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Introduction

The bone matrix non-collagenous proteins produced 
and secreted by osteoblasts possess important biologi-
cal functions, particularly in regulating bone matrix min-
eralization and osteoblast and osteoclast activities. For 
example, bone sialoprotein (BSP) is considered to play 
a critical roles in primary bone formation and modeling, 
and in the nuclei formation for matrix mineralization.1 
BSP also stimulates osteoblast differentiation through 
its Arg-Gly-Asp (RGD) sequence, and the bone resorp-
tion activity of osteoclasts.2,3 Osteopontin (OPN) is 
thought to regulate hydroxyapatite crystal growth4 and 
plays important roles in bone remodeling by creating a 

scaffold for cell adhesion and by regulating the migra-
tion and resorption activities of osteoclasts via CD44.5,6 
Furthermore, osteocalcin (OCN) contributes to the mat-
uration of hydroxyapatite crystals,7,8 promotes the migra-
tion and maturation of osteoclast precursors, and 
negatively regulates bone formation.9
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Summary
We investigated the influence of mechanical stretching on the genetic expression pattern of non-collagenous bone matrix 
proteins in osteoblasts. The cranial sutures of neonatal mice were subjected to ex vivo mechanical stretching. In the non-
stretched control group, as osteoblast differentiation progressed, the successive genetic expression of bone sialoprotein 
(BSP), osteopontin (OPN), and osteocalcin (OCN) was detected using in situ hybridization, in that order. In the stretched 
group, the sutures were widened, and after 24 hr of cultivation, a large number of osteoblasts and abundant new osteoid 
were observed on the borders of the parietal bones. All new osteoblasts expressed BSP and some of them expressed 
OPN, but very few of them expressed OCN. After 48 hr, more extensive presence of osteoid was noted on the borders 
of the parietal bones, and this osteoid was partially mineralized; all osteoblasts on the osteoid surface expressed BSP, and 
more osteoblasts expressed OPN than those after 24 hr cultivation. Surprisingly, many of the osteoblasts that did not 
express OPN, expressed OCN. This suggests that when osteoblast differentiation is stimulated by mechanical stress, the 
genetic expression pattern of non-collagenous proteins in the newly differentiated osteoblasts is affected. (J Histochem 
Cytochem 67:107–116, 2019)
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During the process of embryogenesis, these non-
collagenous proteins are expressed sequentially, 
according to the developmental stage of osteoblasts. 
For example, during the process of intramembranous 
ossification in the crania of 16-day-old mouse fetuses, 
osteoblasts initiate to express BSP, followed by the 
expressions of OPN and OCN.10 At the very early 
stage of the mineralization process, OPN, but not 
OCN, is expressed in osteoblasts.11 OCN mRNA is 
rarely expressed at the beginning stages of osteoblast 
differentiation,12 and OCN is detected in the bone 
matrix after mineralization significantly progressed.13 
Therefore, OCN has been considered to be a marker 
for mature osteoblasts. These observations suggest that 
the successive expression pattern of non-collagenous 
proteins is critical for the precise osteoblast differentia-
tion and bone matrix mineralization.

Mechanical stretching of osteoblastic cells in vitro is 
known to stimulate both the differentiation and activa-
tion, and the expression of non-collagenous proteins, 
such as OPN, and OCN.14,15 In vivo as well, a stretch-
ing of mouse cranial sutures increases OPN expres-
sion in osteoblasts.16 Moreover, in the distraction 
osteogenesis operations, in which rapid bone growth 
is artificially stimulated by applying traction to newly 
formed bone area, notable changes in the expression 
of non-collagenous bone matrix proteins were 
observed. As the results of stretching, abnormal 
expressions of OPN and OCN were induced in the 
preosteoblasts and fibroblast-like cells within the 
region of membranous ossification in the distraction 
gap.17 These results indicated that mechanical stretch-
ing induced changes in the expression pattern of non-
collagenous proteins in differentiating osteoblasts. 
However, few studies have examined such effects of 
mechanical stretching on the gene expression pat-
terns during the differentiation process of osteoblasts.

We previously reported that mechanical stretching 
accelerated osteoblast differentiation and membra-
nous ossification in the cultured cranial sagittal sutures 
of 4-day-old mice.18 Therefore, in this study, we further 
elucidated the effects of mechanical stretching on the 
expression patterns of non-collagenous bone matrix 
proteins in the differentiating osteoblasts that may 
affect mechanical and/or biological properties of the 
bone matrix.

Materials and Methods

Organ Culture and Mechanical Stretching

The organ culture system with stretching stimulus using 
coiled springs has been described previously.18,19 
Briefly, the left and right parietal bones of 4-day-old 

ddY mice were excised, with presenting the intact sag-
ittal suture. In the stretched experimental groups (EXP), 
these parietal bones were then affixed to an activated 
coiled spring, creating a continuous stretching stimulus 
in the direction of enlarging the suture. For the control 
groups (CON), similarly excised parietal bones were 
simply affixed to fixed coiled springs, which do not exert 
any stretch force (Fig. 1). They were cultured for either 
24 or 48 hr in 24-well plates (Thermo Fisher Scientific 
Nunc A/S, Roskilde, Denmark) in BGJb medium (Gibco 
BRL, Life Technologies, Inc., Rockville, MD) containing 
10% fetal bovine serum (FBS; Nichirei Biosciences, 
Inc., Tokyo, Japan), penicillin G (100 U/mL), and strep-
tomycin (100 mg/mL), at 37C in a 5% CO

2
 atmosphere. 

The amount of stretch force applied to the crania by the 
springs was set as close as possible to 0.2 g in each 
case. These experiments were repeated more than 

Figure 1.  Schematic representation of a mouse calvaria and 
coiled springs. In the control group (CON), a fixed coiled spring 
maintains static width in the suture between parietal bones (dot-
ted part of the calvaria). In the experimental group (EXP), an acti-
vated coiled spring exerts tensile stress in the sagittal suture and 
enlarges the suture in the direction of the arrows.
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three times, using two mice for each EXP in an experi-
ment. This study was approved by the Animal Care and 
Use Committee, Okayama University.

Detection of Alkaline Phosphatase (ALP) Activity 
and Mineralization Locations

After fixation of the specimens in 4% paraformalde-
hyde, OCT compound embedding was performed, 
and 6-μm thick cryosections were prepared. ALP activ-
ity was used as a marker for osteoblast differentiation, 
and its enzymatic activity was detected histochemi-
cally using the Azo-dye method.20 To determine the 
locations of mineralization in these sections, von 
Kossa (VK) staining21 was performed to detect the 
presence of calcium. Nuclear staining was done using 
methylene blue.

In Situ Hybridization (ISH)

Specific riboprobes were used to detect the locations 
of BSP, OPN, and OCN mRNAs in the serial sections 
(for full details, please see Ikegame et al.18). Briefly, 
the cryosections were pretreated with 0.2 N HCl, pro-
teinase K, and acetic anhydride, and then hybridized 
with probes at a final concentration of 0.5 μg/mL in a 
hybridization mixture at 55C for 18 to 20 hr. After 
hybridization, the sections were washed with PBS and 
treated with ribonuclease. The specific transcripts 
were detected with antidigoxigenin (DIG)-conjugated 
ALP antibody according to the manufacturer’s protocol 
(DIG Detection Kit; Boehringer Mannheim, Mannheim, 
Germany). The sections were counterstained with 
nuclear fast red.

Probe Preparation

DIG-labeled sense and antisense single-stranded 
RNA probes were prepared with a DIG RNA Labeling 
Kit (Boehringer Mannheim) according to the manufac-
turer’s instructions. The cDNA sequences used for the 
probes were: BSP, a 1048-bp fragment containing 
bases 1 to 104822; OPN, a 588 bp fragment containing 
bases 215 to 802 in X14882; and OCN, a 470 bp frag-
ment containing bases 1 to 470 in X04142.

Quantification of the Results of ISH in the 
Stretched Mouse Cranial Sutures

Three binarized images of ISH from three separate 
experiments were analyzed for each bone matrix pro-
tein and time point. The bone surface area on the peri-
osteum or dura matter side from the margin of calcified 

bone to the tip of osteoid was equally divided into seven 
measurement areas (Fig. 4A). We calculated the per-
centage of positive areas for ISH within each measure-
ment area, using ImageJ software from NIH image.

Results

Precultured Parietal Bones

In the excised crania (CON-0 h; schematically illus-
trated in Fig. 2A), fibroblast-like cells presented in the 
sagittal suture between the left and right parietal 
bones, and ALP-positive cuboidal osteoblasts were 
observed on the surface of the parietal bones. The 
ends of the parietal bones at the suture side consisted 
of osteoid (Fig. 2B-a). BSP mRNA was expressed in 
almost all osteoblasts on the parietal bones (Fig. 2B-b). 
OPN mRNA was expressed in osteoblasts on the sur-
face of the mineralized areas but not in those on the 
osteoid surfaces at the ends of the parietal bones (Fig. 
2B-c). Osteoblasts expressing OCN mRNA located in 
approximately the same areas as those expressing 
OPN mRNA. However, in the area close to the osteoid 
end, OCN expressing cells were fewer than OPN 
expressing cells (Fig. 2B-d). No specific signal was 
observed in the samples with any of the sense probes 
(data not shown).

Parietal Bones Cultured for 24 hr

In the non-stretched CON cultured for 24 hr (CON-24 
h; schematically illustrated in Fig. 3A), the parietal 
bone surface was covered with ALP-positive osteo-
blasts. Mineralization of the osteoid progressed and 
very small non-mineralized areas remained at the 
ends of the parietal bones (Fig. 3B-a). BSP mRNA 
was expressed in most osteoblasts on the periosteal 
side (Fig. 3B-b). OPN mRNA expression was detected 
in the osteoblasts located close to the ends of the 
parietal bones (Fig. 3B-c). OCN mRNA expression 
was only detected in some of the osteoblasts on the 
periosteal side and there were almost no expression 
in the osteoblasts at the ends of the parietal bones 
(Fig. 3B-d).

In the stretched EXP cultured for 24 hr (EXP-24 h; 
schematically illustrated in Fig. 3A), the suture had 
widened, and the cells were elongated in the direction 
of stretching. At the ends of the parietal bones, a large 
number of oval ALP-positive osteoblasts formed cues 
in the direction of stretching and osteoid areas were 
visible between them (Fig. 3B-e). BSP mRNA expres-
sion was detected in the osteoblasts on the osteoid 
and mineralized bone surfaces (Fig. 3B-f). OPN 
mRNA expression was observed in osteoblasts on 
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the mineralized bone surfaces, and in a few osteo-
blasts on the osteoid surfaces at the ends of the pari-
etal bones (Fig. 3B-g). OCN mRNA expression was 

also detected in the osteoblasts on the mineralized 
bone, but almost no expression was seen in those on 
the osteoid (Fig. 3B-h).

Figure 2.  (A) A schematic frontal view of the sagittal suture and parietal bones. The upper and lower sides of the suture and bones 
are the periosteum and dura mater, respectively. The dotted square indicates the area shown in (B). (B) Distribution of mRNA expres-
sion for non-collagenous bone matrices in the frontal sections of the sagittal suture and parietal bones from 4-day-old mice inspected 
immediately after excision (CON-0 h). (a) Alkaline phosphatase (ALP) activity (red) was detected on the cell surface of cuboidal osteo-
blasts (OB) on the bone matrix. The mineralized matrix (dark brown) was detected by von Kossa staining (VK). Unmineralized osteoid 
was observed at the ends of parietal bones. The inset is a higher magnification of the squared area. Asterisk: ALP-positive osteoblasts. 
Arrows: fibroblast-like cells. (b, c, d) Specific transcripts for bone sialoprotein (BSP) (b), osteopontin (OPN) (c), and osteocalcin (OCN) 
(d), detected with antisense probes for in situ hybridization, are shown in dark purple. Scale bar: 50 μm. Abbreviation: CON, control 
group.
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Figure 3.  (A) Schematic frontal views of the sagittal suture and parietal bones of the control group (CON) cultured without tension 
(left), and the experimental group (EXP) cultured with tension (right). Dotted squares indicate the areas shown in (B) and (C). (B and C) 
Distribution of mRNA expression for non-collagenous bone matrices in the frontal sections of the sagittal suture and parietal bones from 

(continued)
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4-day-old mice of CON-24 h or EXP-24 h cultured for 24 hr (B) and CON-48 h or EXP-48 h cultured for 48 hr (C). (a and e) Alkaline 
phosphatase activity (ALP; red), and mineralized matrix (brown) detected by von Kossa staining (VK). Specific transcripts for bone sialo-
protein (BSP) (b and f), osteopontin (OPN) (c and g), or osteocalcin (d and h), detected with antisense probes for in situ hybridization, 
are shown in dark purple. Asterisks in (B) indicate the osteoid regions formed among the newly differentiated osteoblasts (OB). Arrows 
in (C) indicate the mineralized area in the newly formed bone matrix. Scale bars: 50 μm. Abbreviation: POB, preosteoblasts.

Parietal Bones Cultured for 48 hr

In the non-stretched CON cultured for 48 hr (CON-48 
h), mineralization of bone matrix further progressed at 
the ends of the parietal bones, and almost no osteoid 
surfaces remained (Fig. 3C-a). The distributions of the 
cells expressing ALP activity, BSP, OPN, or OCN were 
almost the same as those observed in CON-24 h 
group (Fig. 3C-a, b, c, d).

In the stretched EXP cultured for 48 hr (EXP-48 h), 
the ALP-positive osteoblasts forming cues at the ends 
of the parietal bones possessed cuboidal appearance, 
and between them, more extended matrix areas were 
observed compared with those in EXP-24 h group. 
Some part of the matrix was mineralized primarily from 
the dura mater side (Fig. 3C-e). BSP mRNA expression 
was detected in osteoblasts on the osteoid at the ends 
of the parietal bones (Fig. 3C-f). OPN mRNA expres-
sion was observed in several osteoblasts located on 
the osteoid and was seen in more number of osteo-
blasts on the mineralized matrix (Fig. 3C-g). OCN 
mRNA was expressed in some of the osteoblasts on 
the mineralized matrix, whereas abundantly expressed 
in the osteoblasts on the osteoid, where no OPN mRNA 
was detected (Fig. 3C-h). Quantified results of ISH 
showed the gene expression of OPN and OCN initiated 
from different regions on the newly formed bone in the 
stretched sutures at 48 hr (Fig. 4).

Discussion

To examine whether mechanical stress affects mRNA 
expression patterns of non-collagenous bone matrix 
proteins in developing osteoblasts, we investigated the 
expression of BSP, OPN, and OCN in the mechani-
cally stretched cranial sagittal suture of neonatal mice. 
Our study demonstrated that mechanical stretching 
changed the sequential expression pattern of OPN 
and OCN in the developing osteoblasts.

In this study, we use the modified organ culture sys-
tem from the method reported by Hickory and Nanda.23 
In the previous report, they found that cell proliferation 
in the cranial sutures of 2-day-old rats was upregulated 
by 0.2 g tension, but not by 0.1 g or 0.6 g tension. We 
used 4-day-old mice calvariae and examined the effects 
of different ranges of tension on cell proliferation and 

osteoblastic differentiation in the sutures, and found that 
0.2 g tension was most effective for the stimulation.18

In the non-stretched CON, BSP was already 
expressed in the osteoblasts on the osteoid surfaces 
at the ends of the parietal bones, where the new osteo-
blasts differentiation and bone matrix formation is pro-
gressing. OPN expression was detected in the 
osteoblasts on the mineralized bone matrix, while 
OCN expression was detected slightly later. These 
results suggest that under no-stimulation, BSP, OPN, 
and OCN expression sequentially occurred in that 
order in parietal bone osteoblasts during their differen-
tiation progressed (Fig. 5A). These gene expression 
patterns closely resemble the previously reported one 
during the development of the cranium, mandible, and 
long bones in fetal mice.11 However, mechanical 
stretching accelerated osteoblast differentiation and 
changed the gene expression patterns of OPN and 
OCN. Quite a few newly differentiated osteoblasts 
under mechanical stress expressed OCN before the 
expression of OPN (Fig. 5B). The quantification of the 
expression patterns of OPN and OCN obtained from 3 
separate ISH experiments also revealed the irregular 
expression patterns of OPN and OCN in the stretched 
group.

There are several possible explanations for this dif-
ferent gene expression pattern of OPN and OCN 
observed in the stretched suture. One possible expla-
nation is that the potential variation of gene expression 
pattern in each osteoblast may become obvious when 
external forces induce differentiation of a large number 
of new osteoblasts in a short period. In vitro experi-
ments have shown that osteoblasts possess some 
diversity in the expression pattern of functional pro-
teins, even in cases where osteoblasts are differentiat-
ing side-by-side almost simultaneously.24,25 Another 
explanation is that mechanical stretching may geneti-
cally influence the sequential expression pattern of 
OPN and OCN by activating signal transduction sys-
tems differently. When different degrees of stretching 
load are applied, intracellular signaling in cultured 
osteoblastic cells are differently activated. Lighter load 
induces extracellular signal-related kinase activation 
and stimulates OPN expression, while heavier load 
results in c-Jun N-terminal kinase (JNK) and p38 acti-
vation, which suppresses OPN expression.26 It is also 

Figure 3. (continued)
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Figure 4.  Quantification of expression pattern of bone matrix proteins. (A) Indication of the measurement areas. (a) A gray scale image 
of a cryosection hybridized with the antisense probe for bone matrix protein. The bone surface areas from the calcified bone margin 
(left side: Bone) to the tip of the osteoid (right side: Suture), indicated by the double headed arrow in the gray scale image, were equally 
divided into seven measurement areas. (b) A binarized image of (a). The measurement areas were numbered from 1 to 7 in the direction 
from bone to suture side on each of the periosteum side (blue squares) and the dura mater side (red squares). The percentage of the 
reaction-positive areas for in situ hybridization (ISH) in each measurement area was calculated on binarized images. (B) Graphs showing 
the quantification results of ISH for the stretched experimental group (EXP) at 24 hr and 48 hr (n=3). The vertical axis and horizontal 
axis correspond to the percentage of the reaction-positive areas and to the numbers of the measurement areas, respectively. Error bars: 
Standard deviation. (a and b) Reaction-positive areas for bone sialoprotein (BSP) expression. In EXP-24 h group, they were observed 
overall both on the periosteum side and the dura matter side (a). In EXP-48 h group, the reaction-positive areas decreased on the dura 
mater side (b). (c and d) Reaction-positive areas for osteopontin (OPN) expression. In EXP-24 h group, they were observed partially on 
the dura matter side but were hardly detected on the periosteal side (c). In EXP-48 h group, the reaction-positive areas were observed 
overall on the dura mater side and partially on the periosteum side (d). (e and f) Reaction-positive areas for osteocalcin (OCN) expres-
sion. In EXP-24 h group, OCN was rarely expressed in the newly formed area (e). However, in EXP-48 h group, the reaction-positive 
areas increased on the periosteum side (f). Particularly, osteoblasts located in the areas 3 and 4 of the periosteum side in EXP-48 h group 
mainly expressed OCN rather than OPN (d and f).
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reported that stretching increased OCN expression via 
the activation of p38 in bone marrow-derived mesen-
chymal stem cells.27 Another recent study has demon-
strated that the levels of JNK activation during the early 
stages of osteoblast differentiation determine osteoblast 
characteristics including OPN or OCN secretion.28 
These observations implicated that mechanical stretch-
ing elicits various types of intracellular signaling in 
osteoblasts. Therefore, the stretching of the suture may 
stimulate the ectopic expression of OCN at the very 
early stages of osteoblast differentiations before OPN 
expression. The changes in OCN expression would be 

able to affect the biological properties of the bone. 
Recently, OCN is known as a kind of hormone released 
from bone matrix and playing important roles in energy 
metabolism, brain function, and so on.9 Therefore, fur-
ther research on the mechanism to control the OCN 
expression may contribute to the regulation of meta-
bolic diseases.

Tensile stress-stimulated osteogenesis has been 
also observed during the process of distraction osteo-
genesis. In this case, after long bones are cut, the cal-
lus is subjected to considerable tension to induce 
ossification. However, the expression pattern of OPN 

Figure 5.  Illustrated summary of the results. Bidirectional arrows indicate distribution ranges along the parietal bone surface in which 
the osteoblasts (OB) express bone sialoprotein (BSP), osteopontin (OPN), or osteocalcin (OCN). (A) Normal gene expression pattern 
of non-collagenous proteins during osteoblast differentiation in the cranial suture. Alkaline phosphatase (Red-colored outline)-positive 
preosteoblasts (POB) differentiated into osteoid (OS)-forming OB that expressed BSP mRNA. OB then expressed OPN mRNA during 
the mineralization phase, and finally OCN mRNA at further mature stages. (B) Irregular gene expression pattern of non-collagenous 
proteins during OB differentiation in the cranial suture stimulated by mechanical stretching. Some OB expressed BSP mRNA, and also 
OCN mRNA, ahead of OPN mRNA expression (BSP/OCN+). Abbreviation: FB, fibroblast-like cell.
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and OCN mRNA expression was different from that 
induced by the present mechanical stretching. Sato et 
al. has reported that OPN and OCN mRNAs were 
expressed even in fibroblast-like cells and preosteo-
blasts with tensile stress.17 However, in the present 
study, we found no BSP, OPN, or OCN expression in 
fibroblast-like cells or preosteoblasts both in the non-
stretched control and the stretched experimental 
sutures. It therefore seems that distraction osteogen-
esis is a different osteogenic process, which is not uni-
versally found in intramembranous ossification. Further 
research on the factors which cause such different pro-
cess of osteoblastic differentiation in distraction osteo-
genesis should contribute to find the better methods 
for clinical bone-formation promotion.

In summary, our results, using ex vivo culture sys-
tem, clearly demonstrated that application of mechani-
cal stretching to the cranial suture stimulates osteoblast 
differentiation through the different expression patterns 
of OPN and OCN mRNAs from the regulatory expres-
sion patterns observed in the non-stretched sutures.
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