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Fetal and postnatal bone development in humans is traditionally viewed as a process characterized by pro-
gressively increasing mineral density. Yet, a temporary decrease in mineral density has been described in
the long bones of infants in the immediate postnatal period. The mechanism that underlies this phenomenon,
as well as its causes and consequences, remain unclear. Using daily μCT scans of murine femora and tibiae
during perinatal development, we show that a temporary decrease in tissue mineral density (TMD) is evident
in mice. By monitoring spatial and temporal structural changes during normal growth and in a mouse strain
in which osteoclasts are non-functional (Src-null), we show that endosteal bone resorption is the main cause
for the perinatal decrease in TMD. Mechanical testing revealed that this temporary decrease is correlated
with reduced stiffness of the bones. We also show, by administration of a progestational agent to pregnant
mice, that the decrease in TMD is not the result of parturition itself. This study provides a comprehensive
view of perinatal long bone development in mice, and describes the process as well as the consequences of
density fluctuation during this period.

© 2012 Elsevier Inc. All rights reserved.
Introduction

The ability of long bones to fulfill their mechanical function is
influenced by their material properties, which are primarily deter-
mined by their mineral density and architecture [1]. During perinatal
development, the requirement for mechanical competence of bones
increases significantly [2,3]; thus, a corresponding consistent increase
in mineral density can be expected [4–6]. Surprisingly, however, it
was noted that during normal human development a brief decrease
in mineral density occurs in the immediate postnatal period [7–9].
This phenomenon is more prominent in premature infants, and is
termed metabolic bone disease of prematurity [10]. This syndrome
might lead to osteopenia, rickets and multiple fractures [10,11]. Pre-
mature births occur in 10% of pregnancies [12], and preterm infants
have recently been shown to have decreased bone mineral density
in adulthood [13,14]. Thus, the improved survival rate of increasingly
younger preterm infants could pose a significant long term public
health issue in terms of osteoporosis and fracture risk [15]. A better
understanding of the normal course of bone development is an impor-
tant prerequisite for the design of efficient preventive and therapeutic
approaches for the management of such congenital bone diseases.
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The mechanism responsible for the perinatal decrease in mineral
density in humans is a subject of much speculation. It has been
suggested to be the result of a “dilution effect,” due to the increase
in the relative contribution of new, poorly mineralized bone tissue
[16], or to the relatively greater rate of enlargement of the marrow
cavity compared to periosteal expansion [17], or to the decreased
availability of minerals due to the separation of the embryo from
the umbilical cord after delivery [18]. To date, the exact mechanism
remains unresolved.

The few studies that have assessed peripartal mineral density in
humans have made use of a variety of non-invasive modalities. The
accuracy of modalities such as peripheral computed tomography
(pQCT) and dual-energy X-Ray absorptiometry (DXA) [19] is debat-
able [20]. Bone mineral density data acquired using speed of sound
(SOS) are influenced by additional features of the bone such as its elas-
ticity and structure [21–23]. Moreover, the assessment of perinatal
bone density in humans is usually based on a relatively small number
of individuals with long intervals between data points, especially be-
fore birth. These constraints are themain reasons for the limited infor-
mation regarding the precise onset of density reduction in humans, as
well as the limited success in elucidating its mechanism.

While the mouse is the main animal model for studying skele-
togenesis, the question of whether or not the aforementioned perina-
tal decrease in bone density occurs in mice has, so far, not been
addressed. The relatively few studies which describe, quantitatively,
early bone growth in mice examined the skeleton only every few
days, and thus overlooked critical perinatal time points in bone devel-
opment [6,16,24]. Nevertheless, these published data do indicate a
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perinatal decrease in cortical thickness [6,24] or bone density [16];
however, the authors of these reports did not investigate this phe-
nomenon in depth.

In this study, we examined developing long bones of mice using
a temporal sequence of μCT scans, in order to elucidate perinatal min-
eral density fluctuations. We show a temporal reduction in tissue
mineral density (TMD), which is initiated before parturition and is
caused primarily by increased bone resorption by osteoclasts. We
then demonstrate a corresponding reduction in bone stiffness. Finally,
we show indications suggesting hormonal regulation of perinatal
endosteal bone resorption, possibly in preparation for parturition.

Methods

Animals

ICR mice were purchased from Harlan Laboratories (Jerusalem,
Israel). In all timed pregnancies plug date was defined as post-coitus
(PC) 0.5. Days were counted consecutively from this time point. At
each time point, eight mice from at least two litters were evaluated, ex-
cept for PC16.5 and PC23.5, when six mice were evaluated. The interval
between time points was 24 h, except for the interval between PC21.5
and PC23.5, which was 48 h. To examine whether the same phenome-
non can also be observed in other mouse strains, hind-limbs of C57BL/6
micewere also examined during the same perinatal period. The effect of
osteoclastic activity was evaluated in a mouse strain that carries a null
mutation in the Rous sarcoma oncogene (Src) gene. In this mutant, a
deficiency of osteoclast function occurs, leading to osteopetrosis [25].
Src-null mice were purchased from Jackson Laboratories. The genetic
background of these mice was C57BL/6. To create src mutants, mice
heterozygous for the mutation were crossed; wild-type littermates
were used as controls. Embryos were harvested from timed-pregnant
females, which were sacrificed by CO2 intoxication. The gravid uterus
was removed and suspended in a bath of cold phosphate-buffered sa-
line (PBS), and the embryos were harvested after amnionectomy and
removal of the placenta. Tail genomic DNA was used for genotyping.
All experiments were approved by the Institutional Animal Care and
Use Committee (IACUC) at the Weizmann Institute of Science.

Micro-computed tomography (μCT)

Micro-computed tomographic analysis was performed according
to recently published guidelines [26]. Samples were scanned by an
eXplore Locus SP scanner (GE Healthcare, London, Ontario, Canada)
at 45 kV and 120 μA. Nine hundred projections at a total integration
time of 3850 ms were acquired for each individual scan over 360°
of rotation. These projections were corrected using low-end and
high-end outlier replacement in conjunction with a sinogram-based
long-term trend correction. The projections were then reconstructed
using a filtered cone-beam back-projection algorithm with a Ram-Lak
filter, to generate images with an isotropic voxel size of 6.7 μm [27].
Hydroxyapatite (HA) calibration phantoms (GE Medical) were used
to facilitate conversion of the linear attenuation of a given voxel to
mg HA/cm3. A global threshold was used to separate bone tissue
from background [28]. Morphologic traits were measured by the soft-
ware provided by the μCT manufacturer (Advanced Bone Analysis,
Microview 2.2), averaged over each bone type and time point, and
standard deviations for each parameter were calculated. These traits
included bone length (mm), defined as the distance between the
two growth plates, bone volume (BV, cm3), tissue mineral content
(TMC, mg HA) and tissue mineral density (TMD, mg HA/cm3). Tissue
mineral measurements of content and density, which are calculated
from the attenuation value of the scanned bone tissue only and do
not include attenuation values from non-bone voxels, were chosen
over bone mineral measurement due to the porous nature of mice
bones during the investigated period [26]. A series of consecutive
transverse slices from the mid-diaphysis of tibiae at PC18.5 and
PC19.5, covering 5% of the bone length, were used to measure cortical
TMD and cross-sectional moment of inertia (CSMI) for interpretation
of mechanical testing results.

Mechanical testing

Mechanical testing was carried out on 16 tibiae (8 each from PC18.5
and PC19.5 mice). Bones were tested by three-point bending [29] using
a custom-made miniature mechanical testing device, using a load cell
with force resolution of 0.015 N (AL311BN-6I, Sensotec, Honeywell,
USA) and a linear motor with 1/61 μm step (PI M-235.5DG, Physik
Instrumente (PI) GmbH, Germany). Tibiae were chosen owing to their
relatively high aspect ratio, which reduces shear effects [30]. Right tibi-
aewere removed and cleaned of adhering soft tissue undermicroscopic
control, wrapped in saline-soaked gauze and stored at −20 °C until
testing. Prior to testing, the frozen tibiae were slowly thawed at room
temperature. Bones were placed on two stationary supports with
rounded profiles (0.2 mmdiameter), such that the supportswere locat-
ed equidistant from the ends of the bone. The distance between the
stationary supports was 1.15 mm. The medial aspect of each tibia was
loaded by a moving anvil with a rounded profile (0.2 mm diameter)
at themiddle of the distance between the stationary supports. All tibiae
were first loaded with 0.01 N of preload, followed by eight load cycles
between 0.01 and 0.02 N to allow the tibia to accommodate to the
load and position. The tibiae were then loaded at a constant rate
(60 μm/min) until fracture or to a maximum displacement of 180 μm.
The tibiae were irrigated continuously with PBS during loading.
Force-displacement data were collected at 20 Hz. The resulting load–
displacement curves were used to calculate whole-bone stiffness
(i.e. the slope of the linear portion of the load–displacement curve),
yield load, ultimate load and area under the curve at 120 μm displace-
ment (AUC). The yield point was defined as the load at which the
load–deformation relationship ceased to be linear, and was determined
by adapting the 0.03% offset criterion [31].

Evaluation of the accuracy of mineral density determination by
μCT scanning

μCT scanning has become an accepted method for analysis of
geometry, morphology and mineral density distribution of small
bones in basic bone research and pre-clinical studies [32,33]. Specifi-
cally, it has recently been established as an accurate tool for murine
bone densitometry [27]. While absolute values are not entirely reli-
able due to beam hardening artifacts, comparisons between different
samples scanned by the same parameters are valid [26]. In contrast to
bones of mature mice, perinatal murine bones are small, ranging in
length from 1 to 4 mm, and contain many voids. In addition, they ex-
hibit low mineral density since they are only partially mineralized
(Supplemental Fig. S1A). We therefore wanted to evaluate the accu-
racy and precision of mineral density determination by μCT scanning
and analysis protocols used in this study.

To this end we first compared images of transverse sections of
mouse embryo bones obtained by backscatter electron microscopy
to images of the same sections obtained by μCT, and showed that
the mineral distribution determined by both methods was very simi-
lar. We then performed thermogravimetric analysis on whole femora
that were scanned by μCT and found excellent correlation between
mineral content values obtained by both methods. We also tested
the calibration of mineral density by scanning phantoms prepared
by another μCT manufacturer, and the density values determined by
these scans were very close to those reported for these phantoms.
Finally we tested the precision of our methodology by scanning
bones repeatedly on different days, and demonstrated very small dif-
ferences between the different scans of the same bone. These evalua-
tions are described in detail in the Supplemental methods part.



Fig. 1. Decrease in TMD during the perinatal period. Changes in total length (A), total
bone volume (B), tissue mineral content (C) and tissue mineral density (D) of femora
and tibiae of ICR mice from PC16.5 to PC23.5. Error bars represent the standard devia-
tion from the mean; significant differences (P≤0.05) between two consecutive time
points are marked with asterisks.
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Medroxyprogesterone acetate (MPA) injections

MPA (0.05 mg) (Depo-Provera, Pfizer, Belgium) was injected intra-
muscularly to a group of six pregnantmice on gestation day E15.5. MPA
is a progestogen and a derivative of progesterone that is commonly
used to delay parturition in mice [34].

Histology

Limbs were fixed overnight in 4% paraformaldehyde (PFA) in PBS
and decalcified at 4 °C in 19% EDTA (pH 7.4) for 1–12 days, depending
on the developmental stage. Tissueswere then dehydrated in an ethanol
series (50%, 70%, 96%, and 100%), embedded in paraffin and sectioned at
5 μm. Hematoxylin and eosin (H&E) staining was performed following
standard protocols. To quantify osteoclasts, six sections from three
different specimens were stained for TRAP using a Sigma Diagnostic
kit (Sigma, 387A), andmultinucleated TRAP-positive cells were counted
under high magnification. The numbers of osteoclasts per area were
subjected to statistical analysis.

Evaluation of bone deposition and resorption

Bone deposition and resorption were evaluated by intraperitoneal
injections of fluorochromes to pregnant females. Calcein (Sigma,
C0875; 2.5 mg/kg body weight) and Alizarin Complexone (Sigma,
a3882; 7.5 mg/kg) were injected successively either at PC16.5 and
PC17.5, or at PC18.5 and PC19.5. The limbs were harvested 24 h
after the second injection. Limbs were fixed overnight in 4% PFA in
PBS, following which tissues were dehydrated to 100% ethanol, em-
bedded in JB-4 plastic resin (JB-4 Embedding Kit, Electron Microscopy
Sciences, 14270–00) according to the manufacturer's protocol and
sectioned at 5 μm. Fluorescence was observed by confocal microscopy
(Leica DMI 4000B).

Serummeasurements of C-terminal telopeptide fragments of type I collagen

Serum was collected by cardiac puncture and analyzed with the
Rat Laps kit (Osteometer Bio Tech A/S, Herlev, Denmark), according
to manufacturer's instructions. Eight mice from two different litters
of each age were analyzed.

Statistical analysis

All variables measured in this study were quantitative. Variables are
presented as mean±SD. In each of the measured variables, change as a
function of agewas assessed by the non-parametric Kruskal–Wallis test.
Comparison between two consecutive time pointswas conducted using
the Mann–Whitney non-parametric test, applying Holm–Bonferroni
correction of the significance level for multiple pairwise comparisons.
The Mann–Whitney test was also used for comparison of control with
Src genotype, per bone type and per age. All tests were two-tailed and
statistical significance was defined as P≤0.05.

Results

A decrease in TMD occurs in the perinatal period

Although a few descriptions of the process of bone formation in
mice exist [6,24,35], a detailed analysis of time-dependant changes
in external bone dimensions, namely length and volume, and the de-
gree of their mineralization as manifested by whole bone mineral
content and density, is missing. To document these changes during
the perinatal period, hind-limbs of ICR mice were scanned daily at
prenatal to early postnatal stages (PC16.5 to PC23.5) by ex vivo μCT.
Variations in bone traits between young individuals from the same
mouse strain are expected to be small [35]. As can be seen in Fig. 1A–C,
the aforementioned features were indeed found to be extremely consis-
tent in both the femur and the tibia at each examined time point. The
high uniformity and consistency in grossmorphology and inmineraliza-
tion levels between different mice indicated a highly regular develop-
mental sequence. This allowed us to reliably generalize our results to
bone development in this strain.

The rate of increase in bone length, volume and total mineral con-
tent differed in the different long bones evaluated; however, in gen-
eral there was a consistent increase in these parameters throughout
the period investigated, except for a brief period, when the rate of
increase slowed down or even reached a plateau. In contrast, the
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outstanding feature of the perinatal period was a temporary and sig-
nificant decrease in TMD, which is the focus of this study (Fig. 1D).
TMD of the femur and tibia increased consistently between PC15.5
to PC18.5, and then decreased from PC18.5 until 1 day postnatally
(PC20.5). This brief decrease was followed by a resumption of the
pattern of increasing mineral density from PC20.5 to PC23.5.

We extended our study to another strain of mice (C57Bl/6) and
different bone types of ICR mice. A characteristic perinatal arrest in
mineral accretion was also evident in femora and tibiae of C57Bl/6
mice (Supplemental Fig. S2A); however, it was absent in vertebrae
and mandibles of ICR mice (Supplemental Fig. S2B–D).

Bone resorption is the main cause of the decrease in TMD

In order to evaluate the possibility that dilution is the cause for the
perinatal density decrease, it is necessary to measure the amount of
mineral added during this period and to determine its spatial distribu-
tion. As illustrated in Fig. 2A, during the process of bone growth new
layers of osteoid are deposited first, and then undergo mineralization.
This process occurs in three different locations, simultaneously. Carti-
lage is being replaced by bone tissue by the process of endochondral
ossification at the two extremities of the developing bone (growth in
length), and new layers of trabeculae are being deposited by the pro-
cess of periosteal appositional growth (growth in width). In addition,
existing trabeculae expand (trabecular widening).

Sequential measurements of bone geometrical parameters, namely
length, width and volume, showed that during the period in which
the decrease in TMD occurred (by up to 12% in femora and tibiae),
bone growth was almost at a halt. For example, during this period
(PC18.5–PC19.5) femora and tibia lengthened by only 3% and their
width at mid-diaphysis increased by less than 4%. In contrast, during
a period of intensive growth (PC16.5–PC18.5), when bone length in-
creased bymore than 75% and width increased by 80% (both expected
Fig. 2. “Dilution effect” is not the main cause for perinatal decrease in TMD. (A) A model
are deposited: growth in length (i), growth in width (ii) and trabecular expansion (iii). Il
(B) Histological sagittal section (upper) and mid-diaphysis cross-section (bottom) at PC18
sacrifice and Alizarin complexone (red) 24 h before sacrifice. Between PC16.5 and PC18.5, e
tween PC18.5 and PC19.5 bone growth is almost at a halt. (C) Representative isosurfaces ob
white) overlaid on the isosurfaces of a PC16.5 and PC18.5 bones (in green), respectively. Bon
0.5 mm, except in cross-sectional views in B (bottom): 200 μm.
to strengthen the hypothesized dilution effect), TMD increased signif-
icantly, by 15% in femora and 40% in tibiae (Fig. 1).

The relationship between spatial and temporal growth patterns
and changes in TMD was further examined by injecting fluoro-
chromes of different colors into pregnant females (see Methods). As
shown in Fig. 2B and C the results corresponded to the pattern
suggested by μCT analysis. Extensive bone deposition was evident be-
tween PC16.5 to PC18.5, and although many new layers of bone were
added, both by the growth in length and in the process of periosteal
appositional growth, average bone density increased. On the other
hand, between PC18.5 and PC20.5, very few layers were added to
the ends and surface of the bone; however, a decrease in TMD was
evident.

These results indicate that the formation of new and relatively
low-mineral density layers of bone during longitudinal and apposi-
tional growth is not the main cause for the observed perinatal de-
crease in TMD.

Density levels are determined to a great extent by bone formation
and resorption. Therefore, once the dilution effect was ruled out as a
likely explanation, we hypothesized that resorption of early-deposited
bone layers, which are of relatively high mineral density, is the cause
of the perinatal decrease in TMD. Indeed, close inspection of μCT scans
shows that between PC18.5 and PC20.5, endosteal layers of bone,
which are of relatively highmineral density, are preferentially resorbed
(Fig. 3A and Supplemental Fig. S3A). These results suggest that osteo-
clast activity is increased during this period. Indeed, osteoclast numbers
and bone resorption activity, estimated by TRAP staining and serum
levels of CTX, respectively, were significantly increased during this
period (Fig. 3B–D). It is important to note that during the time frame in-
vestigated here, osteoclasts were found almost exclusively on the end-
osteal surface, and not on the periosteal surface of the bone (Fig 3B).
Thus, bone resorption occurs primarily at the endosteal surface. These
inner layers are deposited earlier and undergo progressive mineral
of the ossification process illustrating the three locations where new layers of bones
lustration (iii) is a magnification of the area marked by a black dashed square in (ii).
.5 (left) and PC20.5 (right) subsequent to the injection of calcein (green) 48 h before
xtensive layers of mineral are added to the bones at all three locations; in contrast, be-
tained by μCT scans of a PC18.5 (left) and PC20.5 (right) femora (in semi-transparent
e deposition patterns detected by μCT scans correspond to those seen in (B). Scale bars:

image of Fig.�2
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deposition for a longer period of time than the external, periosteal
layers of bone; hence, they contain higher levels of mineral (Fig 3E,
Supplemental Fig. S3B and [36]).

To further establish bone resorption mediated by osteoclastic
activity as the cause for the decrease in TMD, we examined changes
in TMD in a mouse strain that carries a null mutation in the Rous
sarcoma oncogene (Src) gene. In this mutant, osteoclast function is
deficient, leading to osteopetrosis [25]. Scans of bones from Src-null
mice clearly demonstrate that during this period resorption of the
inner layers does not occur (Fig. 4A and Supplemental Fig. S4). In-
deed, as expected, there was also no decrease in their TMD during
the perinatal period, unlike normal littermates (Fig. 4B).
Taken together, these results indicate that increased bone resorp-
tion by osteoclasts at the endosteal surface of the bone is the main
cause for perinatal decrease in TMD.

Perinatal decrease in the stiffness of developing bones

Having found that TMD of developing bones decreases around
birth prompted us to examine the significance of this change on the
mechanical properties of whole bones. To this end, tibiae harvested
from perinatal mice were tested by whole-bone three-point bending.
We found that 1 day before parturition (PC18.5), whole-bone stiffness,
yield load, maximal load and displacement energy (see Methods) were
higher than 24 h later (PC19.5) (Fig. 5A–E).

The mechanical performance of whole bones is determined by their
geometry and the properties of thematerial fromwhich they are made.
Furthermore, mineral density is the main parameter determining the
stiffness of the bone material [1]. To determine the individual contribu-
tion of each of these traits to perinatal whole-bone mechanical perfor-
mance, we evaluated the differences between these two time points
in terms of TMD as well as cross-sectional moment of inertia (CSMI).
As can be seen in Fig. 5F, there was a statistically significant decrease
in the mid-diaphysis tissue mineral density levels, while bone CSMI
also seemed to decrease but to a much lesser extent which was not
statistically significant.

Decrease of TMD is evident in mouse embryos that continue to develop in
utero

Our results suggest that the TMD starts to decrease before birth as
a result of osteoclastic bone resorption. This implies that reduction
in TMD is not a consequence of the birth process itself. To validate
this assumption, we deliberately extended the pregnancy period by
the administration of a progestational agent (MPA) (see Methods).
As opposed to normal gestation, which last 18.5 days, MPA injections
delay parturition; therefore, we were able to scan bones of embryos
at PC19.5 and PC20.5. As can be seen in Fig. 6A and B, a process of
bone resorption and a corresponding decrease in TMD were also evi-
dent in mice that continued to develop in utero. However, interest-
ingly, TMD decrease was delayed by approximately 24 h. Equivalent
and/or larger-than-normal bone dimensions (length and volume) in
the MPA-injected mice show that this delay is not due to an overall
delay in bone growth.

Discussion

The decrease in mineral density observed in bones of infants dur-
ing the immediate postnatal period raises many questions regarding
Fig. 3. Bone resorption and osteoclastic activity increase during the perinatal period.
(A) Bone resorption from the inner surface of the developing bone is evident between
PC18.5 and PC20.5. Representative μCT images of sagittal (top) and transverse (bottom)
slices at the same mid-diaphyseal location in femora of PC18.5 to PC20.5 mice. White
dashed line marks the location from which the mid-diaphyseal slices were taken. Green
lines (top) and dashed circles (bottom) are of identical size, and mark the endosteal
surface at PC18.5 to illustrate the resorption effect. All images are plotted with the same
intensity scale for valid comparison. At PC18.5, several layers of mineral are seen to accu-
mulate around the primordial cortex; the inner layers contain higher levels of mineral
(shown by higher intensity). In the newborn mouse (PC19.5), some of the inner layers,
seen both in the longitudinal and in the transverse slices, were resorbed. Scale bars:
1 mm in sagittal views, 0.5 mm in transversal views. (B) Histological sections stained
for H&E (top) and TRAP (bottom) from the same mid-diaphyseal region as in (A). Note
presence of the majority of osteoclasts near the endosteal border. Scale bar: 200 μm.
(C and D) Changes in osteoclast numbers estimated by TRAP staining (C) and in serum
levels of CTX (D). Significant changes (P≤0.05) aremarkedwith asterisks; error bars rep-
resent the standard deviation from the mean. (E). Representative μCT images of sagittal
(top) and transverse (bottom) slices at the same mid-diaphyseal location in femora of
a PC18.5 mouse. The red pixels are those containing the top twentieth percentile of the
distribution of mineral density. The inner layers contain higher levels of mineral than
the external, periosteal layers.

image of Fig.�3


Fig. 4. Osteoclast activity is the main cause for the decrease in TMD. (A) Representative μCT images of sagittal (top) and transverse (bottom) slices taken from the same
mid-diaphyseal location in femora of osteoclast-deficient mice (Src-null) and control littermates at PC18.5 to PC23.5. In the Src mice, there is no resorption of the inner layers of
mineral. All images are plotted with the same intensity scale for valid comparison. White dashed line marks the location from which the mid-diaphyseal slices were taken. Scale
bars: 1 mm in sagittal views, 0.5 mm in transversal views. (B) Graphs showing differences in length, bone volume, tissue mineral content and density of the forming femora
between Src-null and control mice from PC18.5 to PC23. The perinatal reduction in TMD is absent in the Src mice. Error bars represent the standard deviation from the mean.
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both the mechanism by which this phenomenon occurs, as well as its
functional implications [10,11]. The objective of this study was to
quantitatively describe perinatal mineral density fluctuations in the
long bones of mice. Our results indicate that although the mouse
femur and tibia generally exhibit a continuous increase in mineral
density levels during early development, a temporary decrease is
evident in the perinatal period. Furthermore, the mechanism respon-
sible for this phenomenon is endosteal resorption.

Our results in mice differ from those observed in human infants in
two significant aspects. Firstly, the decrease in human neonatal min-
eral density has been shown to occur immediately after birth, and has
been ascribed to a temporary shortage in minerals due to the separa-
tion of the umbilical cord or, alternatively, to a recovery period from
birth, during which the ability of the newborn to absorb minerals
is affected [37,38]. We demonstrate here that TMD in mouse long
bones starts to decrease before birth. Furthermore this is also evident,
although slightly delayed, in mice that continue to develop in utero
post-term following progestational agent injections. These findings
prove that the decrease in bone density is not a direct effect of the
birth process itself. The fact that a temporary perinatal decrease in
TMD was found in two separate strains of mice (ICR and C57Bl/6)
suggests that this is a preserved phenomenon of murine long bone
development.

A suggested cause for the temporary perinatal decrease in bone
mineral density in neonates is the addition of new bone layers,
which contain lower mineral levels, leading to dilution of the overall
mineral density [16]. However, our analysis of temporal and spatial
growth patterns shows that in mice during the prenatal density de-
crease, growth almost comes to a halt, eliminating the likelihood of
the ‘dilution effect’ as the main cause of this decrease.

Our results suggest that the modeling process, in which resorption
of comparatively older and hence more mineralized layers of bone
takes place, is the main cause for perinatal density decrease in mouse
bones. Our cellular analysis reveals that indeed osteoclast number and
bone resorption activity increase during the period when density de-
creases. The absence of perinatal TMD reduction in the Src-null mutant,

image of Fig.�4


Fig. 5. Reduced stiffness in developing bones during the perinatal period. (A) Typical mechanical test results of tibiae from PC18.5 (dark line) and PC19.5 (bright line) mice, showing
the lower stiffness of the more developed bone. (B–D). Representative box and whisker diagrams illustrating the results of three-point bending tests on tibiae at PC18.5 (dark) and
PC19.5 (open). Boxes are bounded by the 25th and 75th percentiles with the median shown by the line bisecting the box. Whiskers extend to the full range of the data. Outliers are
represented by dots. P values shown above the boxes relate toMann–Whitney test for difference in medians. (B) Yield load. (C) Ultimate load. (D) Area under the load–displacement
curve at 120 μmdisplacement. (E) Slope of the linear portion of the load–displacement curve. (F). Graph showing differences in mid diaphyseal TMD (left) and CSMI (right) of tibiae
from PC18.5 (dark line) and PC19.5 (bright line) mice. Error bars represent the standard deviation from the mean.
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inwhich osteoclasts are non-functional, supports this conclusion. Treat-
ment ofmetabolic bone disease of the premature infant is usually aimed
at increasing bone formation rates [39]. If ourfindings inmice are appli-
cable to humans, they suggest that treatment should also be directed to
delay bone resorption.

An intricate endocrine balance is maintained during pregnancy,
which also controls the cascade of events that occur at parturition.
In mice, progesterone levels increase during early pregnancy and
are maintained at high levels until a sharp drop occurs 1 day before
parturition (PC17.5-PC18.5) [40,41]. This rapid decrease in progester-
one levels is called ‘progesterone withdrawal’ and is one of the mech-
anisms that regulate the timing of parturition [42,43]. We show that
injection of a progestational agent (MPA) to the pregnant mother
not only prolongs the gestation period, but also delays, by approxi-
mately 24 h, the characteristic perinatal bone resorption normally
observed during the late stages of pregnancy. Furthermore, the fact
that a decrease in TMD was present even when parturition was de-
layed lends support to our assumption that this decrease does not
occur as a ‘mechanical’ consequence of the parturition event.

The observed response to MPA suggests that progesterone may be
involved in the regulation of bone resorption just before parturition.
In contrast to mice, progesterone levels in humans remain elevated
until birth; however, it was suggested that various mechanisms lead
to a ‘functional’ withdrawal of progesterone [44]. The involvement of
progesterone withdrawal in regulating bone resorption during early
bone development in humans is not clear at this time. Interestingly,
its administration to premature infants was found to increase bone
accretion [45].

MPA has been used in women for long-term contraception, as well
as to prevent preterm birth [46,47]. It was previously shown that long
term use of MPA may result in decreased mineral density which was
ascribed to a suppression of ovarian estradiol production [48]. Our
finding, that administration of MPA to pregnant mice led to increased
TMD in the fetus, could be the result of another known function of
progesterone, namely inhibition of bone turnover by reducing both
osteoclastogenesis and osteoblastogenesis [49]. Since, as shown in
this study, the rate of bone resorption in the perinatal period is greater
than that of bone production, the net result is increased TMD.

From a naïve mechanical point of view, it seems counter-intuitive
to have the process of increasing bonemineral density in the develop-
ing skeleton abruptly reversed, thereby reducing the stiffness of the
bones. It has been suggested that towards the end of pregnancy and
particularly during the early postnatal period, embryonic mobility
decreases. This may lead to decreased loads applied to the skeleton,
and to a decrease in the resulting bone strains [11]. According to the
mechanostat principle [50], which states that a bone adapts its
mass, shape and internal architecture to its mechanical loading envi-
ronment, it is possible that the skeleton adapts to these reduced
strains by a process that reduces its mineral density. Recently, we
examined bone formation patterns in a mutant strain of mice, in
which embryos grow in a relatively load-free uterine environment,
because their skeletal muscles do not contract [36,51]. Although their
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Fig. 6. TMD decrease is present even when parturition is delayed. (A) Representative μCT images from sagittal (top) and transverse (bottom) slices in femora of PC18.5, PC19.5 and
PC20.5 mice after injections of MPA to pregnant mice. Endosteal resorption persists but is delayed compared to normal parturition (see Fig. 3A). Green lines (top) and dashed circles
(bottom) are of identical size, and mark the endosteal surface at PC18.5 to illustrate the resorption effect. White dashed line marks the location from which the mid-diaphyseal
slices were taken. All images are plotted with the same intensity scale to allow valid comparison. Scale bars: 1 mm in sagittal views, 0.5 mm in transversal views. (B) Graphs show-
ing changes in total length, total bone volume, tissue mineral content and tissue mineral density of the forming femora during the extended pregnancy period. Perinatal TMD
decrease persists but is delayed by approximately 24 h compared to normal parturition. Error bars represent the standard deviation from the mean; significant changes from regular
bone development are marked with asterisks.
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bone formation and resorptionwere delayed to a certain extent, we still
found reduction in TMD in their bones between PC18.5 and birth ([36]
and data not shown). The observation that the perinatal decrease in
TMD is also evident in paralyzed mice suggests that increased resorp-
tion is not secondary to decreased bone loading.

The fact that developing bones do not normally fracture during
parturition and early life indicates that the observed decrease in
bone density does not go beyond acceptable safety margins. It is in
fact possible that reduced bone stiffness is a means to protect bones
during the process of parturition. For example, lower density affords
the bones greater compliance, allowing them to deform more easily
without fracturing while passing through the pelvic inlet during par-
turition. The finding that the perinatal decrease in TMD does not
occur in vertebrae and mandibles can be explained by the likelihood
that these elements do not have to be more compliant during partu-
rition. It may also be that TMD decreases somewhat later in these
bones when compared to long bones, and was missed in this study.

In summary, this study provides evidence that perinatal decrease
in TMD is part of the normal process of long bone development in
mice. Our findings show bone resorption, which increases toward
parturition, to be the main mechanism leading to this phenomenon.
The observed decrease in bone stiffness could be either driven by
the need for greater compliance of the skeleton during delivery, or
allow them to deform more under a given external load, or simply
be a by-product of the process of bone growth and development
without a mechanical rationale.
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