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Abstract
Mechanical stress is an important epigenetic factor for regulating skeletal remodeling, and application
of force can lead to remodeling of both bone and cartilage. Chondrocytes, osteoblasts and osteoclasts
all participate and interact with each other in this remodeling process. To study cellular responses to
mechanical stimuli in a system that can be genetically manipulated, we used mouse midpalatal suture
expansion in vivo. 6-weeks-old male C57BL/6 mice were subjected to palatal suture expansion by
opening loops with an initial force of 0.56N for periods of 1, 3, 7, 14 or 28 days. Periosteal cells in
expanding sutures showed increased proliferation, with Ki67 positive cells representing 1.8±0.1%
to 4.5±0.4% of total suture cells in control groups and 12.0±2.6% to 19.9±1.2% in experimental/
expansion groups (p<0.05). Starting at day 1, cells expressing alkaline phosphatase and type I
collagen were seen. New cartilage and bone formation was observed at the oral edges of the palatal
bones at day 7; at the nasal edges only bone formation without cartilage appeared to occur. An
increase in osteoclast numbers suggested increased bone remodeling, ranging from 60 to 160%
throughout the experimental period. Decreased Saffranin O staining after day 3 suggested decreased
proteoglycan content in the secondary cartilage. MicroCT showed a significant increase in maxillary
width at days 14 and 28 (from 2334±4μm to 2485±3μm at day 14 and from 2383±5μm to 2574
±7μm at day 28, p<0.001). The suture width was increased at days 14 and 28, except in the oral third
region at day 28 (from 48±5μm to 36±4μm, p<0.05). Bone volume/total volume was significantly
reduced at days 14 and 28 (50.2±0.7% vs. 68.0±3.7% and 56.5±1.0%vs. 60.9±1.3%, respectively,
p<0.05), indicative of increased bone marrow space. These findings demonstrate that expansion
forces across the midpalatal suture promote bone resorption through activation of osteoclasts and
bone and cartilage formation via increased proliferation and differentiation of periosteal cells. Mouse
midpalatal suture expansion would be useful in further studies of the ability of mineralized tissues
to respond to mechanical stimulation.
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Introduction
The skeleton is a load bearing structure able to respond to a variety of genetic and epigenetic
factors. One important epigenetic factor is the mechanical environment, the stresses and strains,
to which skeletal cells are subjected. Chondrocytes, osteoblasts and osteoclasts are constantly
exposed to physical forces that modulate the cellular phenotype and gene expression during
development and postnatal growth. Mechanically induced cellular alterations are also major
contributors to pathological conditions, such as osteoarthritis and osteoporosis [1]. The ability
of bone and cartilage to respond to mechanical stress provides the foundation for many
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orthopedic and orthodontic procedures. Thus, studies of how mechanical forces influence
skeletal structure and function shed light on basic bone cell biology and help improve strategies
for treating skeletal diseases.

Recent studies of cultured osteoblasts or chondrocytes have shown that mechanical strain
results in changes in gene expression. For example, application of strain to osteoblasts increases
mRNA levels of Cox-2 (cyclooxygenase-2) and the immediate early gene c-fos within an hour
[2], as well as the levels of extracellular matrix proteins osteopontin and osteocalcin within 24
hours [3]. In both proliferating and matrix-forming chondrocytes, cyclic mechanical strain can
increase parathyroid-hormone-related protein mRNA levels [4]. Such in vitro studies are
interesting, but it is difficult to extrapolate from culture conditions to the in vivo situation. In
order to obtain insights into interactions among different types of cells as they respond to
mechanical stimuli, it is crucial to utilize an in vivo animal model. Craniofacial sutures in rats
and mice have been used for such biomechanical studies [5–7], but only limited information
is available on the cellular and molecular events induced when such sutures are exposed to
mechanical stress.

To obtain better insights into such cellular/molecular events, we have initiated studies of
midpalatal suture expansion. The midpalatal suture, located between the maxillary bones in
the palate, contains secondary cartilage that is highly responsive to various mechanical forces
[8–10]. Midpalatal suture expansion, or rapid palatal expansion, has been used clinically for
more than 40 years to correct maxillary width deficiencies [11]. The underlying mechanisms
that drive bone formation during this process are largely unknown, but it has been reported
that tensional force applied to the midpalatal suture of rats induces the replacement of
cartilaginous tissues by bone [12]. Furthermore, it has been suggested that mesenchymal cells
located on the inner side of the cartilaginous tissue proliferate and differentiate into osteoblasts
when the suture is expanded [13]. It is highly desirable to perform suture expansion in mice
since various strains of genetically manipulated mice can be compared to decipher underlying
genetic response mechanisms. In this paper, we describe how an expansive force across the
midpalatal suture of mice induces a process of suture remodeling and new bone formation that
results in regeneration of the suture structure.

Materials and Methods
Experimental animals

A total of 60 male C57BL/6 mice, 6-week-old and 20–21g in weight, were used. Mice at this
stage are in a growing phase and their first and second maxillary molars are fully erupted. For
histological and microCT analysis, 48 animals were divided into 4 experimental groups that
were treated with an applied expansion force for different time periods: 1, 3, 7 or14 days with
twelve animals for each time point, including six with midpalatal suture expansion and six
serving as controls (three non-operated and three sham operated). Six animals were studied at
day 28, including three with midpalatal suture expansion and three serving as controls. In
addition, six animals were used for fluorescence bone labeling studies with three for control
and three for expansion. Animals were weighed at the beginning and the end of the
experimental period. All animal work was performed using protocols approved by the
Institutional Animal Care and Use Committee of Harvard Medical School, Boston, MA.

Expansion procedure
The animals were anesthetized using a combination of ketamine (87mg/kg) and xylazine
(13mg/kg) in PBS. Animals were placed on their backs in a custom-made restrainer. To apply
a distracting force to the midpalatal suture, opening loops were made using 0.014 inch stainless
steel orthodontic wire (GAC International Inc., Bohemia, NY). The appliances were bonded
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to first and second maxillary molars on both sides by a light cured adhesive (3M Unitek,
Monrovia, CA) (Fig. 1A). For sham operation, dead opening loops with no expansion force
were prepared and bonded to first and second maxillary molars.

To calibrate the amount of force produced by activation of the opening loop, the F/Δ rates of
the appliance were determined. Ten appliances were activated at three force levels (measured
by a Dontrix force gauge, GAC International Inc.) and the amount of deflection was determined
by a digital caliper (Mitutoyo, Japan) (Fig. 1B). The initial force magnitude used in the
experiments was 0.56N. The force gradually decreased during the experimental period mostly
due to expansion of the midpalatal suture. The average force was about 0.28N at day 7 and
0.05N at day 14.

To characterize the pattern of suture expansion and palatal bone movement upon the application
of opening loop, the suture width of control and experimental animals was measured (Fig. 3),
and the degree by which the palatal bones rotated was calculated.

Tissue processing
The maxillae including the midpalatal suture were dissected from all the control and
experimental mice. For microCT evaluation, bilateral maxillary bones with the midpalatal
suture were dissected at days 14 and 28 and fixed with 4% (w/v) paraformaldehyde in 0.1M
phosphate buffered saline solution before x-ray imaging. For histological analysis,
immunohistochemistry and in situ hybridization, specimens were dissected at days 1, 3, 7 and
14 and fixed overnight with the same solution. The fixed specimens were demineralized in
0.5M ethylenediaminetetra-acetic acid (EDTA) for 14 days at 4°C and then embedded in
paraffin. For alkaline phosphatase (AP) and tartrate resistant acid phosphatase staining
(TRAP), specimens were embedded in OCT (Tissue Tek, Miles Laboratories, Naperville,
USA) for frozen sections instead of paraffin. Serial frontal sections between first and second
molar levels were cut at 5μm and 8μm from paraffin embedded and OCT embedded frozen
specimens, respectively.

Microcomputed tomography
Desktop μCT 40 system (Scanco Medical AG, Switzerland) was used for scanning as well as
for morphometric analysis. The intact palate/maxillae were placed in a holder and scanned with
the palate perpendicular to the image plane producing a 3D stack of images or volume. The
scanned volume had a voxel resolution of 12 microns. These stacks of images were then passed
through a 3D Gaussian filter (with mean = 1.2 and filter support = 1). 3D morphometric analysis
was performed by selecting the palatal bone regions to obtain the Bone Volume Fraction (using
global adaptive thresholding) [14]. The width of the palatal/maxillary bones was measured as
the distance between alveolar bones at first molar level. The width of the suture was obtained
by measuring the nasal third, middle third and oral third of the suture at the same level.

Fluorescence labeling and sample processing
Mice were given an intraperitoneal injection of alizarin complexone (Sigma, St. Louis, MO)
at 60mg/kg body weight on the day the opening loops were applied and calcein (Sigma) at
6mg/kg body weight on day 14. Control mice were given the fluorochrome dyes at the same
time. Mice were sacrificed two days after the second dye injection, and the maxillae were
harvested for analysis. The specimens were fixed with 4% (w/v) paraformaldehyde and
dehydrated in a series of graded alcohols before embedded in Osteo-Bed resin (Polysciences,
Inc., Warrington, PA) following manufacturer’s instruction. Frontal sections of 140μm were
cut with a low speed saw (Buehler, Lake Bluff, IL) and mounted on slides using mounting
medium (Electron Microscopy Sciences, Hatfield, PA). The sections were viewed in a
fluorescence microscope (80i Upright Microscope, Nikon, Japan).
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Histology and histochemistry
For morphological observation, 5μm-thick paraffin embedded sections were stained with
hematoxylin and eosin and then microphotographs were taken. To examine the pattern of
fibrillar collagen, sections were subjected to polarized microscopy (AXIO Imager M1, Zeiss,
Göttingen, Germany). Saffranin O/Fast Green staining was used to visualize cartilage
proteoglycans and bone. To observe osteoblasts, representative sections were stained for AP
using an AP substrate kit (Sigma Diagnostics, St. Louis, MO). To quantify osteoclasts, 10
frozen sections from each specimen were stained for TRAP using a Sigma Diagnostic kit, and
multinucleated TRAP positive cells were counted in all sections under high magnification. The
numbers of osteoclasts/area were subjected to statistical analysis.

Immunohistochemistry
Ki67 expression was examined by immunohistochemistry using anti-mouse Ki67 monoclonal
antibody (clone TEC-3) according to the manufacturer’s instruction (DakoCytomation,
Glostrup, Denmark). Briefly, 10 serial sections from each sample were treated in a microwave
oven for 10 min in 10mM citrate buffer, pH 6.0, and the sections were incubated overnight at
4°C with anti-mouse Ki67 antibody at 1:200 dilution. The sections were incubated at room
temperature for 30 min with biotinylated anti-rat IgG at 1:200 dilution, and the signals were
visualized by NovaRed after incubation with an ABC kit (Vector Laboratories, Burlingame,
CA). Normal serum used as primary antibody for negative control did not reveal any signals
(data not shown). Ki67 positive cells and total cells in the midpalatal suture were counted on
all sections. The percentage of Ki67 positive cells were calculated for each sample and
subjected to statistical analysis.

Immunohistochemistry for Type II collagen was carried out using mouse monoclonal collagen
II antibody (clone 2B1.5) according to the manufacturer’s instruction (Lab Vision, Fremont,
CA). Briefly, sections were pretreated with pepsin at 1mg/ml Tris-HCl, pH2.0 for 10 min at
37°C, and incubated with collagen II antibody for 30 min at 1:100 dilution. MOM kit (Vector
Laboratories) was used in the protocol to decrease background staining. Normal serum used
as primary antibody in negative control experiments did not reveal any signals (data not shown).

In situ hybridization
Digoxigenin-11-UTP-labeled murine Col1a1 antisense probes were synthesized as described
[15]. Standard fluorescent in situ hybridization (FISH) procedures with tyramide signal
amplification (TSA) were used as described previously [16]. Briefly, sections were hybridized
with the riboprobe overnight in 50% formamide moisture chamber at 52°C. After washing,
sections were incubated for 1hr at RT with a 1:50 dilution of anti-DIG-Fab-HRP (Roche
Diagnostics, Mannheim, Germany), followed by tyramide signal amplification according to
the manufacturer’s instruction (Molecular Probes, Eugene, OR). Visualization of FISH was
done with a confocal microscope (TE2000, Nikon, Japan).

Statistic analysis
Results were presented as mean ± SD. Cell counts and microCT differences were compared
using the unpaired Student’s t-test. Differences were considered significant at p < 0.05.

Results
Changes in body weight, suture widths and palatal bone volume

The body weights of the mice with either activated (expansion) or dead opening (sham-
operated) loops decreased on days 1 and 3 (Fig. 2, p<0.05). At later time points, there was no
significant difference in body weights between these mice and non-operated mice. Although
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the loops bonded to maxillary molars may disturb food intake at initial stages, the mice
recovered quickly. Therefore, the changes we observed following midpalatal suture expansion
are unlikely to be caused by systemic physiological responses to the procedure.

Suture width measurements from histological sections at day 1 showed that the midpalatal
suture was expanded following application of an activated opening loop, with the lateral part
of the palatal bone tipped towards the skull base about 2.8 degrees. Since the oral side of the
suture was expanded more widely than the nasal side, this movement created greater tensile
stress on the oral side than on the nasal side (Fig. 3).

MicroCT analysis showed that the midpalatal suture width increased significantly at day 14,
ranging from an increase of 262% at the nasal third to an increase of 295% at the oral third
(p<0.001 for both). This increased suture width was initiated as early as day 1 following
placement of the opening loop (see Figure 5 below). In the day 28 expansion group, the suture
width had increased at the nasal and middle third by 40% and 46% respectively (p<0.001 for
both), while it decreased at the oral third by 25% (p<0.05). The maxillary width increased
significantly in both day 14 and day 28 groups, with an increase of 6.5% and 8.0% respectively
(p<0.001 for both) (Fig. 4 and Table 1).

The overall changes in palatal bones were reflected in changes in the bone volume fraction
(BV/TV, %). Since the total volume (TV) was defined by outlining the palatal bones, the
changes in BV/TV reflect changes in the size of bone marrow cavities. In both day 14 and day
28 expansion groups, the BV/TV decreased significantly from 68.0±3.7% to 50.2±0.7% and
from 60.9±1.3% to 56.5±1.0% (p<0.05 for both) (Table 1).

Changes in suture morphology in response to expansive force
Histologically, the midpalatal suture of non-operated groups consisted mainly of cartilage, i.e.,
two masses of chondrocytes covering the edges of palatal bones, separated from each other by
a thin layer of fibrous tissue. The oral and nasal periosteal cell layers of the palatal bones were
thicker in the region of the midpalatal suture (the cells in this thickened periosteum are referred
to as periosteal cells below) (Fig. 5A and B). During the experimental period, the suture in
control animals underwent minor changes related to normal growth with a decrease in the
number of chondrocytes and an increase in the amount of fibrous tissue. However, the overall
width of the midpalatal suture remained constant in these animals. The sham-operated animals
showed no difference in overall suture histology compared to non-operated animals and hence
these animals were grouped together as controls (data not shown).

In the experimental groups with activated loops, the midpalatal suture was expanded and the
collagen fibers were reoriented across the suture starting at day 1 (compare Fig. 5A–C with
Fig. 5D–F). At the same time, periosteal cells started to migrate into the suture. At day 3, the
suture was filled with spindle-shaped cells aligned in a direction parallel to the direction of
mechanical force. The chondrocytes decreased in numbers and formed only 1–2 layers at this
stage (Fig. 5G–I). Bone formation was initially observed at the edges of the palatal bones at
day 7 (Fig. 5J–L). The width of the suture continued to increase until day 14 with a cellular
fibrous tissue filling the suture (Fig. 5M–O). On the oral side, newly formed bone was covered
with several layers of chondrocytes with a structure similar to the cartilage layers of the original
suture. On the nasal side, bone formed under the nasal epithelium without cartilage. Bone
marrow cavities extending to the palatal bone surface were often observed in the experimental
groups while this was very rare in the control groups. During the experimental period, no
inflammatory cells were observed in the suture area.

To better allow assessment of new bone formation, we labeled bone surfaces by injecting mice
with alizarin complexone and calcein at the beginning and end of a 14-day expansion period

Hou et al. Page 5

Bone. Author manuscript; available in PMC 2007 August 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(see Methods). As shown in Fig. 6, the midpalatal suture area of animals treated for 14 days
with the opening loop was filled with calcein-positive material, separating the alizarin-labeled
original edges of the palatal bones (compare Fig. 6A, B with Fig. 6C, D).

Activated periosteal cells are a major source of new bone and cartilage formation
To obtain insights into cellular mechanisms leading to new suture tissue formation as a result
of the expansive force, proliferation and differentiation of periosteal cells was assayed using
Ki67 immunohistochemistry, AP histochemical staining, and type I collagen in situ
hybridization. In the control groups, Ki67 positive cells accounted for 1.8±0.1% to 4.5±0.4%
of total suture cells throughout the experimental period. In the experimental groups, Ki67
positive cells were mainly observed in the region of the periosteal cells at day 1 and day 3, and
then scattered throughout the expanded suture at day 7 and day 14. The number of Ki67 positive
cells represented 12.0±2.6% to 19.9±1.2% of total suture cells and was significantly higher
than that of controls at all time points (p<0.05 for all) (Fig. 7A–E).

To further evaluate the contribution of periosteal cells to new bone and cartilage formation,
functional changes of periosteal cells were investigated using staining for AP and type I
collagen. Periosteal cells in control groups exhibited no or very weak AP staining. Starting at
day 1, strong AP staining was observed in periosteal cells in close proximity to palatal bones
in the experimental groups. At day 7, strong staining was also seen on the surface of newly
formed bone and on the medial aspect of suture cartilage (Fig. 8A–E and data not shown). The
expression of type I collagen mRNA showed a similar pattern during the experimental period.
At day 1 and day 3, periosteal cells close to palatal bones exhibited significantly increased
signal compared to controls, and at day 7 and day 14, Col1a1 mRNA positive cells were
distributed along the medial surface of newly formed bone and cartilage (Fig. 8F–J and data
not shown).

Decrease of suture cartilage and upregulated osteoclast numbers in response to expansive
force

The application of expansive force caused a dramatic decrease in the amount of Saffranin O-
positive cartilage, particularly after day 3. In the control groups, there were minimal changes
in the intensity of Saffranin O staining, indicating little change in the cartilage proteoglycan
content during the experimental period. In contrast, staining with Saffranin O gradually
decreased in the cartilage of experimental animals. The change in proteoglycan content was
most obvious at day 14 when almost no staining with Saffranin O was observed in the original
suture cartilage (Fig. 9A–C and data not shown). However, cartilage forming within the suture
on the oral side was at this stage positive for Saffranin O (Fig. 9C) and positive with antibodies
against type II collagen (Fig. 9H).

The observation that bone marrow cavities were often extended to palatal bone surfaces in
experimental groups and microCT results showing significantly increased bone marrow spaces
at days 14 and 28 suggested an increased bone remodeling activity. In support of this, the
number of osteoclasts along palatal bone surfaces of experimental animals was significantly
increased throughout the experimental period, ranging from 60% to 160%. Interestingly, most
osteoclasts in the experimental groups were located on the nasal side of the palatal bone surfaces
and along the surfaces of bone marrow cavities (Fig. 9D–G and data not shown).

Discussion
In the present study, we have shown that midpalatal suture expansion in mice is a feasible in
vivo experimental system for the study of cellular responses of bone and cartilage to mechanical
force. Our data indicate that expansive force across the midpalatal suture promotes bone

Hou et al. Page 6

Bone. Author manuscript; available in PMC 2007 August 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



resorption through activation of osteoclasts and bone formation via increased proliferation and
differentiation of periosteal cells. Midpalatal suture expansion also leads to decrease of the
original secondary cartilage and formation of new cartilage within the suture area on the oral
side.

This new cartilage, clearly seen on each side of the suture midline on the oral side at day 14
(Fig. 5), continues to grow towards the nasal mucosa from 14 days to 4 weeks (data not shown).
The result is the re-establishment of a suture with the palatine bone margins covered by cartilage
and connected by fibrous tissue in the midline; similar to the suture before expansion, but with
additional bone added outside each cartilage layer. Thus, the expansion force used here in mice,
induced processes of bone and cartilage remodeling, such that the palatine bones are widened
and the suture structure re-established after about 4 weeks. This suggests that the magnitude
of the force used is both effective and physiologic. Although we have not systemically tested
a range of force loads, we settled on using an initial force of 0.56N, since it is capable of
expanding the suture of young mice as shown (using microCT) by a significantly increased
suture width at day 14 and a return of the width to pre-treatment value. The recovery of body
weights three days after the placement of the opening loop also supports the idea that the force
is within the physiological range for mice. Finally, it is important to note that we never observed
inflammatory cells within the suture of the experimental animals, indicating that the cellular
responses described here are not wound healing responses following application of
nonphysiological force levels.

The remodeling responses resulting in re-establishment of the suture structure between the
expanded palatal bones appear to be different from those others have reported for palatal suture
expansion in rats [12,13]. In the studies of both Takahashi et al. [12] and Kobayashi et al.
[13], bone formed within the suture between the cartilage-covered edges of the palatine bone,
so that the cartilage ended up being embedded within the bone. Therefore the expansion of the
suture in the rat resulted in ossification of the suture and loss of the normal suture layered
structure of fibrous tissue sandwiched between cartilage-covered palatal bone plates. In
contrast, application of force across the suture in mice induces a process of remodeling and
regeneration of the original layered structure.

The processes induced by midpalatal suture expansion are different from those induced by
distraction osteogenesis, although the two techniques utilize similar mechanical strategies of
expansion to induce bone formation [17,18]. Unlike distraction osteogenesis, which includes
generation of an osteotomy site, midpalatal suture expansion does not require a latency period
and shows no sign of the acute inflammation, characterized by edema and neutrophil
infiltration, which is associated with distraction osteogenesis. Therefore, the biological
responses following midpalatal suture expansion are likely induced by mechanosensitive
mechanisms rather than by wound healing processes.

Periosteum contains various cell types and precursor cells that support osteoblastic and
chondrogenic differentiation during bone formation and bone growth [19,20]. Previous studies
have shown that periosteal cells of rat tibiae and fibulae exhibit increased AP activity upon
cyclic longitudinal loading [21]. Periosteal cells obtained from mandibular periosteum has been
shown to express an osteogenic phenotype in response to tensile strain, including upregulated
expression of Runx2 and collagen type I mRNA, and increased AP activity [22]. Similarly, as
shown here, an expansive force acting on the periosteum induces differentiation of osteogenic
progenitor cells to bone-forming osteoblasts in the midpalatal suture area under the nasal
mucosa. This response by periosteal cells is also rapid on the oral side in that periosteal cells
on each side of an expanding suture express both AP and collagen type I markers as early as
day 1. Furthermore, new bone was observed at the edge of palatal bones at day 7, in the region
where periosteal cells expressing AP and type I collagen were first observed, and calcein
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labeling at day 14 showed that a large mass of new bone was formed within the suture area.
The higher proliferation rates of periosteal cells in expanding sutures compared to control
sutures throughout the experimental period appear to provide a major source of cells for new
bone and cartilage formation in the expanded suture area. We noted that the percentage of
Ki67-positive cells increased rapidly as early as day 1 after placement of the opening loop, and
although the percentage of positive cells remained higher in treated animals than in controls
throughout the experimental period, the percentage showed a slow decline after day 1. A
transient decrease on day 3 (see Fig. 7E) may be related to post-operative stress as indicated
by loss of body weight in treated animals at that day. Support for this conclusion comes from
the observation that the number of TRAP-positive cells are also somewhat decreased on day
3 compared with days 1 and 7 (Fig. 9G).

Increased bone marrow spaces of palatal bones as well as increased numbers of osteoclasts in
experimental animals, as shown by microCT and TRAP staining, suggest an active bone
resorption response. Interestingly, the periosteal osteoclasts were exclusively located on the
nasal side. This result is somewhat similar to what is observed during orthodontic tooth
movement, where there is a direct correlation between the stress/strain in the periodontal
ligament (PDL) and the distribution of osteoclasts in the alveolar bone and PDL; that is, the
number of osteoclasts is highest in regions with compressive strain, and lowest in regions with
tensile stresses [23]. It is therefore possible that the nasal and oral sides of the palatal bones
are subjected to different mechanical stresses, leading to the asymmetric distribution of
osteoclasts, during the treatment period. In agreement with this possibility is the finding that
application of the opening loop led to a trapezoidal-shaped opening of the midpalatal suture
with more widening at the oral than at the nasal side of the suture.

Mechanical forces are known to induce the secretion of soluble mediators, including cytokines,
growth factors, and prostaglandins, in mechanosensitive cells such as osteoblasts. Previous
studies have shown that cyclic tensile forces increase the expression of vascular endothelial
growth factor (VEGF) and macrophage-colony-stimulating factor (M-CSF) in osteoblastic
MC3T3-E1 cells [24]. Since VEGF and M-CSF, in conjunction with receptor activator of NF-
κB ligand (RANKL), have been reported to induce osteoclast recruitment and differentiation
[25], it is therefore possible that periosteal cells or palatal osteoblasts induce osteoclast
differentiation and recruitment via paracrine mechanisms during midpalatal suture expansion.

Interestingly, the application of expansive force across the midpalatal suture causes a decrease
of secondary cartilage with a significant loss of proteoglycan-dependent Saffranin O staining.
These changes are consistent with earlier results from rat suture expansion studies, in which
researchers found that expansive force had an inhibitory effect on chondrogenesis, probably
mediated by integrin β1 and cell-extracellular matrix interactions [26]. Moreover, we found
that newly formed bone (starting at the oral side) was covered with cartilage so that a suture
with a similar structure and width as the original one was formed about 4 weeks after the
expansion was started. This indicates an association between mechanical stimulation and
cartilage/suture homeostasis. The molecular regulation of this homeostasis remains to be
determined, but recent studies of cartilage and bone formation during development combined
with what is known about the control of endochondral ossification in growth plate regions of
long bones, suggest that several signaling pathways may be involved. For example, Indian
hedgehog (Ihh) expressed by prehypertrophic chondrocytes in growth plates of long bones
regulates the growth and differentiation of chondrocytes and initiate osteogenic differentiation
of osteoblast progenitors in the perichondrium [27]. Thus, it is possible that suture chondrocytes
go through similar differentiation processes as their counterparts in growth plates, secreting
Ihh at the prehypertrophic stage to regulate the thickness of the cartilage and suture width.
Also, canonical Wnt signaling has been implicated in regulating lineage commitment between
chondrocytes and osteoblasts; that is, mesenchymal progenitors with low β-catenin level will
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enter the chondrocyte lineage, while progenitors with high β-catenin level will commit to
osteoblasts instead [28,29]. Therefore, it is conceivable that negative regulators of Wnt
signaling, such as Dickkopf homolog 1 (Dkk1), could be concentrated in the midline of the
suture thus allowing the differentiation of chondrocytes from mesenchymal progenitors. With
the activity of such negative regulators being attenuated around cells some distance away from
the midline, chondrocyte differentiation could be limited to a narrow region close to the
midline. Thus, the action range of negative regulators of Wnt signaling may regulate the
thickness of the cartilage as well as the suture width.

The system described here will allow the use of genetically manipulated mice and thus provides
an opportunity for testing these hypotheses as well as other mechanisms by which a tissue
containing bone and cartilage senses and responds to mechanical force.
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Figure 1. Midpalatal suture expansion in mice
(A) Occlusal view of 6-weeks-old mouse maxilla. Experimental/expansion maxilla with the
opening loop bonded to the first and second molars (left) and non-operated control (right).
(B) The F/Δ diagram for the opening loop. Deformation was measured for 10 different loops
at three force levels. Linear regression analysis was performed to create the trend line
(R2=0.98). Since the force-deflection curve was measured at room temperature ex vivo, it is
likely that force-deflection is different when the loop is placed in vivo.

Hou et al. Page 11

Bone. Author manuscript; available in PMC 2007 August 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Changes of body weight during experimental period
Body weight curves of non-operated (open square), sham-operated (open triangle) and
expansion (filled square) animals. The body weights of expansion and sham operated groups
were statistically lower than the non-operated groups at day 1 and day 3 (* p<0.05). However,
the body weights recovered after 1 week in both groups.
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Figure 3. Changes of suture width in histological sections
Hematoxylin and eosin staining of frontal sections of midpalatal sutures of control (A) and
expansion (B) animals. In control sections, the suture area was contained within a rectangular
frame (A); in expansion sections, the suture area was widened and contained within a
trapezoidal frame (compare the control width indicated by a stippled line with the expanded
width indicated by a solid line in B). The two images, as well as all subsequent images, are
oriented with nasal side up and oral side down. Scale bar (A): 100μm.
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Figure 4. Three-dimensional microCT reconstruction of control and expansion maxillae
Occlusal view of reconstructed maxillae of control (A–D) and expansion (E–H) animals at day
14 (A, B, E and F) and day 28 (C, D, G and H). B, D, F and H are high magnification images
of the areas marked by rectangles in A, C, E and G, respectively. E: rectangle marks the
expanded suture area. G: rectangle marks the same suture position as the rectangle in E; the
suture now is narrower. Scale bar (A): 1.0mm.
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Figure 5. Effects of midpalatal suture expansion on palatal bones and suture cells
Hematoxylin and eosin staining of frontal sections of midpalatal sutures of control (A–C) and
expansion animals at days 1 (D–F), 3 (G–I), 7 (J–L) and 14 (M–O). (C, F and I): polarized
light microscopy of the same specimens shown in B, E and H, respectively. A and B: open
arrowheads point to the periosteum within the oral region of the midpalatal suture. G and H:
filled arrowheads point to thinner cartilaginous regions along the palatine bony surface. J, K,
M–O: arrows point to areas of new bone formation at the edges of palatal bones. Scale bar (A,
B and C): 100μm.
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Figure 6. Dynamic bone labeling of control and expansion maxillae
Frontal sections of maxillae of control (A and B) and expansion (C and D) animals at day 14.
Alizarin complexone-labeled bone surfaces are in red and calcein-labeled surfaces are green.
C and D: arrowheads point to new bone formed in the expanded suture area during the 14 days
of treatment. Scale bar (A and B): 500μm and 100μm, respectively.
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Figure 7. Increased cell proliferation of periosteal cells
Ki67 immunohistochemical staining of frontal sections of midpalatal sutures of control (A)
and expansion animals at day 1 (B) and day 7 (C and D). (E) Comparative analysis of Ki67
expression in control groups and expansion groups at days 1, 3, 7 and 14 (* p<0.05). B: Ki67
positive cells (brown) located in the periosteal region. C: Ki67 positive cells scattered within
the expanded suture. D: Ki67 positive cells in the cell-rich suture region below the nasal
mucosa. Scale bar (A): 100μm.
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Figure 8. Expression of osteoblastic markers by periosteal cells
Frontal sections of midpalatal sutures of control (A and F) and expansion animals at days 3 (B
and G), 7 (C and H) and 14 (D, E, I and J). Sections were stained for alkaline phosphatase (AP)
(A–E) or Col1a1 transcripts by in situ hybridization (F–J). B, C and D: filled arrows point to
increased AP staining (purple) in periosteal cells; C and E: open arrowheads point to
osteochondroprogenitor cells; D: closes arrowhead points to chondrocytes. G–J: increased
signals for Col1a1 (green) in the same areas as pointed out in B–E. Scale bars (A and F):
100μm.
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Figure 9. Reduction of secondary cartilage and increased osteoclast numbers in expansion suture
Frontal sections of midpalatal sutures of control animals at day 3 (A and D) and expansion
animals at days 3 (B and E), 7 (H, top) and 14 (C, F and H, bottom). Sections were subjected
to Saffranin O/Fast Green staining (A–C) and stained for tartrate resistant acid phosphatase
(TRAP) (D–F). (G) Comparative analysis of TRAP positive multinucleated cell numbers in
control groups and expansion groups at days 1, 3, 7 and 14 (* p<0.05). B: filled arrowhead
points to a region of significantly decreased Saffranin O-positive cartilage. C: open arrowheads
point to areas of significantly reduced Saffranin O staining. E and F: arrows point to osteoclasts
on the nasal side of the palatal bone surfaces (E) and on the surface of bone marrow cavities
(F). H: positive staining with collagen II specific antibodies identifies regions of newly formed
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cartilage within the oral region of the suture (see also C). I: Diagrams showing midpalatal
suture at the beginning (up) and end (below) of the 14-day period of suture expansion.
Following exposure to expansion force (indicated by arrows and F under the diagram), the
suture region is widened, new bone (red) is forming at the palatal edges in the nasal (top) region,
and new bone (red) and cartilage (light green) are formed in the oral (bottom) region. Scale
bar (A, D and H): 100μm.
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