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Abstract
Mechanical stress is known to modulate postnatal skeletal growth and development. However, the
mechanisms underlying the mechanotransduction are not fully understood. Polycystin-1 (PC1) is a
promising candidate among proteins that may play a role in the process as it has been shown to
function as a flow sensor in renal epithelium and it is known to be important for skeletal development.
To investigate whether PC1 is involved in mechanotransduction in skeletal tissues, mice with a
conditional deficiency for PC1 in neural crest cells, osteoblasts or chondrocytes were subjected to
midpalatal suture expansion. Dynamic bone labeling revealed that new bone formation in response
to expansion was significantly reduced in Wnt1Cre;Pkd1 mice, as the suture area containing new
bone was 14.0±3.4% in mutant mice versus 65.0±3.8% in control mice at 2 weeks (p<0.001). In
contrast, stress-induced new bone formation was not affected in OsxCre;Pkd1 mice. The increase in
cell proliferation and differentiation into osteoblasts, seen in wild-type mice 1 day after force delivery,
was not observed until 14 days in Wnt1Cre;Pkd1 mice. TUNEL labeling showed a significant
increase in apoptotic suture cells at days 1 and 3 (from 7.0±0.5% to 13.5±1.4% at day 1 and from
4.6±1.1% to 10.5±1.7% at day 3, p<0.05). Abnormal ossification of nasal cartilage of
Wnt1Cre;Pkd1 mice was accelerated upon suture expansion. Such ossification was also observed,
but to a lesser extent in Col2a1-ER*Cre;Pkd1 mice. Transcript levels of Runx2 and MMP13 were
significantly increased in the nasal cartilage of Wnt1Cre;Pkd1 mice compared to controls (p<0.05
and p<0.001, respectively), and in mutant mice with expansion versus without expansion (p<0.05
and p<0.001, respectively). Lack of PC1 in chondroprogenitor cells also resulted in increased cell
apoptosis and an altered arrangement of chondrocytes in nasal cartilage. These results indicate that
PC1 plays a critical role in the response of osteochondroprogenitor cells to the mechanical tissue
stress induced by midpalatal suture expansion. They also suggest that the combination of an in
vivo mechanical model, such as midpalatal suture expansion, with conditional deficiency for proteins
that play a role in mechanotransduction, represents a powerful experimental strategy to explore
underlying mechanisms.
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Introduction
It is well known that postnatal skeletal development and growth are modulated by mechanical
loading. Regular exercise and physical loading have been shown to increase bone mineral
density while disuse or low gravity will lead to osteoporosis [1-3]. The ability of skeletal tissue
to respond to mechanical stress has also been used in orthopedic and orthodontic treatment to
induce bone modeling/remodeling, eg. distraction osteogenesis, orthodontic tooth movement
and midpalatal suture expansion. Understanding the cellular mechanisms by which skeletal
tissues sense and respond to mechanical stress would greatly increase our knowledge of skeletal
biology and help to improve clinical practice in orthopedics and orthodontics.

It has long been recognized that osteoblasts, osteocytes and chondrocytes can all respond to
mechanical stress, and their interaction is essential in generating tissue responses. For instance,
application of fluid flow to osteoblasts in vitro inhibits cell apoptosis via induction of insulin-
like growth factor-I (IGF-I) signaling [4]. In addition, osteoblasts subjected to intermittent cell
stretching may upregulate the expression of receptor activator of nuclear factor-kappaB ligand
(RANKL), which could influence osteoclast recruitment [5]. For osteocytes, it has been
demonstrated that fluid shear stress promotes their survival, while disuse promotes apoptosis
[6]. Moreover, osteocytes subjected to oscillatory fluid flow may inhibit osteoclastogenesis
via release of soluble factors [7]. Although in vitro mechanical models provide relatively simple
systems to study changes in gene expression and cell behavior upon mechanical stimulation,
it is impossible to recapitulate the in vivo biomechanical environment and study tissue
responses in such models. Therefore, any model of mechanical modulation of the skeleton must
ultimately be tested in vivo, as only the physiological environment in vivo would allow
conclusions about the functional adaptation of bone.

Previously, we developed a mouse midpalatal suture expansion model to study the biological
responses of midpalatal suture cells to mechanical loading in vivo [8]. We have shown that an
expansive force across the suture will induce new bone formation in the suture within an
experimental period of two weeks. Further analysis has demonstrated that increased periosteal
cell proliferation and differentiation into osteoblasts, starting as early as day 1, are the major
contributions to new bone formation observed later. Thus, this model provides a unique
opportunity to study mechanical modulation of bone from the early cellular changes to the later
process of new bone formation. In addition, the model makes it possible to test candidate genes
that play a role in mechanotransduction in vivo by using genetically modified mouse strains.

Polycystin-1 (PC1) is a promising candidate for mechanotransduction as it spans the cell
membrane and connects extracelluar matrix components with cytoskeleton and intracellular
signaling pathways [9-13]. Recently, it has been shown that PC1 functions as a fluid flow
sensor in renal epithelium and that dysfunction of PC1 leads to the abnormal tissue
morphogenesis observed in polycystic kidney disease [14].

In addition to its role in kidney development and morphogenesis, PC1 may participate in the
growth and development of the skeleton. Pkd1 transcripts were detected in neural crest
derivatives and prechondrogenic tissue, as well as in MC3T3-E1 osteoblasts and MLO-Y4
osteocytes [15,16]. Furthermore, skeletal abnormalities have been reported in several Pkd1-
deficient animals [17,18]. However, it is unclear whether PC1 plays a role in skeletal tissue
responses to mechanical stress in vivo. To address this question, midpalatal suture expansion
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was studied in PC1-deficient mice. In order to elucidate the function of PC1 in different cell
types and at different differentiation stages, PC1 was inactivated in neural crest cells,
osteoblasts and chondrocytes by crossing mice with floxed alleles of Pkd1with Wnt1Cre,
OsxCre and Col2a1-Cre ER* deleter strains, respectively. Our data suggest that PC1 plays a
significant role in the responses of osteochondroprogenitor cells to mechanical stress induced
by midpalatal suture expansion.

Materials and Methods
Animals

Mice carrying floxed alleles of the Pkd1 gene were reported previously [19]. Wnt1-Cre and
Osx-Cre deleter strains were kindly provided by Dr. Andy McMahon. Standard PCR
genotyping was performed using primers specific for the Cre recombinase coding sequence:
Cre5’ (TGC TCT GTC CGT TTG CCG) and Cre3’ (ACT GTG TCC AGA CCA GGC).
Col2a1-Cre ER* transgenic mice were described previously [20]. To induce Cre recombinase
activity, 10-day-old mice were injected with tamoxifen (1mg/10g) (Sigma-Aldrich, St. Louis,
MO) in corn oil intraperitoneally every other day for a total of 10 times. Mice injected with
corn oil alone served as control. All procedures performed in the experiments were approved
by the Institutional Animal Care and Use Committee of Harvard Medical School where the
animals were raised and studied.

Expansion of midpalatal suture
Six-week-old male mice from each genotype (Cre positive floxed Pkd1 homozygotes, Cre
positive floxed Pkd1 heterozygotes, and Cre negative floxed Pkd1 homozygotes) were
subjected to midpalatal suture expansion for 1, 3, 7, and 14 days. After anesthesia with
intraperitoneal injection of ketamine (87mg/kg) and xylazine (13mg/kg), the mice were
subjected to midpalatal suture expansion according to the method of our previous study [8].
Briefly, an opening loop made of 0.014-in. stainless steel orthodontic wire (GAC International
Inc., Bohemia, NY) was bonded to first and second maxillary molars on both sides using a
light cured adhesive (3M Unitek, Monrovia, CA). The initial force magnitude used in the
experiments was 0.56N. Since we have shown that sham operation has no effect on the
midpalatal suture [8], mice without operation were used as non-expansion control in this study.
In addition, since no overall difference was observed between Cre positive floxed Pkd1
heterozygous mice and Cre negative floxed Pkd1 homozygous mice, they were grouped
together as wild-type controls. In general, at least 3 mice were used for each genotype, time
point and sample processing method including Osteo-Bed embedding, paraffin embedding,
OCT embedding and RNA extraction.

Fluorescence labeling and sample processing
Fluorescence labeling was performed according to the procedures described previously [8].
Briefly, mice were injected with alizarin complexone (60mg/kg) on the day the opening loop
was applied and calcein (6mg/kg) on day 14. Control mice were injected with the fluorescent
dyes at the same times. Mice were sacrificed 2 days after calcein injection, and the maxillae
were dissected for analysis. After fixation with 4% (w/v) paraformaldehyde and dehydration
with a series of graded alcohols, samples were embedded in Osteo-Bed resin (Polysciences,
Inc., Warrington, PA) following manufacturer’s instruction. Frontal sections of 140μm were
cut using a low speed saw (Buehler, Lake Bluff, IL) and mounted on slides using EUKITT
mounting medium (Electron Microscopy Sciences, Hatfield, PA). The sections were examined
using a fluorescence microscope (80i Upright Microscope, Nikon, Japan). Images were
obtained and analyzed using NIH image (developed at the U.S. National Institutes of Health
and available on the Internet at http://rsb.info.nih.gov/nih-image/). The distance between the
outlines of alizarin complexone labels was measured at the midpoint of oral third, middle third
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and nasal third, and the average of the measurements was calculated as suture width. The
distance between the borders of the palatal bone on the nasal and oral side was measured at
the midpoint of left third, middle third and right third, and the average of the measurements
was calculated as suture thickness. New bone formation was measured as the area of bone
labeled with calcein in the suture, and total suture area was measured as the area between the
outlines of alizarin complexone labels, a method modified from the one described by Cowan
et al. [21].

Histology, immunohistochemistry, in situ hybridization and TUNEL
The maxillae including the midpalatal suture were dissected out from all the control and
experimental mice. Samples were fixed in 4% (w/v) paraformaldehyde overnight and
demineralized in 0.5M ethylenediaminetetra-acetic acid (EDTA) for 14 days at 4°C before
they were embedded in paraffin. Serial frontal sections between first and second molar levels
were cut at 5 μm for subsequent analysis.

For morphological observation, paraffin-embedded sections were stained with hematoxylin
and eosin and then microphotographs were taken. Suture width was measured on these
microphotographs using Adobe Photoshop. For each suture, the distances between the edges
of palatal bones were measured at the midpoint of the oral third, mid third and nasal third.
Suture width was calculated for each sample as the average of the measurements and subjected
to statistical analysis. The expression of Ki67, MMP13 and cleaved collagen type II was
examined by immunohistochemistry using anti-mouse Ki67 monoclonal antibody (clone
TEC-3) (DakoCytomation, Glostrup, Denmark), anti-MMP13 polyclonal antibody (Chemicon
International, Inc., Temecula, CA) and Col2 3/4C short polyclonal antibody (IBEX
Pharmaceuticals Inc., Quebec, Canada) according to the manufacturer’s recommendation. To
count the Ki67-positive cells, a rectangle was drawn to include the midpalatal suture within
the edges of the palatal bones and the periosteum on the oral and nasal sides. Ki67-positive
cells and total cells in the rectangle were counted manually on all sections. The percentage of
Ki67-positive cells were calculated for each sample and subjected to statistical analysis. Using
digoxigenin-11-UTP-labeled murine Col1a1 antisense probe, fluorescent in situ hybridization
with tyramide signal amplification was performed as described previously [8].

Apoptotic cells were detected using DeadEnd™ Fluorometric TUNEL system (Promega
Corporation, Madison, WI) following manufacturer’s instruction. In the midpalatal suture,
TUNEL-positive cells and total cells in the suture were counted on all sections. The percentage
of TUNEL-positive cells were calculated for each sample and subjected to statistical analysis.
In the nasal cartilage, the number of TUNEL-positive chondrocytes per section was counted,
and chondrocytes were distinguished from surrounding perichondrium and cells in bone
marrow based on morphology.

β-galactosidase staining
To visualize the Cre efficiency, we crossed Wnt1Cre, OsxCre and Col2a1-CreER* mice with
the conditional LacZ reporter mouse strain Rosa 26R, in which β-galactosidase expression is
activated upon Cre activation [22]. Wnt1Cre;R26R and OsxCre;R26R mice were euthanized
at postnatal day 2 and the maxillae including the midpalatal suture were dissected out.Col2a1-
CreER*;R26R mice were injected with tamoxifen (1mg/10g) or corn oil using the same
procedure as described for Col2a1-Cre;ER*Pkd1 mice. Mice were euthanized at 6 weeks and
the maxillae including the midpalatal suture were dissected out. Samples were fixed in 4% (w/
v) paraformaldehyde overnight and demineralized in 0.5M ethylenediaminetetra-acetic acid
(EDTA) for 14 days at 4°C before they were embedded in Tissue-Tek OCT compound (Miles
Laboratories, Naperville, USA). Serial frontal sections between first and second molar levels
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were cut at 8 μm. Detection of β-galactosidase activity was accomplished by incubation in 1%
X-gal for several hours at 37°C.

Real-time quantitative PCR
Nasal septal cartilages from non-expansion mice and mice subjected to midpalatal suture
expansion for 3 days were dissected and total RNA was rapidly isolated from cartilage using
TRIzol reagent (Invitrogen, Carlsbad, CA) according to manufacturer’s instruction. cDNA was
then synthesized from total RNA using iScript cDNA Synthesis Kit (BioRad, Hercules, CA)
and subjected to real-time quantitative PCR for Runx2, VEGFA, MMP13 and GAPDH. Primer
sets were purchased from Superarray Biosciences (Frederick, MD) and were prevalidated to
generate single amplicons. PCR conditions were: 35 cycles of denaturation for 30s at 95°C,
annealing for 30s at 55°C, extension for 30s at 72°C and was performed using iCycler (BioRad).

Statistical analysis
Results were presented as mean±SD. Cell count differences were compared using the unpaired
Student’s t-test. Real-time quantitative PCR results were analyzed using Mann Whitney’s U
test. Differences were considered significant at p<0.05.

Results
Deficient new bone formation in response to expansive force in Wnt1Cre;Pkd1 mice

It has been demonstrated that an expansive force across the midpalatal suture results in new
bone formation within a 2-week period as shown by dynamic bone labeling [8]. As expected,
control mice in this study subjected to expansive force for 2 weeks had significant amounts of
calcein labeled newly formed bone in the expanded suture area. The thickness and width of
the midpalatal suture in Wnt1Cre;Pkd1 mice were comparable to those of the control mice
(Suppl. fig. 1). However, there was significantly less new bone formation in the mutant mice
subjected to expansive force during the same experimental period. The suture area containing
new bone was 14.0±3.4% in Wnt1Cre;Pkd1 mice versus 65.0±3.8% in control mice at day 14
(p<0.001).

To determine whether Pkd1 is required for new bone formation in response to midpalatal suture
expansion at a later differentiated osteoblast stage, expansive force across the midpalatal suture
was applied to OsxCre;Pkd1 mice with a conditional deficiency for PC1 in osteoblasts.
Although the thicknesses of the suture and palatal bones of these OsxCre;Pkd1 mice are about
2/3 of those of controls (Suppl. fig. 1) (the thicknesses of the suture and palatal bones of OsxCre
positive floxed Pkd1 heterozygotes are comparable to those of controls), new bone formation
was observed in OsxCre;Pkd1 mice, and there was no significant difference of the amount of
new bone formation compared to controls as indicated by the percent suture area containing
new bone (63.7±6.3% vs. 65.0±3.8%, p>0.05) (Fig. 1). The efficacy of our gene inactivation
by Wnt1Cre and OsxCre deleter strains was confirmed by examining the expression of β-
galactosidase in the midpalatal suture of Wnt1Cre;R26R and OsxCre;R26R mice (Suppl. fig.
2). Wnt1Cre was expressed by multiple cell lineages except epithelial cells. While the
expression pattern of OsxCre is more restricted than that of Wnt1Cre, it was expressed by
periosteal cells, osteocytes and some chondrocytes.

Changes in suture morphology in Wnt1Cre;Pkd1 mice in response to expansive force
To study the biological processes underlying the deficient new bone formation of the midpalatal
suture of Wnt1Cre;Pkd1 mice in response to midpalatal suture expansion, histological analysis
was performed on control mice and Wnt1Cre;Pkd1 mice subjected to the procedure for 1, 3, 7
and 14 days.
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Histologically, the midpalatal suture of non-expansion mice in the control group had two
cartilaginous masses separated by a layer of fibrous tissue. The border of the suture was covered
by a continuation of the fibrous and cellular periosteum around the margins of adjacent bones
(Fig. 2A). Briefly, the midpalatal suture was expanded and the width of the suture continued
to increase during the experimental period. At day 14, the suture was filled with cellular fibrous
tissue, and newly formed bone was evident at both the oral and nasal margins of the suture
(Fig. 2B-E).

The midpalatal suture of non-expansion mice in the Wnt1Cre;Pkd1 group had a similar
structure to that of the control group (Fig. 2F). After the placement of the opening loops, the
midpalatal suture was expanded and the two masses of cartilage were laterally displaced at day
1. The suture continued to be expanded for the following days until day 7. However, new bone
formation was not evident at the end of the 2-week experimental period by hematoxylin and
eosin staining (Fig. 2G-J).

As there is a linear relationship between the stress and the strain within a range of extension,
widths of the sutures of control and Wnt1Cre;Pkd1 mice were measured to assess the
mechanical stress applied to the suture. At day 0, there was no significant difference in suture
width between control and Wnt1Cre;Pkd1 mice. The suture width was increased significantly
in both groups one day after the placement of the opening loop, while there was no significant
difference in suture width between Wnt1Cre;Pkd1 and control mice. The suture width reached
the maximum at day 14 for both control and Wnt1Cre;Pkd1 mice, however, the suture width
of Wnt1Cre;Pkd1 mice was significantly narrower compared to the suture width of control
mice (p>0.05) (Suppl. fig. 2).

Defective periosteal cell proliferation and differentiation in Wnt1Cre;Pkd1 mice in response
to expansive force

To understand the mechanisms underlying the significantly reduced bone formation observed
in Wnt1Cre;Pkd1 mice following the placement of the opening loop, proliferation and
differentiation of periosteal cells was evaluated using Ki67 immunohistochemistry and Col1a1
in situ hybridization. In the control group, cell proliferation rate was low in non-expansion
mice with Ki67 positive cells accounting for 2.5±0.9% of total suture cells. The proliferation
rates were significantly increased following the placement of the opening loop compared to
the non-expansion mice, ranging from 11.1±2.7% to 17.9±2.4% (p<0.05 for all). The Ki67
positive cells were mainly observed in the region of periosteal cells at days 1 and 3, and
scattered throughout the suture at days 7 and 14. In the Wnt1Cre;Pkd1 group, the number of
Ki67 positive cells represented 1.3±0.6% of total suture cells in non-expansion mice and from
1.5±0.5% to 2.3±0.3% in expansion mice. Although there was no significant difference
between expansion and non-expansion mice, Ki67 positive cells were detected in the region
of periosteal cells at day 14 (Fig. 3 and data not shown).

These periosteal cells were further evaluated for their differentiation status using in situ
hybridization for type I collagen. In the control group, the expression level of type I collagen
mRNA was very low in non-expansion mice and significantly upregulated in expansion mice,
with Col1a1 mRNA-positive cells detected in the region of periosteal cells at days 1 and 3, and
distributed along the medial surface of newly formed bone and cartilage at days 7 and 14 (Fig.
4A-E). In contrast, the expression level of type I collagen mRNA was low in non-expansion
and expansion mice in the Wnt1Cre;Pkd1 group, except that stronger signals were observed
in the periosteal cells close to palatal bones at day 14 (Fig. 4F-J).
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Increased periosteal cell apoptosis in Wnt1Cre;Pkd1 mice in response to expansive force
Since tissue remodeling requires coordinate regulation of cell proliferation, differentiation and
cell death/apoptosis, we studied the role of apoptosis in the response of periosteal cells to
midpalatal suture expansion. In the non-expansion mice of both control and Wnt1Cre;Pkd1
groups, TUNEL-positive cells were mainly detected in the region of chondrocytes, accounting
for 4.8±1.6% and 5.1±1.5% of total suture cells, respectively. After the application of the
opening loop, TUNEL-positive cells were observed in the regions of periosteal cells and
chondrocytes at days 1 and 3 (Fig. 5), and mainly in the region of chondrocytes at days 7 and
14 (not shown). In the control mice, TUNEL-positive cells account for 7.0±0.5% and 4.6±1.1%
of total suture cells at days 1 and 3 respectively. In the Wnt1Cre;Pkd1 mice, TUNEL-positive
periosteal cells were observed in the zone of proliferating cells and aligned along the direction
of the stretched collagen fibers. The number of TUNEL-positive cells represented 13.5±1.4%
and 10.5±1.7% of total suture cells and were significantly higher than those of controls at days
1 and 3 (p<0.05 for both) (Fig. 5).

Changes in nasal cartilage morphology in young adult mice
While the histological appearance of the midpalatal suture of Wnt1Cre;Pkd1 mice was similar
to that of control mice, the nasal septal cartilage of the conditional knockout mice exhibited a
different postnatal morphology from that of their control counterparts. Histologically, the nasal
septum of control mice was covered by perichondrium and consisted of pale round mature
chondrocytes in cluster-like arrangements toward the center of the septum and smaller, more
darkly stained and more elongated chondrocytes at the periphery. The histological appearance
of the nasal septum was not changed over the course of aging and was consistent from the
anterior to the posterior end (Fig. 6A-F).

In contrast, nasal septal cartilage of Wnt1Cre;Pkd1 mice showed a disorganized arrangement
of chondrocytes where round mature chondrocytes were mixed with smaller, more darkly
stained chondrocytes in the middle region of the cartilage. Moreover, nasal septal cartilage of
Wnt1Cre;Pkd1 mice showed signs of ossification around the ages of 8-12 weeks (Fig. 6G-I).
Although there were some variations in the extent of ossification in terms of the onset and
starting position along the anterior-posterior axis, ossification was observed in all of the mutant
mice. Typically, the ossification started at the very edge of the inferior septal border and then
extended further into the cartilaginous septum (Fig. 6, arrows). Along the anterior-posterior
axis, the ossification was more evident and extensive at the posterior end than the anterior end.

Accelerated ossification of nasal cartilage upon midpalatal suture expansion in
Wnt1Cre;Pkd1 mice and Col2a1-Cre ER*; Pkd1 mice

As natural activity such as mastication can exert mechanical stress on the nasal septum, it is
unclear to what extent force has contributed to the process of nasal cartilage ossification
observed in adult mutant mice. Since previous studies have shown that midpalatal suture
expansion can exert various stresses on different structures of the skull including nasal septum
[23], the nasal septum of Wnt1Cre;Pkd1 mice with or without midpalatal suture expansion
were analyzed to investigate the possibility that mechanical stress facilitates ossification in
Wnt1Cre;Pkd1 mice. While the histological appearance of the nasal septum of control mice
was unchanged upon the placement of the opening loop, the nasal septum of Wnt1Cre;Pkd1
mice displayed accelerated ossification in response to suture expansion. As shown in Fig. 7,
after one day of suture expansion, histological characteristics of ossification were observed at
the inferior border of the nasal septum at the first molar level where the septum was completely
cartilaginous in non-expansion Wnt1Cre;Pkd1 mice. During the following days, the area of
ossification, containing trabecular bone with bone marrow cavities, increased and extended
upward into the nasal septum. The cartilaginous tissue had completely disappeared and was
replaced by compact bone at day 14 (Fig. 7A-E and data not shown). The process was also

Hou et al. Page 7

Bone. Author manuscript; available in PMC 2010 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



observed in Col2a1-Cre ER*; Pkd1 mice but to a much lesser extent. At day 7, ossification
appeared at the inferior border of the nasal cartilage in some of the mutant mice subjected to
midpalatal suture expansion. The chondrocytes exhibited an abnormal arrangement with
hypertrophic chondrocytes located in peripheral regions adjacent to ossification sites, and
separated from the hypertrophic chondrocytes in the middle by a zone of small, darkly stained
chondrocytes. This altered arrangement seemed to be associated with the ossification process
as it was not observed in non-expansion mutant mice or expansion mice without the abnormal
ossification (Fig. 7F and G). The efficacy of our gene inactivation protocol was confirmed by
examining the expression of β-galactosidase in the nasal cartilage of Col2a1-CreER*;R26R
mice (Fig. 7H).

Altered expression of regulators of chondrocyte differentiation, matrix degradation and
vascular invasion in Wnt1Cre;Pkd1 mice

To further investigate the mechanisms underlying the abnormal ossification observed in the
nasal cartilage of Wnt1Cre;Pkd1 mice, we examined the expression of several factors,
including RUNX2, MMP13 and VEGFA, involved in regulating hypertrophic chondrocyte
differentiation, matrix degradation and angiogenesis during endochondral ossification.
Transcript levels of Runx2 and Mmp13 were significantly increased in the nasal cartilage
isolated from Wnt1Cre;Pkd1 mice compared to control mice (P<0.05 and P<0.001,
respectively), while there was no significant change in the transcript levels of Vegfa between
these two groups. Upon application of the opening loop, expression of the Runx2 was
significantly upregulated in Wnt1Cre;Pkd1 mice (P<0.05) but not in control mice, while
expression of the Mmp13 was significantly upregulated in both Wnt1Cre;Pkd1 mice (P<0.001)
and control mice (P<0.05). Expression of Vegfa was not altered in response to the mechanical
stress (Fig. 8A).

Using immunohistochemistry, we also examined the expression level of Mmp13 protein. In
control mice, Mmp13 positive staining was detected in hypertrophic chondrocytes in nasal
cartilage with or without force. In Wnt1Cre;Pkd1 mice, Mmp13 positive staining was observed
in hypertrophic as well as in prehypertrophic chondrocytes. At the same time, the intensity of
Mmp13 staining was increased compared with control mice. In Wnt1Cre;Pkd1 mice subjected
to midpalatal suture expansion, Mmp13 staining was also detected in some of the cells in bone
marrow in addition to chondrocytes (Fig. 8B-E). Since a major function of Mmp13 is to cleave
type II collagen, which is the major fibrillar extracellular matrix component of cartilage, we
used an antibody that detects a neoepitope at the cleavage site of the 3/4 fragment of type II
collagen following cleavage by Mmp13 to assess the state of collagen remodeling. In the
control group, immunostaining for cleaved collagen was barely detectable in both non-
expansion and expansion mice. In contrast, cleaved collagens were present around both
hypertrophic and prehypertrophic chondrocytes in the nasal cartilage in Wnt1Cre;Pkd1 group.
The intensity of the immunostaining for cleaved collagen was increased following application
of the opening loop (Fig. 8F-I).

Increased chondrocyte apoptosis in nasal cartilage in Wnt1Cre;Pkd1 mice
During endochondral ossification, hypertrophic chondrocytes undergo programmed cell death
before the cartilage is invaded by blood vessels, osteoblasts, osteoclasts and mesenchymal
precursor cells. To investigate the relationship between the ossification of nasal cartilage in
Wnt1Cre;Pkd1 mice and apoptosis, TUNEL labeling of nasal cartilage was performed to
identify end-stage apoptotic chondrocytes. In control mice, no TUNEL-positive chondrocytes
in the nasal cartilage was observed regardless of the presence of mechanical stress. In contrast,
TUNEL-positive staining was detected in peripheral chondrocytes in the regions where the
initial ossification occurred in the non-expansion mice of the Wnt1Cre;Pkd1 group. The
number of TUNEL-positive chondrocytes varied between two and four per section. In the

Hou et al. Page 8

Bone. Author manuscript; available in PMC 2010 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



expansion mice of the Wnt1Cre;Pkd1 group, TUNEL-positive staining was observed in
chondrocytes close to the ossification sites. Here the number of TUNEL-positive chondrocytes
varied between four and eight per section. The numbers of TUNEL-positive cells in
Wnt1Cre;Pkd1 group were significantly higher that those of controls with or without expansion
(P<0.05 for both) (Fig. 9).

Discussion
In this study, we have shown that Pkd1 plays a critical role in the response of craniofacial cells
to mechanical tissue stress. Using the mouse midpalatal suture expansion model [8], we provide
evidence that Pkd1-deficient mice exhibit a significantly reduced osteogenic response to tensile
stress across the suture. This is due to reduced proliferation, delayed differentiation and
increased apoptosis of osteochondroprogenitor cells. Furthermore, nasal cartilage of Pkd1-
deficient mice undergoes unusual postnatal endochondral ossification and this process is
accelerated upon application of expansive force across the midpalatal suture.

It is well accepted that mechanical stimuli are essential in regulating skeletal growth and
adaptation. The appendicular skeleton responds to mechanical stress by periosteal and
endocortical bone apposition and resorption. In the craniofacial skeleton, sutures and
synchondroses are believed to transmit mechanical stress and enable bone growth at their
margins [24-26]. Based on the results of the present studies, we conclude that this function of
craniofacial sutures requires Pkd1. Although Wnt1Cre;Pkd1 mice exhibited premature
ossification of the presphenoid synchondrosis at the skull base and retarded postnatal growth
of the anterior craniofacial complex [27], the midpalatal suture and palatal bones in these mice
appeared histologically normal, except that the distance between the first maxillary molars was
increased. To account for this difference between wild-type and conditional mutant mice, we
modified the size of the opening loop to ensure that the same magnitude of initial force was
applied to both Wnt1Cre;Pkd1 and control mice. As a result, there was no significant difference
in the suture width between the control mice and Wnt1Cre;Pkd1 mice at day 0 and day 1,
indicating a similar tensile stress produced by the opening loop on the midpalatal suture. Thus,
the different responses we observed in control versus Wnt1Cre;Pkd1 mice are likely due to the
inactivation of Pkd1 in cranial neural crest cells rather than a difference in the mechanical stress
introduced by suture expansion.

The protein product of Pkd1, PC1, seems to have multiple functions in cells of the osteoblastic
cell lineage depending on the stage of differentiation. First, PC1 is required at an early
osteoprogenitor stage for the proliferative response to supraphysiological levels of mechanical
tissue stimulation, as the relative amount of stress-induced new bone was significantly reduced
in Wnt1Cre;Pkd1, but not in OsxCre;Pkd1 mice that are conditionally deficient for PC1 in
differentiated osteoblasts. In contrast, OsxCre;Pkd1, but not Wnt1Cre;Pkd1 mice, exhibited
thinner palatal bones post puberty (Fig. 1A, C and E), indicating that PC1 might be important
for bone formation under physiological conditions. While our studies do not allow conclusions
about the specific mechanistic role of PC1 in the response of cells to mechanical stress applied
to the whole suture tissue, one hypothetical model is that PC1 functions as a mechanosensor
in osteoprogenitor cells to high levels of mechanical stress, mediating cell proliferation and
differentiation into osteoblasts. At levels of mechanical stress within a lower, physiological
range, PC1 exerts a negative effect on the differentiation of osteoprogenitor cells to osteoblasts,
and a positive effect on more mature osteoblasts to facilitate their differentiation and matrix
production. In this model, inactivation of PC1 in osteoblasts results in reduced bone formation
as reflected by the decreased thickness of the palatal bones, while inactivation of PC1 in
osteoprogenitor cells has no effect on palatal bone thickness. As the expression level and
subcellular localization of PC1 have been shown to be developmentally regulated in kidney
epithelial cells [15, 28, 29], it is possible that PC1 is expressed at different levels and locations
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in osteoprogenitor cells and differentiated osteoblasts, thus activating distinct downstream
signaling pathways. It has also been reported that cellular responses may vary dependent on
mechanical force magnitude, frequency or duration [5, 30, 31], as well as the stage of cellular
differentiation. For instance, stretch applied to immature osteoblasts in culture results in
decreased cell numbers as cells are stimulated to undergo apoptosis, while stretch has no effect
on apoptosis in more mature osteoblasts in culture [32]. These data are consistent with the
hypothesis that stimulation of a mechanosensor, such as PC1, elicits different cellular responses
to mechanical stress depending on stress levels and cell differentiation.

Recent studies have shown that PC1 associated with the primary cilium of renal epithelia can
function as a molecular sensor of fluid flow, thereby regulating tissue morphogenesis [14].
Further work has revealed that PC1 can regulate the cell cycle via upregulation of p21, a cyclin-
dependent kinase inhibitor, and that loss of PC1 function will lead to increased cell proliferation
and the renal cysts seen in autosomal dominant polycystic kidney disease (ADPKD) patients
[33,34]. However, our data indicate that PC1 is a positive cell cycle regulator in osteoprogenitor
cells as the upregulated proliferation of sutural cells in response to midpalatal suture expansion
is severely diminished in Wnt1Cre;Pkd1 mice. Compared to control mice in which significantly
upregulated cell proliferation was observed as early as day 1, Ki67 positive cells were not
detected until day 14 in Wnt1Cre;Pkd1 mice. Consistent with the notion that the role of PC1
in regulating the cell cycle in skeletal cells might be that of a stimulator, Kolpakova-Hart et
al. observed reduced proliferative activity in chondrocytes and osteochondroprogenitor cells
in Pkd1-deficient mice during embryonic and postnatal development [27].

Since tissue remodeling usually requires a coordinated regulation of cell proliferation and
apoptosis, the effects of mechanical stress on cell apoptosis have also been studied in a variety
of systems. Apoptotic cells have been detected at sites of bone formation in distraction
osteogenesis [35]. During orthodontic tooth movement, apoptotic cells have been observed in
dental pulp, periodontal ligaments and periapical areas within 1 to 3 days after application of
mechanical force [36,37]. Similarly, we have found that midpalatal suture expansion induces
a low level of cell apoptosis of periosteal cells at days 1 and 3 in control mice. The induction
of apoptosis occurs at the time when these periosteal cells undergo rapid proliferation,
suggesting that a certain level of apoptosis is associated with the stress induced by suture
expansion. In contrast, while the expansive force failed to induce a proliferative response in
periosteal cells until day 14 in Wnt1Cre;Pkd1 mice, it resulted in a significantly higher number
of apoptotic periosteal cells in these mutant mice. As these periosteal cells provide a major
source of osteoblastic cells for new bone formation in the expanded suture area, the increased
apoptotic activity combined with the deficient proliferative response of periosteal cells to
midpalatal suture expansion would result in a smaller pool of progenitor cells, and significantly
less bone formation in Wnt1Cre;Pkd1 mice. Taken together, these data has suggested that PC1
plays a positive role on cell proliferation and differentiation, as well as a negative role on cell
apoptosis in the response of periosteal cells to midpalatal suture expansion.

An interesting finding of this study was that the nasal cartilage of Wnt1Cre;Pkd1 mice
underwent abnormal ossification during postnatal development and in response to midpalatal
suture expansion. Ossification of nasal cartilage was also observed to a lesser extent in Col2a1-
Cre ER*; Pkd1 mice upon mechanical stimulation. The histological changes in the nasal
cartilage of mutant mice are similar to those typical of endochondral ossification, a process
involving chondrocyte hypertrophy and apoptosis, cartilage matrix remodeling, vascular
invasion and trabecular bone formation [38-40]. In wild-type mice with non-ossifying nasal
cartilage, hypertrophic chondrocytes were located in the center with resting condrocytes in the
peripheral regions. In nasal cartilage exhibiting abnormal ossification, chondrocytes appeared
to be rearranged with hypertrophic chondrocytes located next to the ossification sites around
the periphery of the cartilage and proliferative chondrocytes located inside these hypertrophic

Hou et al. Page 10

Bone. Author manuscript; available in PMC 2010 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



chondrocytes. This rearrangement was most obvious in Col2a1-Cre ER*; Pkd1 mice subjected
to midpalatal suture expansion, as the process was proceeding at a slower pace in these mice
than in Wnt1Cre;Pkd1 mice and could therefore be “captured” by histology in its initial stages.
Moreover, real-time quantitative PCR revealed that the chondrocytes from mutant nasal
cartilage expressed higher levels of Runx2 and Mmp13 transcripts compared to chondrocytes
from controls. Although the expression of Runx2 and Mmp13 was upregulated when comparing
the expansion versus non-expansion mice in the control group, the upregulation of Runx2 and
Mmp13 was significantly higher in the Wnt1Cre;Pkd1 group following mechanical stimulation.
In addition to its role in regulating osteoblastic differentiation, Runx2 is a positive regulator of
chondrocyte maturation, while Mmp13, a downstream target of Runx2, is essential for
degradation of the extracellular matrix in cartilage at the ossification front [41-43]. Thus, the
abnormal ossification in nasal cartilage of Wnt1Cre;Pkd1 mice mimics the process of
endochondral ossification in endochondral bones and is likely a result of accelerated
chondrocyte hypertrophy and excessive cartilage matrix breakdown, mediated by upregulated
expression of Runx2 and Mmp13. Recent studies have shown that up-regulation of Runx2 in
chondrocytes may contribute to pathogenesis of osteoarthritis in mice [44] and in humans
[45,46]. Moreover, MMP13 is also up-regulated in osteoarthritis cartilage [47]. It is interesting
to note that the pathological manifestations of PC1 inactivation in the cranial cartilage are
reminiscent of those in osteoarthritis [27]. However, the effect of PC1 deficiency on Runx2
expression in osteoblasts was different from its effect in chondrocytes. Previous studies have
shown that PC1 deficiency results in Runx2 down-regulation in osteoblasts [16,48]. Similarly,
delayed ossification was observed in the calvarial and other cranial bones in PC1-deficient
mice indicating a possible down-regulation of Runx2 [27]. Therefore, it is possible that
different cell types respond differently to a similar signaling “trigger”.

TUNEL positive cells were observed in the peripheral regions of nasal cartilage in
Wnt1Cre;Pkd1 mice. Positive TUNEL labeling was also observed in the perichondrium of the
presphenoid sychondroses in these mice as reported by Kolpakova-Hart et al. [27]. It is possible
that Pkd1 is required for survival of chondrocytes and chondroprogenitor cells by providing
survival signals and/or regulating anti-apoptotic signals [49]. As apoptotic cells may secrete
cytokines to attract osteoclasts/chondroclasts, thus initiating bone formation/remodeling [50],
the abnormal ossification may also be partly attributed to the activity of these apoptotic cells
at the periphery of nasal cartilage in Wnt1Cre;Pkd1 mice.

In addition to the effects of Pkd1 inactivation, the fact that the abnormal ossification of nasal
cartilage started around postnatal week 8 to 12 suggests that there might be other age-dependent
factors contributing to this process. It is well known that mechanical force generated by the
masticatory muscles can affect the growth pattern of the craniofacial skeleton [51]. Since the
abnormal ossification of nasal cartilage was observed long after the mice were weaned and fed
with regular solid food, it is possible that mechanical stress induced by mastication contributes
to the replacement of cartilage by bone. As the nasal septum is exposed to high stress during
midpalatal suture expansion [23], this hypothesis is supported by the observation that the
ossification of nasal cartilage was initiated at an earlier time point (one day after the application
of the opening loop) and at a more anterior site in Wnt1Cre;Pkd1 mice subjected to suture
expansion than in non-expansion Wnt1Cre;Pkd1 controls.

It should be noted that when PC1 was inactivated predominantly in Col2a1 positive
chondrocytes using the Col2a1-Cre ER* deleter strain, the process of ossification of the nasal
cartilage was greatly reduced as it was observed only in some of the mutant mice subjected to
suture expansion and at a much later time point compared to the Wnt1Cre;Pkd1 mice. As
Col2a1 is not only expressed by differentiated chondrocytes, but also by chondroprogenitor
cells, it is possible that PC1 is required primarily in the chondroprogenitor cells to mediate
mechanical cues and regulate nasal cartilage morphogenesis. However, it is also possible that
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ossification of nasal cartilage is a paracrine result of inactivation of PC1 in non-chondrocytes
such as perichondrial cells. However, we believe that the altered arrangement of chondrocytes
in the nasal cartilage of Wnt1Cre;Pkd1 and Col2a1-Cre ER*;Pkd1 mice is more likely to be
cell autonomous. Taken together, these data suggest that Pkd1 is required in chondroprogenitor
cells for the survival, maturation and organization of chondrocytes and therefore the integrity
of nasal cartilage. Perhaps chondrocytes without functional PC1 are unable to detect the
mechanical cues that regulate tissue morphogenesis, and this results in cartilage destruction
and replacement with osseous tissue upon mechanical loading.

In vitro studies have implicated several transmembrane molecules in mechanotransduction,
including integrins and stretch-activated channels (SACs) [52-55]. One question is how PC1
function is integrated with these putative mechanosensors in cells. It has been reported that
PC1 forms multiprotein complexes with integrins and other focal adhesion proteins such as
paxillin, talin, tensin, focal adhesion kinase and c-src in renal epithelial cells [56,57]. In
addition, integrins can physically and functionally interact with some classes of ion channels
to mediate responses to mechanical stimuli. For instance, activation of α5β3 integrin enhances
the volume-sensitive calcium influx pathway which is mediated by stretch-activated cation
channels (SA-Cat) [58]. Therefore, it is possible that PC1, integrins, SACs and other potential
mechanosensors form a macromolecular complex at mechanical transducer sites such as focal
adhesions and produce a coordinated response to various extracellular mechanical
environments. The crosstalk between these transmembrane molecules may also happen at
intracellular levels so that activation of one signaling pathway may regulate the status of other
signaling pathways. The specific transmembrane molecule or signaling pathway to be activated
may depend on their availability in cells, which vary with cell differentiation state and
developmental stage.

In conclusion, our data provide evidence for a novel role of Pkd1 in the responses of skeletal
tissues to mechanical stress. Using the mouse midpalatal suture expansion model, we have
demonstrated for the first time that Pkd1 is required for the proliferation, differentiation and
survival of periosteal osteochondroprogenitor cells upon mechanical stimulation of the suture
tissue. Pkd1 is also important for normal nasal cartilage development and inactivation of
Pkd1 results in abnormal ossification of nasal cartilage in response to mechanical midpalatal
suture stress. Although the signaling pathways upstream and downstream of Pkd1 in skeletal
cells remain to be elucidated, our study provides a starting point for future investigations on
the role of Pkd1 in skeletal tissue responses to mechanical stress.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Deficient new bone formation in response to expansive force in Wnt1Cre;Pkd1 mice. All mice
were injected with alizarin complexone (red) and calcein (green) 15 days and 1 day before
euthanasia, respectively. Frontal sections of maxillae of control (A and B), Wnt1Cre;Pkd1 (C
and D), and OsxCre;Pkd1 (E and F) mice with (B, D and F) or without (A, C and E) application
of the opening loops. (G) The thickness of midpalatal suture and palatal bones of
OsxCre;Pkd1flox/+ mice is comparable to that of controls. (H) Comparative analysis of percent
suture area containing new bone in control group, Wnt1Cre;Pkd1 group and OsxCre;Pkd1
group at day 14 (*p<0.001). (B, D and F) Arrows point to new bone formed in the expanded
suture area during the experiment period of 2 weeks. Scale bar (A): 100μm.
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Figure 2.
Effects of midpalatal suture expansion on control and Wnt1Cre;Pkd1 mice. Hematoxylin and
eosin staining of frontal sections of midpalatal sutures of control (A-E) and Wnt1Cre;Pkd1 (F-
J) animals without expansion (A and F) and with expansion at days 1 (B and G), 3 (C and H),
7 (D and I) and 14 (E and J). (E) Arrow points to the area of new bone formation at the edges
of palatal bones. Scale bar (A): 100μm.
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Figure 3.
Deficient periosteal cell proliferation in Wnt1Cre;Pkd1 mice in response to expansive force.
Ki67 immunohistochemical staining of frontal sections of midpalatal sutures of control (A-C)
and Wnt1Cre;Pkd1 (D-F) animals without expansion (A and D) and with expansion at days 3
(B and E) and 14 (C and F). (G) Comparative analysis of Ki67 expression in control groups
and Wnt1Cre;Pkd1 groups without expansion and with expansion at days 1, 3, 7 and 14
(*p<0.05). (B) Ki67-positive cells (brown) are located in the periosteal region. (C) Ki67-
positive cell are distributed within the expanded suture. (F) Ki67-positive cells are located in
the periosteal region. Scale bar (A): 100μm.
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Figure 4.
Defective differentiation of periosteal cells into osteoblasts in Wnt1Cre;Pkd1 mice in response
to expansive force. Col1a1 in situ hybridization of frontal sections of midpalatal sutures of
control (A-E) and Wnt1Cre;Pkd1 (F-J) animals without expansion (A and F) and with
expansion at days 1 (B and G), 3 (C and H), 7 (D and I) and 14 (E and J). (B and C) Increased
expression for Col1a1 (green) in the periosteal region. (D) Col1a1-positive cells are distributed
in the suture. (J) Col1a1-positive cells are located in the perioteal region. Scale bar (A):
100μm.
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Figure 5.
Increased periosteal cell apoptosis in Wnt1Cre;Pkd1 mice in response to expansive force.
TUNEL staining of frontal sections of midpalatal sutures of control (A-C) and
Wnt1Cre;Pkd1 (D-F) animals without expansion (A and D) and with expansion at days 1 (B
and E) and 3 (C and F). (G) Comparative analysis of TUNEL-positive cells between control
and Wnt1Cre;Pkd1 groups without expansion and with expansion at days 1 and 3 (*p<0.05).
(B, C, E and F) TUNEL positive cells (green) in the periosteal region. Scale bar (A): 100μm.
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Figure 6.
Abnormal ossification in the nasal cartilage in Wnt1Cre;Pkd1 mice. Hematoxylin and eosin
staining of frontal sections of nasal cartilages of 3-month-old control (A-F) and
Wnt1Cre;Pkd1 (G-I) animals. Serial sections were cut between first and second maxillary
molars and representative sections were shown from the anterior (A, D and G), middle (B, E
and H) and posterior (C, F, and I) regions. (G, H and I) Arrows point to the ossification areas
in the nasal cartilage. Scale bar (A and D): 1mm and 100μm, respectively.

Hou et al. Page 21

Bone. Author manuscript; available in PMC 2010 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7.
Abnormal ossification in the nasal cartilage in Wnt1Cre;Pkd1 mice and Col2a1-Cre ER*;
Pkd1 mice in response to expansive force. Hematoxylin and eosin staining of frontal sections
of nasal cartilages of Wnt1Cre;Pkd1 (A-E) and Col2a1-Cre ER*; Pkd1 (F and G) animals
without expansion (A and F) and with expansion at days 1 (B), 3 (C), 7 (D and G) and 14 (E).
(H) β-galactosidase staining of nasal cartilage of Col2a1-Cre ER*;Rosa26R reveals that Cre
recombinase is expressed by the majority of the chondrocytes. (B, C, D, E and G) Arrows point
to the ossification area in the nasal cartilage. (G) Arrowhead points to the zone of small, darkly
stained chondrocytes located between two zones of hypertrophic chondrocytes. Scale bar (A):
100μm.
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Figure 8.
Expression of Mmp13, Vegfa, Runx2 and cleaved collagen type II in the nasal cartilages in
Wnt1Cre Pkd1 mice. (A) Real-time quantitative PCR analysis of Mmp13, Vegfa and Runx2 in
control and Wnt1Cre;Pkd1 groups without expansion and with expansion at day 3 (*p<0.05
and ** p<0.001). Immunohistochemical staining of Mmp13 (B-E) and cleaved collagen type
II (F-I) of frontal sections of nasal cartilages of control (B, C, F and G) and Wnt1Cre;Pkd1 (D,
E, H and I) animals without expansion (B, D, F and H) and with expansion at day 3 (C, E, G
and I). Scale bar (B): 100μm.
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Figure 9.
Increased chondrocyte apoptosis in nasal cartilage in Wnt1Cre;Pkd1 mice. TUNEL staining
of the nasal cartilages in control (A and B) and Wnt1Cre;Pkd1 (C and D) animals without
expansion (A and C) and with expansion at day 3 (B and D). (E) Comparative analysis of
TUNEL-positive cells in control and Wnt1Cre;Pkd1 groups without expansion and with
expansion at day 3 (*p<0.05). (C) TUNEL-positive cells (green) are located in the peripheral
regions of nasal cartilage. (D) TUNEL-positive cells are scattered in nasal cartilage. Scale bar
(A): 100μm.
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