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Abstract

The mandibular condylar cartilage (MCC) is derived from periosteum and undergoes 

endochondral ossification during growth. Growth and remodeling of periosteal-derived bone is 

known to be modulated by estrogen signaling. Estrogen receptor alpha (ERα) and beta (ERβ) are 

the two main transmembrane receptors that mediate the majority of estrogen’s effects. In the 

appendicular skeleton, estrogen via ERα receptor signaling has been shown to mediate 

endochondral growth plate fusion in both males and females. However, the role of ERα in 

mediating growth of the mandibular condylar cartilage is unknown. To this end, we have 

characterized mandibular condylar cartilage growth in young (49 day-old) and adult (9 month-old) 

male ERαKO mice. In young mice, a significant increase in the number of mandibular condylar 

cartilage cells and a significant decrease in the expression of Col10, Runx2, and DMP1 was 

observed in the male ERαKO mice compared to WT. In 9 month old mice, we found a similar 

increase in the number of cells but no change in osteoarthritic histological scoring in ERαKO mice 

compared to WT mice. In summary, estrogen plays a role in mediating mandibular condylar 

maturation in young male mice. However, according to this study, it does not play a role in 

mediating long term growth or age-related mandibular condylar cartilage degeneration in males.
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Introduction

It has been estimated that 10% of the US population has mandibular condylar cartilage 

growth abnormalities1, 2 and 70% of people over the age of 70 have radiographic evidence of 

TMJ degeneration.3 Thus, an understanding of parameters that regulate MCC growth is 

imperative for therapies to address growth abnormalities and age-related TMJ osteoarthritis.
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Unlike most hyaline articular cartilages of the appendicular joints, the mandibular condylar 

cartilage (MCC) is derived from periosteal tissue and comprised of fibrocartilage.4 In the 

appendicular skeleton, estrogen signaling is known to mediate growth plate fusion. Estrogen 

signals through two receptor isoforms, estrogen receptor alpha (ERα) and beta (ERβ). 

Estrogen via ER alpha has been shown to irreversibly deplete growth plate resting zone cells 

and cause growth plate fusion in both sexes.4–7 In contrast, the role of estrogen receptor 

signaling in mediating TMJ growth is not fully deciphered. Ovariectomy has been shown to 

cause an increase in mandibular condylar cartilage thickness and an increase in proliferation 

that is reversed by estrogen replacement.8–10 We have previously found that ERβ deficiency 

results in an increase in mandibular condylar growth in young female but not in male 

mice.8, 11 However the role of ERα in mediating mandibular condylar growth and age-

related TMJ degeneration is unknown.

Female ERαKO mice are associated with increased estrogen levels which may mask the 

mandibular condylar cartilage phenotype.12 Male ERαKO do not experience these increased 

levels. Thus, this study focuses on the characterization of the mandibular condylar 

phenotype in male mice. Specifically, changes to MCC thickness, cell number, cell density, 

cartilage-specific gene expression, and OARSI scores were investigated for 49-day and 9-

month old male ERαKO and WT mice. Greater understanding of the role of estrogen 

receptor alpha in mediating mandibular condylar cartilage growth is critical in order to 

develop therapeutic intervention to promote mandibular condylar growth in craniofacial 

patients and to examine age-related TMJ degeneration

Materials and Methods

Mice

All experiments were performed based on approved animal welfare protocols from the 

Institutional Animal Care and Use Committee (IACUC, protocol #AAAH9166) from 

Columbia University. Breeding pairs of C57BL/6 ERαKO mice (heterozygous male, 

heterozygous female) were donated by Dr. Kenneth Korach from the National Institute of 

Environmental Health Sciences at the National Institutes of Health. Mice were genotyped 

and WT and homozygous ERαKO male mice were utilized for this study. Mice for 

histological analysis were injected intraperitoneally with 0.1 mg bromodeoxyuridine (BrdU) 

per gram body weight at 3 and 19 hours prior to euthanasia to track proliferating cells. Mice 

were sacrificed at 49 days (histological analysis: WT n = 5 and ERαKO n = 6; gene 

expression: WT n = 6 and ERαKO n = 7) or 9 months (histological analysis: WT n = 3 and 

ERαKO n = 6; gene expression: WT and ERαKO n = 7) for phenotypic analysis.

Histology and Histomorphometry

Histomorphometry techniques were employed to determine a global estrogen receptor alpha 

knockout phenotype in the mandibular condylar cartilage of male mice. Whole mouse heads 

were processed for histology as previously described.11 Sagittal serial sections of 5 μm 

thickness were made of the TMJ utilizing a Microm HM 355s microtome (Thermo Fisher 

Scientific, Waltham, MA, USA). Three to five sections from the sagittal plane representing 
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the mid-coronal portion of the mandibular head were stained with hematoxylin and eosin 

(H&E) and Safranin-O (SafO) and used as the representative central sections for analysis.

Histomorphometry measurements were completed in a blinded, non-biased manner using the 

BioQuant computerized image analysis system (BioQuant, Nashville, TN, USA) and ImageJ 

(NIH). Cartilage thicknesses were determined within the cartilage region that was outlined 

from anterior to posterior to include all tissue that contained hypertrophic chondrocytes. 

Average thicknesses were taken for 3–5 sections per mouse and averaged within the group to 

determine overall average WT and ERαKO thicknesses. ImageJ was utilized to determine 

total cell numbers, cell density, hypertrophic cell numbers, and terminal hypertrophic cell 

diameter within the outlined cartilage region. Cell density was obtained by determining the 

total cells within the region and dividing by the total surface area within the region. Further 

histomorphometric analysis of the hypertrophic cells was conducted on 49-day samples. 

Hypertrophic cells were operationally defined as ≥ 10 μm as previously defined.13 Lastly, 

terminal hypertrophic cell diameter was determined following an adapted protocol from 

Weise et al.14 Specifically, the cartilage region was divided into 5 equally wide columns. 

Within each column, the terminal hypertrophic cell was defined as the last cell in the 

cartilage lacuna (light pink from eosin stain) adjacent to the subchondral bone (dark pink 

from eosin stain). The diameters of each of the 5 terminal hypertrophic chondrocytes were 

averaged for each section, averaged for each mouse, and averaged for each genotype.

BrdU Immunohistochemistry

BrdU immunohistochemical analysis to determine proliferating cells was completed using a 

BrdU staining kit following the manufacturer’s instructions (Invitrogen Corporation, 

Camarillo, CA, USA). To quantify BrdU, the labeling index (number of BrdU positive cells 

divided by the total number of cells) was calculated. Three to five sections, corresponding to 

the same anatomical region utilized to determine total cell number (mid-coronal), were 

counted for each group and the average index of these sections was used for the labeling 

index.

mRNA Extraction and Gene Expression

At both time points, mRNA from the mandibular condylar cartilage was isolated, purified 

and converted to cDNA as described 11. Real-time polymerase chain reaction (RT-PCR) was 

conducted to assess the relative levels of genes of interest using the ViiA™ 7 Real-Time 

PCR System (Applied Biosystems, Life Technologies) following the protocol detailed in 

Chen et al.11 Expression of each gene of interest was determined relative to the Gapdh 

housekeeping gene (MM99999915_g1) utilizing the ΔΔCT method. Gene expression was 

analyzed for the following markers: parathyroid hormone-related peptide 

(Mm00436057_m1), indian hedgehog (Mm00439613_m1), SRY-box containing gene 9 

(MM00448840_m1), collagen type II (Mm00491889_m1), sclerostin (Mm00470479_m1), 

collagen type X ( Mm00487041_m1), vascular endothelial growth factor 

(Mm00437304_m1), runt-related transcription factor 2 (Mm00501578_m1), dentin matrix 

acidic phosphoprotein 1 (Mm00803833_g1), aggrecan ( Mm00545794_m1), matrix 

metalloproteinase 13 and 3 (Mm00439491_m1, Mm00440295_m1). All primers were 

purchased from Applied Biosystems.

Robinson et al. Page 3

Orthod Craniofac Res. Author manuscript; available in PMC 2017 August 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



OARSI Scoring

OARSI recommendations for histological scoring for osteoarthritic changes to cartilage in 

the mouse were employed.15 Three to five sections from the 9 month samples stained with 

safranin O were analyzed. Specifically, the depth of each cleft was determined and divided 

by the total cartilage thickness to determine the percentage of cleft penetration using ImageJ. 

These values were then averaged for each mouse and then averaged for each genotype.

Statistical Analysis

Values are presented as the mean ± standard deviation. Sample sizes are listed in the mice 

section of the methods. Statistical significance of differences among means was determined 

by a Student’s t-test. Statistical significance was defined by a 95% confidence interval (*p < 

0.05) or a 99% confidence interval (^p < 0.01) as indicated in the figure legends.

Results

ERα deficiency inhibits mandibular cartilage maturation in young male mice

Representative H&E and safranin O images are shown in Figure 1A. Histomorphometric 

analysis revealed that 49 day-old ERαKO mice had a significant increase in the number of 

cells (Figure 1C), an increase proliferation (Figure 1G) and a decrease in the number of 

hypertrophic chondrocytes (Figure 1E) compared to male WT mice.

Results from real time PCR investigating mature (Figure 1H) and hypertrophic chondrocyte 

markers (Figure 1I) revealed a significant decrease in Sox9 and the hypertrophic maturation 

markers Col10, Runx2, and DMP1 with no significant change in the other markers of 

chondrocyte maturation in the male ERαKO mice compared to male WT mice.

9 month old male ERαKO mice have increased cell numbers but similar size and 
degeneration compared to male WT mice

Representative H&E and safranin O images of 9-month ERαKO and WT MCC are shown in 

Figure 2A. At 9 months of age, male ERαKO mice exhibited a significant increase in cell 

numbers and cell density compared to the male WT mice (Figure 2C and 2D).

Both WT and ERαKO male mice exhibited similar OARSI scores of 3.5 and 3, respectively, 

(Figure 2G) with no significant difference in chondrogenic or matrix enzyme gene 

expression (Figure 2E and 2F).

Discussion

In the appendicular skeleton, ERα deficiency has been shown to cause conflicting results in 

the growth plate of young male mice. For example, young male global ERαKO mice have a 

decrease, Col2 promoter-induced conditional ERαKO mice have no change, and osteocalcin 

promoter induced conditional ERαKO have increased femoral length.6, 12 In this study, our 

results are similar to what was found in the global ERαKO. However hormonal alterations 

of decreased IGF in the global ERαKO mice may be masking the local effect of ERα 
signaling in the mandibular condylar cartilage. Therefore, future studies using mandibular 
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condylar cartilage-specific ERαKO mice that exhibit minimal hormonal alterations are 

needed in order to decipher the local role of ERα signaling in mandibular condylar cartilage 

growth.

Adult 9-month old ERαKO mice exhibited an increase in cell numbers and cell density in 

the mandibular condylar cartilage but no change in mandibular condylar cartilage thickness 

compared to age-matched male WT mice. The role of ERα in mediating axial skeletal 

growth in older male mice has not been described. In the female femur growth plate 

cartilage, it was shown that mice with cartilage specific ERα deletion had increased growth 

plate cartilage thickness at 1 year of age6 and global ERαKO female mice had increased 

femoral growth at 16–18 months of age.16 In the growth plate resting zone, there are a finite 

number of progenitor cells. Growth plate fusion involves depletion of these resting zone 

progenitor cells.17 In the long bone growth plate cartilages, estrogen via ERα promotes 

resting zone progenitor cell depletion and subsequent growth plate fusion.4, 6 In contrast, the 

mandibular condylar cartilage does not fuse and it appears that growth may continue after 

appendicular skeletal maturation.18 Therefore, it is probable that the number of progenitor 

cells in the MCC are not finite such that normal depletion does not occur until after 9 

months in mice. Additional studies are needed to examine if ERα deficiency promotes 

growth in male mice past 9 months of age.

We have previously found that male and female WT mice develop signs of TMJ-OA at 6–9 

months of age.19 In this study, we did not find any significant difference between TMJ OA 

scores between 9 month old male WT and male ERαKO mice. Previous work in female 

ERαKO mice illustrated no difference in cartilage degeneration scores but increased 

osteophyte formation in 6 month old ERαKO mice compared to WT mice.20 One of the 

hallmarks of TMJ-OA is acellularity of the cartilage.19 Therefore, it would be interesting to 

examine OA scores in older ERαKO mice to see if the increase in cell numbers we observed 

at 9 months has a protective role in age-related TMJ degeneration.

In summary, estrogen plays a role in mediating mandibular condylar maturation in young 

male mice. However, according to this study, it does not play a role in mediating long term 

TMJ growth or age-related mandibular condylar cartilage degeneration in males.

Clinical Relevance

The use of ERα antagonists to promote mandibular condylar growth or to prevent TMJ 

degeneration in males is not justified. However, the use of an estrogen receptor antagonist 

and/or agonist to promote or inhibit chondrocyte maturation may be an exciting option for 

MCC regenerative therapies.
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Figure 1. Histomorphometric and gene expression analysis of 49-day WT and ERαKO male 
mandibular condylar cartilage
Representative H&E and SafO images for WT and ERαKO samples (A). The lines highlight 

the cartilage region measured. Histomorphometric analysis was conducted using ImageJ to 

determine cartilage thickness (B), total cell numbers (C), total cell density (D), hypertrophic 

cell numbers (E) and terminal hypertrophic cell diameter (F). Proliferating cells were 

marked with BrdU, counted, and normalized to total cell number (G). Real time PCR 

analysis of chondrocyte genes (H) and hypertrophy markers (I). For histomorphometric data, 

WT n=5 and ERαKO n = 6 and *p < 0.05, ^p < 0.01. For gene expression data, WT n=6 and 

ERαKO n = 7 and *p < 0.05, ^p < 0.01.
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Figure 2. Histomorphometric, gene expression, and OARSI scoring analysis of 9-month WT and 
ERαKO male mandibular condylar cartilage
Representative H&E and SafO images for WT and ERαKO samples (A). The lines highlight 

the cartilage region measured. Histomorphometric analysis was conducted using ImageJ to 

determine cartilage thickness (B), total cell numbers (C), and total cell density (D). Real 

time PCR analysis of chondrocyte-specific matrix genes (E) and MMPs (F). OARSI 

osteoarthritic scoring for WT and ERαKO 9-month mice (G). For histomorphometric and 

OARSI scoring data, WT n=5 and ERαKO n = 6 and *p < 0.05, ^p < 0.01. For gene 

expression data, WT n=6 and ERαKO n = 7 and *p < 0.05, ^p < 0.01.
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