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Abstract

Objective. The temporomandibular joint (TM]) is a unique fibrocartilaginous joint that adapts to mechanical loading through
cell signaling pathways such as the Wnt pathway. Increased expression of low-density lipoprotein receptor-related protein
5 (Lrp5), a co-receptor of the Wnt pathway, is associated with a high bone mass (HBM) phenotype. The objective of
this study was to analyze the effect of overexpression of Lrp5 on the subchondral bone and cartilage of the TMJ in mice
exhibiting the HBM phenotype. Design. Sixteen-week-old Lrp5 knock-in transgenic mice carrying either the A214V (EXP-A)
or GI71V (EXP-G) missense mutations, and wildtype controls (CTRL) were included in this study. Fluorescent bone labels,
calcein, alizarin complexone, and demeclocycline were injected at 3.5, 7.5, and | 1.5 weeks of age, respectively. The left
mandibular condyle was used to compare the subchondral bone micro-computed tomography parameters and the right
TM) was used for histological analyses. Cartilage thickness, matrix proteoglycan accumulation, and immunohistochemical
localization of Lrp5 and sclerostin were compared between the groups. Results. Subchondral bone volume (BV) and percent
bone volume (BV/TV) were significantly increased in both EXP-A and EXP-G compared with CTRL (P < 0.05) whereas
trabecular spacing (Tb.Sp) was decreased. Cartilage thickness, extracellular matrix production, and expression of Lrp5 and
Sost were all increased in the experimental groups. The separation between the fluorescent bone labels indicated increased
endochondral maturation between 3.5 and 7.5 weeks. Conclusions. These data demonstrate that Lrp5 overexpression leads
to adaptation changes in the mandibular condylar cartilage of the TMJ to prevent cartilage degradation.
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Introduction mesenchymal stem cells subjected to dynamic loading,
have been observed.!? During the formation of cartilaginous
joints, the Wnt pathway regulates joint patterning and chon-
drocyte maturation by responding to mechanical stimuli.’
The low-density lipoprotein-related receptor-5 (Lrp5) is
a prominent member of the family of receptor complexes
that bind to Wnt proteins.¢ Alterations in the activity and
expression of Lrp5 affect Wnt-regulated bone remodeling.

The temporomandibular joint (TMJ) is an integral compo-
nent of the masticatory system in mammals as it provides
bilateral articulation between the temporal bone in the skull
and the mandible. Development and function of the joint
are regulated by interactions between various signal trans-
duction pathways, including bone morphogenetic protein
(BMP),! fibroblast growth factor (FGF),2 Hedgehog,?
Notch,* and Wnt/B-catenin.> Among these, the Wnt/p-
catenin signaling pathway is composed of secreted glyco-
protein molecules that play important roles during
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Both loss- and gain-of-function mutations of Lrp5 have
been utilized to study this protein in detail. In transgenic
mice engineered with a loss-of-function mutation in Lrp5
(Lrp57), bone mineral density (BMD) and bone strength
were reduced, leading to a decreased osteogenic response
to mechanical loading in these animals.!! On the other
hand, a gain-of-function mutation in the LRP5 gene in
humans led to a high bone mass (HBM) condition that is
characterized by a significant increase in BMD.!2 To better
understand the HBM phenotype, 2 knock-in mouse lines
with separate gain-of-function missense mutations in Lrp5,
have been generated. Phenotypically, both the A214V and
the G171V lines of mutant mice were shown to have high
bone mass, increased BMD and improved biomechanical
properties.!3

Although the role of Lrp5 in mediating an anabolic bone
remodeling response in the appendicular skeleton has been
elucidated, there is little information about its effect on the
craniofacial skeleton. The periosteum-derived mandibular
condylar cartilage (MCC) of the TMJ!4 is the ideal model
to analyze this as it relies on mechanical stimulation for
development and function and has an interface of fibrocar-
tilage and bone. Thus, the objective of this study was to
compare the effect of two distinct LrpS-HBM mutations on
the mandibular condylar cartilage and underlying subchon-
dral bone of the TMJ. The hypothesis was that a gain-of-
function mutation of Lrp5 decreases condylar cartilage
thickens and increases subchondral bone mass in the man-
dibular condyle.

Materials and Methods
Study Design

A total of thirty 16-week-old male mice were used for this
study. Of these, 20 transgenic mice were equally divided
into 2 experimental groups (EXP-A, EXP-G; n = 10/group)
and 10 wildtype mice were included in the control group
(CTRL). The experimental animals carried gain-of-function
HBM Wnt signaling pathway mutations: Lrp56171V/GITIV and
Lrp5A214viA214V - The generation of these knock-in mutant
lines has been described previously.'> All mice, including
the widltype controls were on a mixed genetic background
of 129S1/SvIMJ and C57B1/6J.

All experimental procedures were performed according
to a protocol approved by the Institutional Animal Care and
Use Committee (IACUC). The animals were housed in
standard light and dark conditions and were fed pellet diet
and water ad [libitum. Fluorescent bone labels, calcein,
alizarin complexone, and demeclocycline (Sigma-Aldrich,
St. Louis, MO) were injected intraperitoneally at 3.5, 7.5,
and 11.5 weeks of age, respectively. At 16 weeks of age,
mice in all 3 groups were euthanized by CO, inhalation.

Tissue Collection

On the right side of the skull, the TMJ was dissected en
masse (mandibular condyle, articular disc, and temporal
bone) after removing the skin and superficial muscles. On
the left side, the mandibular condyle was isolated and dis-
sected by removing all the surrounding soft tissues. Both
the TMJ and the mandibular condyle were fixed in 10%
neutral buffered formalin for 3 days and then stored in 70%
ethanol.

Micro-Computed Tomography

The mandibular condyles were scanned with a Skyscan
1172 (Bruker microCT, Kontich, Belgium) micro-com-
puted tomography (micro-CT) scanner to analyze the sub-
chondral bone and calcified cartilage. Serial tomographic
slices were acquired at a resolution of 6 um/pixel followed
by reconstruction of 3-dimensional images using the
NRecon software (v1.6.9.1). Volumetric analyses were
then carried out with the CT-Analyser (CTAn version
1.13) software by selecting a region of interest (ROI) in
the subchondral bone underlying the MCC (Fig. 1A and
B). Micro-CT parameters, including bone volume (BV),
total volume (TV), percent bone volume (BV/TV), trabec-
ular number (Tb.N), trabecular separation (Tb.Sp), and
trabecular thickness (Tb.Th) were compared between the
groups.

Histology

For histological staining and imaging, the dissected and
fixed TMJs were decalcified in a 10% EDTA (ethylenedi-
aminetetraacetic acid) solution. The tissues were then
processed in increasing concentrations of ethanol and
xylene and embedded in paraffin. Serial sagittal sections
of the joint were obtained with a rotary microtome (Leica
Biosystems, Buffalo Grove, IL) and placed on positively
charged glass slides.

Deparaffinized TMJ sagittal sections (n = 6/group) were
stained with safranin-O/fast green counterstain and toluidine
blue (IHC World, Woodstock, MD) to analyze cartilage
thickness and proteoglycan content. Immunostaining was
utilized to localize the expression of Lrp5 and sclerostin
(Sost) in the MCC. Serial sagittal sections were incubated
with Lrp5 and Sost primary antibodies (Aviva Systems
Biology, San Diego, CA). Rinsed sections were incubated
with a biotinylated secondary antibody (Vectastain Elite
ABC Kit) followed by a VIP peroxidase substrate (Vector
Laboratories, Inc., Burlingame, CA).

Fluorescent bone labels were analyzed on 4 um sagittal
sections of undecalcified joints (n = 4/group) embedded in
methyl methacrylate (Sigma-Aldrich, St. Louis, MO).
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Figure |I. Temporomandibular joint (TMJ) subchondral bone changes in Lrp5-high bone mass (HBM) mice. Representative micro-
computed tomography (CT) scans of the mandibular condyle from (A) experimental (EXP) and (B) control (CTRL) animals. The

dotted lines denote the region of interest (ROI) in the condylar head that was used to quantify the following subchondral bone

micro-CT parameters: (C) bone volume (BV), (D) total volume (TV), (E) percent bone volume (BV/TV), (F) trabecular thickness
(Tb.Th), (G) trabecular spacing (Tb.Sp), and (H) trabecular number (Tb.N). Each bar on a graph represents mean * standard error of
the mean (SEM) for n = 10 per group. Statistically significant differences between groups are denoted by * (P < 0.05).
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OARSI score

Figure 2. Histopathology grade assessment of the MCC in Lrp5-HBM mice. Safranin-O-stained sagittal histologic sections of the TM]
from (A) EXP-A, (B) EXP-G, and (C) CTRL groups. The black rectangle denotes the middle third of the MCC in the (D) EXP-A, (E)
EXP-G, and (F) CTRL animals. (G) The Osteoarthritis Research Society International (OARSI) score was calculated from the images
in panels D to F. Each bar on the graph represents mean * standard error of the mean (SEM) for n = 6 per group. HBM, high bone
mass; TMJ, temporomandibular joint; EXP, experimental group; CTRL, control group; TB, temporal bone; AD, articular disc; MCC,

mandibular condylar cartilage.

A Nikon Eclipse Ni-U Microscope with a color camera
(Nikon instruments, Melville, NY) was used to capture the
histological images at 10X and 40X magnification.

Histological Analysis

Toluidine blue—stained images were used to quantify both
the total cartilage area as well as the area fraction represent-
ing the proteoglycan content. Using the ImageJ software
(NIH, Bethesda, MD), images were split into single chan-
nels and the entire outline of the MCC from the articular
surface to the subchondral bone, was traced. A standard
measurement threshold was then established for all images
and the area fraction was calculated as the ratio of the posi-
tive area to the outlined MCC area.!®

A semiquantitative histologic scoring system developed
by the Osteoarthritis Research Society International
(OARSI) for analyzing osteoarthritic changes in cartilage,
was used to grade the safranin-O-stained sections.!” The
separation between the fluorescent bone labels was mea-
sured with ImagelJ to calculate and compare the interlabel
width (iL.W1i) and mineral apposition rate (MAR).

A minimum of 3 histological sections corresponding to
the condylar mid-sagittal area, were used from each animal
for quantification.

Statistical Analysis

All statistical analyses were performed using SPSS Statistics
20 (IBM Corporation, Armonk, NY) and GraphPad Prism

(GraphPad, La Jolla, CA). Descriptive statistics were ana-
lyzed for bone volume, total volume, percent bone volume,
trabecular number, trabecular separation, and trabecular
thickness. The Shapiro-Wilk test was used to check the data
for normality. Nonparametric Kruskal-Wallis and Mann-
Whitney U statistical tests were used to compare the differ-
ences between the groups. The statistical significance level
was set at P < 0.05.

Results

Micro-CT scans were used to quantify and compare the
changes in the subchondral bone between the experimental
and control groups. BV was significantly increased in both
EXP-A and EXP-G groups compared to the CTRL group
(Fig. 1C). TV was also increased in both experimental
groups, but the difference was only significant between
EXP-A and CTRL groups (Fig. 1D). Similar to BV, BV/TV
was significantly higher in EXP-A and EXP-G compared to
CTRL (Fig. 1E). Tb.Th was increased (Fig. 1F) while Tb.Sp
was decreased (Fig. 1G) in both experimental groups com-
pared with the control group. Tb.N showed a slight decrease
in EXP-A compared with the other groups (Fig. 1H).
Qualitative analysis of safranin-O-stained histologic
sections of the TMJ showed increased staining in the MCC
in EXP-A (Fig. 2A) and EXP-G (Fig. 2B) compared with
CTRL (Fig. 2C) animals. Anteroposteriorly, an ROI in the
middle third of the MCC was compared between the groups
(Fig. 2D-F). In the experimental animals (Fig. 2D and E)
intense safranin-O staining was seen extending beyond the
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Figure 3. Increased cartilage thickness and extracellular matrix accumulation in Lrp5-HBM mice. Toluidine blue—stained sagittal
histologic sections of the TMJ from (A) EXP-A, (B) EXP-G, and (C) CTRL groups. The black rectangle denotes the middle third of
the MCC in the (D) EXP-A, (E) EXP-G, and (F) CTRL animals. (G) The boundary of the MCC was outlined as the ROl in Image) from
the images in panels A to C. (H) Total cartilage area and (l) area fraction of the toluidine blue positive area were calculated in the
ROls. Each bar on the graph represents mean = standard error of the mean (SEM) for n = 6 per group. HBM, high bone mass; TM),
temporomandibular joint; EXP, experimental group; CTRL, control group; ROI, region of interest; TB, temporal bone; AD, articular

disc; MCC, mandibular condylar cartilage.

tidemark that denotes the interface between unmineralized
and mineralized cartilage, into the subchondral bone. Mild
fibrillations without loss of cartilage were noted in the
EXP-A group, which led to a slightly higher OARSI histo-
logic score in both experimental groups compared with the
control group (Fig. 2G).

Toluidine blue staining showed a trend similar to safra-
nin-O with increased staining in EXP-A and EXP-G com-
pared with CTRL animals that extended well beyond into
the subchondral bone (Fig. 3A-C). Comparing the middle
third ROIs, increased cellularity in the deeper layers of
the MCC and increased proteoglycan accumulation were
observed in the EXP-A (Fig. 3D) and EXP-G (Fig. 3E)
groups compared with the CTRL (Fig. 3F) group. The
border of the MCC was outlined in mid-sagittal histologic
sections from all groups in ImageJ (Fig. 3G). Both total

cartilage area and the toluidine blue—positive area were sig-
nificantly increased in EXP-A and EXP-G compared with
CTRL animals (Fig. 3H and I).

Serial sagittal sections were used for immunohistochem-
ical localization of Lrp5 and Sost in the MCC (Fig. 4A and
B). Both Lrp5 and Sost were increased in EXP-G compared
to the CTRL group (Fig. 4C-F). This increase was noted in
the articular, proliferative and chondrocytic layers of the
MCC with decreasing expression in the hypertrophic cells
closer to the tidemark.

Fluorescent bone labels were analyzed in sagittal sec-
tions of the TMJ. Greater separation was seen between
calcein and alizarin complexone (AC-Cal) compared with
alizarin and demeclocycline (Dem-AC) (Fig. SA). Both the
interlabel width (iL.Wi) (Fig. 5B) and the mineral apposi-
tion rate (MAR) (Fig. 5C) were increased in the EXP groups
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Figure 4. Increased expression of Lrp5 and sclerostin (Sost) in the MCC in Lrp5-HBM mice. Immunohistochemistry for Lrp5 (A, B)
and Sost (C, D) in the middle third of serial sagittal sections of the MCC. HBM, high bone mass; MCC, mandibular condylar cartilage.
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Figure 5. Subchondral bone mineralization in Lrp5-HBM mice. (A) Expression of fluorescent bone labels calcein (Cal; green), alizarin
complexone (AC; red), and demeclocycline (Dem; yellow) in an experimental animal. (B) Interlabel width (iL.Wi) and (C) mineral
apposition rate (MAR) were calculated. Each bar on the graph represents mean = standard error of the mean (SEM) for n = 4 per
group. HBM, high bone mass; TB, temporal bone; AD, articular disc; MCC, mandibular condylar cartilage; AC-Cal, separation between
alizarin complexone and calcein; Dem-AC, separation between demeclocycline and alizarin complexone.

compared with the CTRL group. This indicated increased
endochondral maturation in the Lrp5-HBM animals
between the ages of 3.5 and 7.5 weeks.

Discussion

Most synovial joints develop from dedicated hyaline carti-
lage masses and are classified as primary cartilaginous

joints. On the other hand, the MCC of the TMJ is a second-
ary cartilage that develops in response to functional require-
ments.!8 The mandibular condyle is an important growth site
in the craniofacial skeleton, and the cellular organization of
the MCC highlights its dual role as an articulating joint sur-
face and growth plate cartilage. Based on cellular morphol-
ogy and the expression of characteristic proteins, the MCC
is divided into 4 layers.!® The superficial articular layer is
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composed of fibroblastic cells that provide protection to the
joint. The underlying proliferative and cartilaginous layers
are composed of osteo-chondro-progenitor cells and chon-
drocytes, respectively. Terminally differentiated hypertro-
phic chondrocytes comprise the fourth layer. During growth
and function, cellular proliferation and maturation maintain
the separation between the cartilaginous and bony compart-
ments of the TMJ. However, when the functional remodel-
ing capacity of the joint is exceeded, joint damage and
subsequent osteoarthritic changes can be seen.!®

In our study, the micro-CT parameters showed an
increase in mineralized trabecular bone in the mandibular
condyle from LrpS-HBM mice. To the best of our knowl-
edge, this is the first report of the effect of gain-of-function
mutations in Lrp5 on the TMJ. Previously, similar changes
were reported in the femoral and vertebral trabecular bone
compartments of LrpS-HBM mice.2® Increased trabecular
thickness and decreased trabecular spacing were also con-
sistent in both studies. As endochondral maturation at the
condyle contributes to mandibular growth, these changes in
the subchondral bone could explain the enlargement of the
mandible that is clinically seen in some patients with
LRP5-HBM 21.22

We next analyzed if the changes in the bony compart-
ment of the TMJ carried over to the cartilaginous compart-
ment (MCC). Intense safranin-O staining suggestive of
increased proteoglycan accumulation in both LrpS-HBM
groups extended through the proliferative, cartilaginous,
and hypertrophic layers of the MCC. These results comple-
ment the findings of Schumacher e al.2> who showed that
conditional deletion of Lrp5 decreases safranin-O staining
in the articular cartilage. Most of the evidence in the litera-
ture, however, suggests that Lrp5 mediates osteoarthritic
cartilage destruction.242¢ Using the OARSI histologic scor-
ing system, we found minimal, early signs of structural
changes in the MCC. The most likely reason for this is that,
in the Lrp5-HBM mice, TMJ loading during routine func-
tion is within the functional adaptive remodeling capacity
of the joint.!® If either excessive external pressure is applied
or as the remodeling capacity of the joint decreases with
age,?’” more cartilage damage can be expected. We plan to
focus on these in future studies.

We found increased cartilage thickness and proteoglycan
accumulation in the MCC in both experimental groups
compared with the control animals. Although there is little
information in the literature about joint cartilage in Lrp5-
HBM mice, our results are similar to previous studies that
applied external mechanical loading to the TMJ.16:28 In
those reports, the authors attributed the expansion of the
unmineralized and mineralized cartilage components to an
adaptation of the MCC to the mechanical stimulus. Similar
to that static loading model, we believe that the increased
bone mass in the craniofacial skeleton of the Lrp5-HBM
mice forms a dynamic loading model. Thus, the increase in

total cartilage area as well as chondrogenic differentiation,
are adaptive responses of the MCC to its altered functional
demands. The irregular tidemark in the experimental group
also highlights a disturbance in the delicate balance between
unmineralized and mineralized cartilage in these animals.

In our study, cells in the articular, proliferative, and carti-
laginous layers of the MCC demonstrated increased Lrp5
expression. Interestingly, expression of Sost, a Wnt inhibi-
tor, was also increased and appeared to be co-localized with
Lrp5. This is because the mutant Lrp5 protein that is overex-
pressed in the HBM mice has decreased binding affinity for
Sost.2? Thus, even though the secretion of Sost ramps up to
counteract increased Lrp5, the result is an accumulation of
both Lrp5 and Sost. Additionally, increased Sost expression
by articular chondrocytes has been shown to protect against
cartilage destruction in OA.3% This could also explain the
minimal deleterious structural changes in the articular carti-
lage in our study, despite the high levels of Lrp5.

Conclusion

This study demonstrates that overexpression of Lrp5
affects both the subchondral bone and the mandibular con-
dylar cartilage of the TMJ. Increases in subchondral bone
micro-CT parameters, cartilage thickness, and cartilage
proteoglycan accumulation, are some of the adaptive
responses of the TMJ that prevent cartilage degradation by
maintaining a balance between unmineralized and mineral-
ized cartilage. Based on these results, future research will
focus on the effects of varying age, gender, and mechanical
loading on the TMJ in Lrp5-HBM mice. Inflammatory
mediators and bone resorption markers at the tidemark will
also be analyzed.
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