding was prolonged, ongoing calcium

loss in milk production eventually culminated in osteo-

penia in late lactation (L21), which was still detected

at day 15 post-weaning. In exclusively breastfeeding

women, calcium loss during this period can be as high as

Fig. 4 BMD and BMC of

proximal and distal femoral

metaphyses (Met.) and femoral

diaphyses in a,b 14-day

pregnant rats (P14), and

c,d 21-day pregnant rats

(P21) treated with

bromocriptine (Bromo).

***P \ 0.001 compared with

vehicle-treated age-matched

control group. Numbers in
parentheses represent the

number of animals in each

group
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400 mg/day [17], while lactating rats lose 20–30% of

their skeletal mass over 21 days of lactation [27, 28].

Interestingly, the observed bone loss only at trabecular

site (metaphysis) was similar to that previously reported

in rat vertebrae and distal femur [8]. Predominant bone

loss in metaphyses may be due to the fact that the tra-

becular sites have more surface areas for bone resorption

than the cortical sites. Several weeks after weaning, bone

mass appeared to be completely restored to the normal

level [16], presumably due to an increase in osteoclast

apoptosis and decreased expression of osteoblast-derived

bone resorption mediator, receptor activator of nuclear

factor jB ligand (RANKL) [29].

A number of hormones act in concert to regulate bone

resorption process during lactation. For example, parathy-

roid hormone-related protein (PTHrP) produced by the

mammary gland is able to stimulate bone resorption and

mobilize bone calcium for lactogenesis, whereas calcitonin

helps to limit bone loss during lactation [16, 30]. In the

present study, a decrease in metaphyseal BMD during late

lactation was likely to be due to a lactogenic hormone PRL.

Although PRL could induce a net bone gain in young

growing rats or after short-term exposure in adults, chronic

hyperprolactinemia longer than 5 weeks may lead to pro-

gressive trabecular osteopenia [2]. In non-mated female

rats, chronic hyperprolactinemia markedly decreased trabe-

cular bone volume and trabecular number, while enhancing

bone turnover [2].

Since high plasma PRL levels suppressed ovarian

estrogen synthesis [31–33], hyperprolactinemia-induced

osteopenia was previously thought to be due to estrogen

depletion. However, the presence of PRL receptors in

primary rat osteoblasts and osteoblast-like MG-63 cells

indicated direct PRL action on bone [2, 13]. At the

Fig. 5 BMD and BMC of

proximal and distal femoral

metaphyses (Met.) and femoral

diaphyses in a,b 8-day lactating

rats (L8), c,d 14-day lactating

rats (L14), and e,f 21-day

lactating rats (L21) treated with

bromocriptine (Bromo).

*P \ 0.05, **P \ 0.01,

***P \ 0.001 compared with

vehicle-treated age-matched

control group. �P \ 0.05, ��

P \ 0.01 compared with its

respective vehicle-treated

lactating group. Numbers in
parentheses represent the

number of animals in each

group
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molecular level, PRL upregulated RANKL and downreg-

ulated osteoprotegerin (OPG) in osteoblasts, thereby

enhancing osteoclastogenesis and osteoclast-mediated bone

resorption [2]. PRL also suppressed alkaline phosphatase

activity and osteocalcin expression, both of which were

important for the osteoblast-mediated bone formation [2].

Although the aforementioned mechanism is able to explain

metaphyseal bone loss in rat femur during late lactation,

the molecular mechanism by which PRL increased bone

mass during early and mid-lactation is currently unknown.

In addition to the PRL-enhanced intestinal calcium

absorption to supply more calcium for bone formation [23],

it was possible that, during these reproductive periods, PRL

may upregulate OPG rather than RANKL in osteoblasts of

lactating rats, similar to that observed in human fetal

osteoblasts [34], thus in turn reducing osteoclast

proliferation.

In conclusion, from pregnancy to mid-lactation, BMD

and BMC of both femoral metaphysis and diaphysis were

increased. On the other hand, net bone loss was observed

only in the femoral metaphysis during late lactation and

day 15 post-weaning. Such bone changes during lactation,

but not pregnancy, were found to be under the regulation of

PRL. Interestingly, in contrast to non-mated rats in which

PRL predominantly affected trabecular sites [3, 4], PRL

induced net bone gain in both trabecular and cortical parts

of femur of L8 and L14 rats, presumably to expand the

calcium storage pool. Therefore, the present findings,

together with the facts that PRL is able to stimulate

intestinal calcium absorption and renal calcium reabsorp-

tion [1, 15, 23], suggested that PRL orchestrated total body

calcium metabolism during lactation to guarantee an ade-

quate calcium supply for milk production.

Acknowledgments We thank Kanogwun Thongchote, Jarinthorn

Teerapornpuntakit, and Jirawan Thongbunchoo for the excellent

technical assistance. This work was supported by the Thailand

Research Fund (RSA5180001 to N. Charoenphandhu), the Faculty of

Science, Mahidol University (SCR52-01 to N. Charoenphandhu), and

the Faculty of Graduate Studies, Mahidol University, Academic Year

2008 (to P. Suntornsaratoon).

Conflict of interest statement The authors declare no conflicts of

interest.

References

1. Piyabhan P, Krishnamra N, Limlomwongse L (2000) Changes in

the regulation of calcium metabolism and bone calcium content

during growth in the absence of endogenous prolactin and during

hyperprolactinemia: a longitudinal study in male and female

Wistar rats. Can J Physiol Pharmacol 78:757–765

2. Seriwatanachai D, Thongchote K, Charoenphandhu N, Pandara-

nandaka J, Tudpor K, Teerapornpuntakit J, Suthiphongchai T,

Krishnamra N (2008) Prolactin directly enhances bone turnover

by raising osteoblast-expressed receptor activator of nuclear

factor jB ligand/osteoprotegerin ratio. Bone 42:535–546

3. Puntheeranurak S, Charoenphandhu N, Krishnamra N (2006)

Enhanced trabecular-bone calcium deposition in female rats with

a high physiological dose of prolactin diminishes after ovariec-

tomy. Can J Physiol Pharmacol 84:993–1002

4. Charoenphandhu N, Tudpor K, Thongchote K, Saengamnart W,

Puntheeranurak S, Krishnamra N (2007) High-calcium diet

modulates effects of long-term prolactin exposure on the cortical

bone calcium content in ovariectomized rats. Am J Physiol

Endocrinol Metab 292:E443–E452

5. Thongchote K, Charoenphandhu N, Krishnamra N (2008) High

physiological prolactin induced by pituitary transplantation

decreases BMD and BMC in the femoral metaphysis, but not in

the diaphysis of adult female rats. J Physiol Sci 58:39–45

6. Zeni SN, Di Gregorio S, Mautalen C (1999) Bone mass changes

during pregnancy and lactation in the rat. Bone 25:681–685

7. Hagaman JR, Sanchez TV, Myers RC (1985) The effect of lac-

tation on the mineral distribution profile of the rat femur by single

photon absorptiometry. Bone 6:301–305

8. Nishiwaki M, Yasumizu T, Hoshi K, Ushijima H (1999) Effect of

pregnancy, lactation and weaning on bone mineral density in rats

as determined by dual-energy X-ray absorptiometry. Endocr J

46:711–716

9. Bonomo IT, Lisboa PC, Passos MC, Alves SB, Reis AM, de

Moura EG (2008) Prolactin inhibition at the end of lactation

programs for a central hypothyroidism in adult rat. J Endocrinol

198:331–337

10. Pi X, Voogt JL (2001) Mechanisms for suckling-induced changes

in expression of prolactin receptor in the hypothalamus of the

lactating rat. Brain Res 891:197–205

11. Elefteriou F (2008) Regulation of bone remodeling by the central

and peripheral nervous system. Arch Biochem Biophys 473:231–

236

12. Lux VA, Ramirez MI, Libertun C (1988) Natural and artificially

induced ovulatory models related to lactation in the rat: role of

prolactin. Proc Soc Exp Biol Med 188:301–307

13. Charoenphandhu N, Teerapornpuntakit J, Methawasin M,

Wongdee K, Thongchote K, Krishnamra N (2008) Prolactin

decreases expression of Runx2, osteoprotegerin, and RANKL in

primary osteoblasts derived from tibiae of adult female rats. Can J

Physiol Pharmacol 86:240–248

14. Binkley N, Dahl DB, Engelke J, Kawahara-Baccus T, Krueger D,

Colman RJ (2003) Bone loss detection in rats using a mouse

densitometer. J Bone Miner Res 18:370–375

15. Charoenphandhu N, Nakkrasae LI, Kraidith K, Teerapornpuntakit

J, Thongchote K, Thongon N, Krishnamra N (2009) Two-step

stimulation of intestinal Ca2? absorption during lactation by

long-term prolactin exposure and suckling-induced prolactin

surge. Am J Physiol Endocrinol Metab 297:E609–E619

16. Kovacs CS, Kronenberg HM (2006) Skeletal physiology: preg-

nancy and lactation. In: Favus MJ (ed) Primer on the metabolic

bone diseases and disorders of mineral metabolism, 6th edn.

American Society for Bone and Mineral Research, Washington,

DC, pp 63–68

17. Prentice A (2000) Calcium in pregnancy and lactation. Annu Rev

Nutr 20:249–272

18. Ritchie LD, Fung EB, Halloran BP, Turnlund JR, Van Loan MD,

Cann CE, King JC (1998) A longitudinal study of calcium

homeostasis during human pregnancy and lactation and after

resumption of menses. Am J Clin Nutr 67:693–701

19. Gonen E, Sahin I, Ozbek M, Kovalak E, Yologlu S, Ates Y

(2005) Effects of pregnancy and lactation on bone mineral den-

sity, and their relation to the serum calcium, phosphorus, calci-

tonin and parathyroid hormone levels in rats. J Endocrinol Invest

28:322–326

J Physiol Sci (2010) 60:1–8 7

123



20. Dunne F, Walters B, Marshall T, Heath DA (1993) Pregnancy

associated osteoporosis. Clin Endocrinol 39:487–490

21. Smith R, Athanasou NA, Ostlere SJ, Vipond SE (1995) Preg-

nancy-associated osteoporosis. QJM 88:865–878

22. Fleet JC (2006) Molecular regulation of calcium metabolism. In:

Weaver CM, Heaney RP (eds) Calcium in human health, 1st edn.

Humana Press, New Jersey, pp 163–189

23. Jantarajit W, Thongon N, Pandaranandaka J, Teerapornpuntakit J,

Krishnamra N, Charoenphandhu N (2007) Prolactin-stimulated

transepithelial calcium transport in duodenum and Caco-2

monolayer are mediated by the phosphoinositide 3-kinase path-

way. Am J Physiol Endocrinol Metab 293:E372–E384

24. Miller SC, Shupe JG, Redd EH, Miller MA, Omura TH (1986)

Changes in bone mineral and bone formation rates during preg-

nancy and lactation in rats. Bone 7:283–287

25. Boass A, Lovdal JA, Toverud SU (1992) Pregnancy- and lacta-

tion-induced changes in active intestinal calcium transport in rat.

Am J Physiol 263:G127–G134

26. Tudpor K, Charoenphandhu N, Saengamnart W, Krishnamra N

(2005) Long-term prolactin exposure differentially stimulated the

transcellular and solvent drag-induced calcium transport in the

duodenum of ovariectomized rats. Exp Biol Med 230:836–844

27. Brommage R, DeLuca HF (1985) Regulation of bone mineral

loss during lactation. Am J Physiol 248:E182–E187

28. Peng TC, Garner SC, Kusy RP, Hirsch PF (1988) Effect of

number of suckling pups and dietary calcium on bone mineral

content and mechanical properties of femurs of lactating rats.

Bone Miner 3:293–304

29. Ardeshirpour L, Dann P, Adams DJ, Nelson T, VanHouten J,

Horowitz MC, Wysolmerski JJ (2007) Weaning triggers a

decrease in receptor activator of nuclear factor-jB ligand

expression, widespread osteoclast apoptosis, and rapid recovery

of bone mass after lactation in mice. Endocrinology 148:3875–

3886

30. Woodrow JP, Sharpe CJ, Fudge NJ, Hoff AO, Gagel RF, Kovacs

CS (2006) Calcitonin plays a critical role in regulating skeletal

mineral metabolism during lactation. Endocrinology 147:4010–

4021

31. Naliato EC, Farias ML, Braucks GR, Costa FS, Zylberberg D,

Violante AH (2005) Prevalence of osteopenia in men with

prolactinoma. J Endocrinol Invest 28:12–17

32. Schlechte JA (1995) Clinical impact of hyperprolactinaemia.

Baillières Clin Endocrinol Metab 9:359–366

33. Wang C, Chan V (1982) Divergent effects of prolactin on

estrogen and progesterone production by granulosa cells of rat

Graafian follicles. Endocrinology 110:1085–1093

34. Seriwatanachai D, Charoenphandhu N, Suthiphongchai T,

Krishnamra N (2008) Prolactin decreases the expression ratio of

receptor activator of nuclear factor jB ligand/osteoprotegerin in

human fetal osteoblast cells. Cell Biol Int 32:1126–1135

8 J Physiol Sci (2010) 60:1–8

123


	Femoral bone mineral density and bone mineral content �in bromocriptine-treated pregnant and lactating rats
	Abstract
	Introduction
	Materials and methods
	Animals
	Experimental design
	Primary osteoblast culture
	Polymerase chain reaction (PCR) and sequencing
	BMD and BMC measurements
	Statistical analysis

	Results
	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


