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Abstract
Objective. This study aimed to isolate and compare the mesenchymal stem cell characteristics of CD90+ cells from different 
fibrocartilage tissues in the temporomandibular joint (TMJ), the knee joint, and the intervertebral joint to further understand 
the similarities and differences of these 4 fibrocartilage tissues. Methods. CD90+ cells were isolated from TMJ disc, condylar 
cartilage, meniscus, and intervertebral disc by using magnetic-activated cell sorting. Cellular assays including 4.5-ethynyl-2′-
deoxyuridine labeling, multilineage differentiation, colony formation, and cell migration were conducted to compare their 
mesenchymal stem cell characteristics. Immunofluorescent staining was performed for observing the expression of actively 
proliferating CD90+ cells within the tissues. H&E staining and Safranine O staining were used to compare the histological 
features. Results. The CD90+ cells derived from these 4 fibrocartilage tissues exhibited comparable cell proliferation 
abilities. However, the cells from the TMJ disc displayed limited multilineage differentiation potential, colony formation, 
and cell migration abilities in comparison with the cells from the other fibrocartilage tissues. In vivo, there was relatively 
more abundant expression of CD90+ cells in the TMJ disc during the early postnatal stage. The limited EDU+ cell numbers 
signified a low proliferation capacity of CD90+ cells in the TMJ disc. In addition, we observed a significant decrease in cell 
density and a restriction in the synthesis of extracellular proteoglycans in the TMJ disc. Conclusion. Our study highlights the 
spatial heterogeneity of CD90+ cells in the fibrocartilages of different joint tissues, which may contribute to the limited 
cartilage repair capacity in the TMJ disc.
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Introduction

Fibrocartilage is a common tissue type that is found in vari-
ous anatomical locations, including the intervertebral disc 
(IVD), meniscus, temporomandibular joint (TMJ) disc, 
condylar cartilage, and tendon-bone junctions. Unlike hya-
line cartilage, fibrocartilage is composed of both cartilagi-
nous and fibrous tissue, and is considered a transitional 
tissue between hyaline cartilage and dense regular connec-
tive tissues, such as tendons and ligaments.1 In addition, 
fibrocartilage contains high levels of type I collagen, along 
with type II collagen and a small amount of ground sub-
stance.1 Its primary function is mechanical, and it is able to 
withstand both compressive and tensile forces. Disruption 
of homeostasis in articular cartilage can occur due to injury 
or with increasing age. Post-injury fibrocartilage repair con-
tinues to be a challenge. Due to the lack of vascularization, 
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low chondrocyte density, and high matrix-to-cell ratio, car-
tilage has limited regenerative capabilities after injury.2 
Moreover, since cartilage is aneural, symptoms usually 
appear only after significant structural destruction of the 
matrix.3 As a result, damage and degeneration of fibrocarti-
lage, which can include meniscus injuries, temporoman-
dibular joint disorders (TMDs), and intervertebral disc 
degeneration (IDD), can lead to severe tissue loss and dis-
ability, thus significantly affecting the productivity and 
quality of life of patients ranging from children to the 
elderly.

Interestingly, the prevalence of fibrocartilage damage 
and degeneration varies across age groups. TMD has a 
higher prevalence in young and middle-aged adults, with 
the peak occurrence being between 20 and 40 years of age.4 
The most prevalent TMD condition is displacement of the 
TMJ anterior disc displacements with reduction, followed 
by degenerative joint disease.5 In comparison, meniscus 
injuries are more commonly observed in younger popula-
tions with physically demanding occupations, as well as in 
older populations.6,7 IDD has been identified in childhood, 
but its prevalence increases with age, with the highest rate 
found in the elderly.8-10 These differences in age-specific 
prevalence suggest that there is a heterogeneity among the 
fibrocartilage tissues and that the peak ages for the preva-
lence of TMD are earlier than those for meniscus injuries 
and IDD. It is generally believed that injuries are better 
repaired at a younger age because these patients have more 
progenitor cells. However, the peak prevalence of TMD 
was observed in young and middle-aged populations. The 
potential underlying reasons for this phenomenon are com-
plex and may include factors such as orthodontic misalign-
ment,11 oral habit activities (e.g., gum chewing, pen 
biting),12 and psychological factors.13 Nonetheless, the 
present findings suggest that repair after a TMJ injury 
remains challenging.14

Stem/progenitor cells have been identified as the most 
suitable cell type for repair after cartilage injuries due to 
their availability and the lack of donor morbidities.15 Several 
studies have shown that populations of stem/progenitor 
cells reside in fibrocartilage.16-18 One classical marker of 
mesenchymal stromal cells (MSCs) in fibrocartilage is clus-
ter of differentiation 90 (CD90). CD90 has been implicated 
in MSCs’ ability to interact with the extracellular matrix 
(ECM), modulate immune responses, and promote tissue 
regeneration; in addition, it is involved in various cellular 
processes, including cell adhesion, migration, proliferation, 
and signaling.19 Based on the CD90+ cells in fibrocartilage 
from previous research,20-22 our study isolated the stem/pro-
genitor cells (CD90+ cells) from the fibrocartilages in the 
mouse TMJ disc, condylar cartilage, meniscus, and IVD to 
compare similarities and differences, aiming to enhance the 
understanding of these tissues in clinical prognoses and 
research.

Materials and Methods

The study was performed in accordance with the recom-
mendations from the Guide for the Care and Use of 
Laboratory Animals of Sichuan University. The animal pro-
cedures were performed according to protocols that were 
approved by the Animal Ethics Committee of Sichuan 
University (WCHSIRB-D-2020-476) and followed the 
guidelines of Animal Research: Reporting of In Vivo 
Experiments.

Animals

C57BL/6 wild-type mice were purchased from 
ENSIWEIER (Chengdu, China) and housed in individu-
ally ventilated cages (5 mice/cage) under pathogen-free 
conditions in a temperature-controlled facility (22 ± 
1°C, 12-hour light/dark cycle) with free access to stan-
dard food and water. The TMJ disc, condylar cartilage, 
meniscus, and IVD were all harvested from the same 
animal and collected at the same time. All the male/
female mice were wild-type mice selected from different 
litters randomly. Three-day-old to 1-week-old mice 
were both male and female. Three-week-old, 8-week-
old, and 26-week-old mice used for the experiments 
were males to avoid the potential impact of estrogen on 
bone. All the mice were anesthetized by isoflurane 
before sacrificed.

Cell Isolation and Culture

CD90+ cells were isolated from newborn mice (3-day-old 
to 1-week-old), as stem/progenitor cells are more abundant 
in fetal and young tissues. CD90+ cells were obtained via a 
magnetically activated cell sorting (MACS) method and 
then cultured in vitro (Fig. 1A and B). First, all the tissues 
were dissected into 1 × 1 mm2 pieces and immediately 
placed in phosphate-buffered saline (PBS) solution. Then, 
the tissues were digested in 4 mg/ml pronase (10165921001; 
Roche, Switzerland) for 1 hour and 2 mg/ml collagenase P 
(11213857001; Roche, Switzerland) for 1 hour at 37°C with 
shaking. All the pronase and collagenase were from the 
same batch. After filtering to remove tissue debris, the cells 
were harvested and resuspended in a MACS buffer (PBS 
supplemented with 0.5% bovine serum albumin [BSA] and 
2 mM ethylenediaminetetraacetic acid [EDTA]). MACS 
was performed with CD90.2 microbeads (130-121-278; 
Miltenyi Biotec, Germany) to isolate the CD90+ stem/pro-
genitor cells. The CD90+ cells were cultured in complete 
alpha Dulbecco’s Modified Eagle Medium (αMEM) 
(C12571500BT; Gibco, USA) with 20% fetal bovine serum 
(FBS) (10091148; Gibco, USA) and 1% penicillin/strepto-
mycin (15140122; Gibco, USA) at 37°C in a humidified 
incubator containing 5% CO2. The medium was exchanged 
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Figure 1. G rowth and proliferation of CD90+ cells from the TMJ disc, condylar cartilage, meniscus, and IVD in vivo. (A) The 
workflow of the CD90+ cell retrieval strategy. (B) The TMJ disc, condylar cartilage, meniscus, and IVD were harvested from 3-day-
old to 1-week-old mice. Scale bar = 200 μm. (C) CD90+ cells that were observed under light microscopy on day 1, day 2, and day 3. 
Scale bar = 200 μm. (D) Cell growth curve of the CD90+ cells. N = 6 biological replicates. Data are presented as the mean ± SD.  
A 2-way ANOVA with Tukey’s multiple comparison test was used for the data analysis. (E) Cell proliferation according to EdU 
staining. EdU: slow-cycling cells (green). DAPI: cell nuclei (blue). Scale bar = 250 μm. (F) Quantification of the EdU+ cells% (mean ± 
SD) in CD90+ cells. N = 3 biological replicates. A 1-way ANOVA was used for the analysis. CD90 = cluster of differentiation 90; TMJ 
= temporomandibular joint; IVD = intervertebral disc; SD = standard deviation; ANOVA = analysis of variance; EdU = 4.5-ethynyl-
2′-deoxyuridine.
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completely every 3 days. When the cultures reached 75% 
confluence, the cells were subcultured using 0.25% trypsin-
EDTA (25200072; Gibco, USA).

4.5-Ethynyl-2′-Deoxyuridine Labeling

C0071 BeyoClickTM 4.5-ethynyl-2′-deoxyuridine (EdU)-
488 was used to measure the proliferation capacity of the 
cells in in vitro experiments. When the CD90+ cells reached 
50% confluence, 10 μM EdU was added to the culture 
medium and incubated for 4 hours. The cells were then 
fixed with 4% paraformaldehyde (PFA) and incubated with 
Click Additive Solution. The nuclei were counterstained 
with 4′,6-diamidino-2-phenylindole (DAPI) (C0065; 
Solarbio, China).

For analysis of cell proliferation, 7-day-old mice were 
weighed and injected with 30 μg/g EdU (A10044; 
Invitrogen, USA) 24 hours prior to the time of sacrifice. 
EdU+ cells were detected with the Cell-LightTM EdU 
Apollo 488 In Vitro Kit (C10310-3; Ribobio, China) accord-
ing to the manufacturer’s protocol. EdU+ cells were visual-
ized and counted under a fluorescence microscope (DMi8; 
Leica, Germany).

Multilineage Differentiation Assay

For osteogenesis, when CD90+ cells had reached 60% to 
70% confluence, osteogenesis differentiation medium was 
added. This medium contained αMEM supplemented with 
10% FBS, 10−8 mol dexamethasone (D8040; Solarbio, 
China), 50 μg/m l-ascorbic acid (231406; J&K Scientific, 
China), and 10 mM β-glycerophosphate (G8100; Solarbio, 
China). After induction of osteogenesis for 3 weeks, the 
cells were fixed with 4% PFA and stained with 1% Alizarin 
red (G1452; Solarbio, China).

For chondrogenesis, CD90+ cells were pelleted in 
V-bottom 96-well plates (2.5 × 105 cells/well) via centrifu-
gation and cultured for 3 weeks. The chondrogenesis 
medium was the same as that described in a previous 
study.23 The pellets were fixed with 4% PFA and prepared 
for either paraffin or frozen embedded sections. Safranin O/
fast green staining (G1371; Solarbio, China) was then 
performed.

For adipogenic differentiation, adipogenesis-inducing 
media A and B were used, as described in a previous study.23 
When the CD90+ cells had reached 80% to 90% conflu-
ence, medium A was added and cultured for 2 days, then 
replaced with medium B for 6 days. Lipid droplets were 
visualized under a light microscope and analyzed via Oil 
Red O staining.

Colony Formation Assay

CD90+ cells were harvested in the logarithmic phase and 
cultured in 6-well plates (800 cells per well). After culturing 

for 12 days, the cells were fixed with 4% PFA and stained 
with 0.1% crystal violet dye.

Cell Migration Assay

To analyze the cell migration, 2 × 104 cells, in serum-free 
medium, were seeded into the upper chamber. A medium 
containing 20% FBS was added to the lower chamber to 
serve as a chemoattractant. After 48 hours of incubation, the 
upper chamber was removed and washed with PBS. The 
cells were then fixed with PFA and stained with 0.1% crys-
tal violet. The cells in the upper chamber that did not 
migrate were gently wiped off with a cotton swab, and the 
number of cells that migrated were counted under a 
microscope.

Flow Cytometry

Tissues were isolated from 3-day-old to 1-week-old 
C57BL/6 mice and cut into small pieces. Next, the pieces 
were digested with pronase for 1 hour and collagenase P for 
1 hour, as previously described. For the flow cytometric 
analysis, the cells were immunolabeled with 3.5 μl of 
CD90.2 fluorescent conjugated antibodies (105316; 
Biolegend, USA) or isotype-matched IgG controls (400625; 
Biolegend, USA) for 30 minutes on ice. Flow cytometry 
(FCM) was performed using a flow cytometer (AttuneTM 
NxT Flow Cytometer; Thermo Fisher Scientific, USA). The 
sample gating strategies for all FCM experiments are shown 
in Figure 3A.

Histology

Tissue samples were fixed in 4% PFA, decalcified in EDTA, 
and prepared for either paraffin or frozen embedded sec-
tions. Tissue sections were stained with hematoxylin and 
eosin (BL700A; Biosharp, China) and Safranin O/fast green 
staining.

Immunofluorescence Staining
Cryosections were immunofluorescence-stained following 
standard protocols. Permeabilization was performed with 
0.5% Triton in PBS. The samples were blocked with 5% 
goat serum in 3% BSA in PBS for 1 hour at room tempera-
ture. CD90.2 (14-0902-82; Invitrogen, 1:100, USA) was 
incubated at 4°C overnight. Goat anti-rat Alexa fluor 488 
(a23240; Abbkine, 1:500, USA) was incubated for 1 hour. 
DAPI was used for counterstaining.

Statistical Analysis

Each experiment contained at least 3 independent bio-
repeats. Results were given as means and standard deviations 
(SDs). Two blinded and independent observers performed 
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Figure 2.  CD90+ cells exhibited distinct progenitor characteristics from the fibrocartilage of different joints. Multipotential 
differentiation in vitro (A-F). (A) Alizarin Red staining demonstrating calcium deposition in osteogenic media. Scale bar = 250 μm.  
(B) The percentage of the Alizarin Red+ area was quantified with ImageJ. Data are presented as the mean values ± SD. N = 5 

(continued)
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biological replicates. Significance was assessed with 1-way ANOVA. *** (Knee meniscus vs. TMJ condyle) P = 0.0001, *** (knee 
meniscus vs. IVD) P = 0.0002, ****P < 0.0001. (C) Safranin O immunostaining showing the chondrogenic potential in pellet cultures. 
Scale bar = 250 μm. (D) The percentage of the Safranin O+ area was quantified with ImageJ. Data are presented as the mean values 
± SD. N = 3 biological replicates. Significance assessed with 1-way ANOVA. *** (TMJ disc vs. knee meniscus) P = 0.0006, **(TMJ disc 
vs. IVD) P = 0.0033, ** (knee meniscus vs. TMJ condyle) P = 0.0029, *(TMJ condyle vs. IVD) P = 0.0188. (E) Oil red O staining in lipid 
droplets in adipogenic media. Scale bar = 50 μm. (F) The percentage of the Oil red O + area was quantified with ImageJ. Data are 
presented as the mean values ± SD. N = 5 biological replicates. Significance was assessed with 1-way ANOVA. ****P < 0.0001.  
(G) Clonogenicity according to the colony-forming assay. Scale bar = 250 μm. (H) Numbers of colonies quantified with ImageJ. Data 
are presented as the mean values ± SD. N = 3 biological replicates. Significance was assessed with 1-way ANOVA. * (TMJ disc vs. 
knee meniscus) P = 0.0115, **(TMJ disc vs. IVD) P = 0.0017, ** (TMJ condyle vs. IVD) P = 0.0097. (I) Schematic illustration of the 
different parts of the Transwell system (top). Micrographs of the CD90+ cells in different groups at the bottom of the Transwell 
culture migration chamber. Scale bar = 50 μm. (J) The cell numbers of the migrated cells were quantified with ImageJ. Data are 
presented as the mean values ± SD. N = 5 biological replicates. Significance was assessed with 1-way ANOVA. CD90 = cluster of 
differentiation 90; SD = standard deviation; ANOVA = analysis of variance; TMJ = temporomandibular joint; IVD = intervertebral 
disc. ****P < 0.0001.

Figure 2. (continued)

Figure 3. T he proportion of CD90+ progenitors in the fibrocartilage of different joints in vivo. (A) Gating strategies in flow 
cytometry. The forward scatter (FSC) versus side scatter (SSC) gating strategy was used to exclude cell debris and dead cells, which 
tended to have lower forward-scatter levels and are found at the bottom-left corner of the FSC versus SSC density plot. Apoptotic 
cells tended to have a lower FSC and higher SSC. The FCS-A versus FSC-H gating strategy was used to exclude doublets and to 
screen out single cells. Each test had a blank control that was used to screen out positive cells. (B) Flow cytometric plot of CD90+ 
cells in different fibrocartilages. (C) The percentage of CD90+ cells (mean ± SD). N = 3 biological replicates. A 1-way ANOVA with 
Tukey’s multiple comparison test was used for the analysis. CD90 = cluster of differentiation 90; SD = standard deviation; ANOVA 
= analysis of variance; TMJ = temporomandibular joint; IVD = intervertebral disc. *** (TMJ disc vs. knee meniscus) P = 0.0003, ** 
(knee meniscus vs. TMJ condyle) P = 0.0013, *** (TMJ condyle vs. IVD) P = 0.0002, ****P < 0.0001.
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the measurements. The staining results were analyzed with 
ImageJ software version 1.51 (Leeds Precision Instruments). 
The results of the FCM analyses were analyzed using FlowJo 
(version 10.6.2; Tree Star, USA). All statistical analyses were 
calculated using Prism 9 (GraphPad Software). The statisti-
cal significance of the differences among the 4 groups was 
determined by using 1-way analysis of variance (ANOVA) 
with Tukey’s multiple comparisons. The statistical differ-
ences in the cell density (Fig. 5B) and Safranine O+ area 
(Fig. 5D) at different ages and in the cell growth curves (Fig. 
1D) were determined by using 2-way ANOVA with Tukey’s 
multiple comparisons. Differences were considered statisti-
cally significant when the P value was <0.05.

Results

Growth and Proliferation of CD90+ Cells from 
the TMJ Disc, Condylar Cartilage, Meniscus, and 
IVD In Vitro

The proliferation rates of the CD90+ cells at P3 were evalu-
ated on day 1, day 2, and day 3. The growth curves of the 
CD90+ cells from the 4 fibrocartilage tissues showed simi-
lar trends, with rapid proliferation in the first 2 days, fol-
lowed by slower proliferation on day 3 (Fig. 1C and D). 
However, differences in cell morphology were observed 
during proliferation, with CD90+ cells from the TMJ disc 
and condylar cartilage, exhibiting a more “fibroblast-like” 
spindle shape, while CD90+ cells from the meniscus and 
IVD displayed a more rounded and “chondrocyte-like” 
shape (Fig. 1C).

At the same time, the EdU staining showed that there 
were no significant differences in the proliferation capacity 
of the CD90+ cells from the 4 fibrocartilage tissues (Fig. 1E 
and F). Our findings indicate that the CD90+ cells from all 
4 fibrocartilage tissues exhibited comparable cell prolifera-
tion abilities.

CD90+ Cells from the TMJ Disc had the 
Weakest Multilineage Differentiation Potential, 
Colony Formation Capacity, and Migration 
Abilities

To investigate the differentiation potential of the CD90+ 
cells from different fibrocartilages, we subjected them to 
osteogenic, chondrogenic, and adipogenic differentiation. 
The osteogenic differentiation was assessed according to 
the formation of calcified deposits that were stained with 
Alizarin Red. The CD90+ cells from TMJ disc and menis-
cus exhibited significantly reduced osteogenic differentia-
tion capacities compared to the condylar cartilage and IVD 
(Fig. 2A and B). Chondrogenic differentiation was verified 
according to the formation of Safranin O+ proteoglycan. 
The chondrogenic pellets from the TMJ disc and condylar 

cartilage had only limited Safranin O+ cells, while the pel-
lets from the meniscus and IVD had abundant proteogly-
can+ content (Fig. 2C and D). The adipogenic differentiation 
was evaluated according to the formation of Oil Red O+ 
lipid droplets. Only small amounts of Oil-Red-O-stained 
granules were detected in the TMJ disc and condylar carti-
lage, whereas they were distinctly observed in the meniscus 
and IVD (Fig. 2E and F).

The colony formation assay demonstrated that the num-
ber of colonies of CD90+ cells from the TMJ disc and con-
dylar cartilage had a more diffuse distribution and that 
fewer colonies were formed in comparison with the CD90+ 
cells from the meniscus and IVD (Fig. 2G and H). Similar 
to the primary cell culture, the colonies from the TMJ disc 
and condylar cartilage displayed a morphology of elon-
gated spindle-shaped cells, whereas the colonies from the 
meniscus and IVD displayed a rounded morphology (Fig. 
2G and H).

Transwell assay showed that the CD90+ cells from the 
TMJ disc and condylar cartilage had weaker migration than 
those from the meniscus and IVD (Fig. 2I and J).

These results supported that the CD90+ cells from the 
TMJ disc had the most limited multilineage differentiation 
potential, colony formation ability, and cell migration 
capacity compared to the cells from the other fibrocartilage 
tissues from different joints.

Heterogeneity of CD90+ Expression and 
Function in Different Fibrocartilages in the Joints 
of Postnatal Mice

Flow cytometric analysis indicated a significant increase 
in the number of CD90+ cells in the TMJ disc and condy-
lar cartilage compared to the meniscus and IVD (Fig. 3B 
and C).

Immunofluorescence staining showed the distribution 
of CD90+ cells in the different joint fibrocartilages (Fig. 
4A and B). The percentage of CD90+ cells was found to 
be consistently significantly higher in the TMJ disc and 
condylar cartilage than in the other fibrocartilages. 
However, there were fewer EdU+ cells in the TMJ disc 
than in the condylar cartilage (Fig. 4C). Co-staining 
showed that there were fewer CD90+ cells with a prolif-
erative status than were seen in the TMJ disc and the other 
fibrocartilages (Fig. 4D).

We further examined cell density in the different fibro-
cartilage tissues at different postnatal stages of mice. TMJ 
disc, condylar cartilage, meniscus, and IVD in 3-day-old, 
3-week-old, 8-week-old, and 26-week-old mice were col-
lected for H&E staining (Fig. 5A). Our analyses revealed 
that there were 2 distinct growth phases in all 4 fibrocarti-
lage tissues, with the early postnatal stage (P3-P21) being 
characterized by a rapid increase in tissue size, shape, and 
cellularity with the later postnatal stage (P21-adulthood) 
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Figure 4. T he distribution of CD90+ progenitors in different joint fibrocartilages during early postnatal stages in vivo. (A) 
Immunofluorescence staining of TMJ discs during early postnatal stages for CD90 and EdU. Pink: EdU; Green: CD90; Blue: DAPI. D: 
TMJ disc, CC: condylar cartilage, EP: cartilaginous end plate, NP: nucleus pulposus, AF: annulus fibrosus, M: meniscus. White dotted 
lines: boundary of the tissue. Hollow arrow with white border: CD90+ cells. Gray arrow: EdU+ cells. Gray arrow with white border: 
double-positive cells. Scale bar: 50 μm. (B) The numbers of CD90+ cells from different fibrocartilages were quantified with ImageJ. 
Data are presented as the mean values ± SD. N = 3 independent animals. One-way ANOVA with Tukey’s multiple comparison test 
was used for the data analysis. *** (Knee meniscus vs. TMJ condyle) P = 0.0002, ****P < 0.0001. (C) The numbers of EdU+ cells 
from different fibrocartilages were quantified with ImageJ. Data are presented as the mean values ± SD. N = 3 independent animals. 
One-way ANOVA with Tukey’s multiple comparison test was used for the data analysis. *** (TMJ condyle vs. IVD) P = 0.0003, ****P 
< 0.0001. (D) The numbers of CD90+ and EdU+ cells from different fibrocartilages were quantified with ImageJ. Data are presented 
as the mean values ± SD. N = 3 independent animals. One-way ANOVA with Tukey’s multiple comparison test was used for the 
data analysis. CD90 = cluster of differentiation 90; TMJ = temporomandibular joint; EdU = 4.5-ethynyl-2′-deoxyuridine; DAPI = 
6-diamidino-2-phenylindole; ANOVA = analysis of variance; SD = standard deviation; IVD = intervertebral disc.*** (TMJ condyle vs. 
IVD) P = 0.0002, ****P < 0.0001.

exhibiting only modest changes in these parameters. A 
sharp and statistically significant decrease in the cell den-
sity was observed in the TMJ disc (Fig. 5B). To evaluate the 
content and structure of the ECM during postnatal joint 
growth, Safranin O staining showed a significantly higher 
proteoglycan synthesis in the juvenile phase and a relatively 
lower proteoglycan synthesis in the aged phase in most of 
the fibrocartilage tissues, including the condylar cartilage, 
meniscus, and IVD (Fig. 5C and D). Interestingly, the TMJ 
disc was found to have little proteoglycan synthesis in all 
postnatal developmental stages that we observed.

Discussion

MSCs are thought to originate from pericytes and, there-
fore, to be in nearly all connective tissues, including fibro-
cartilage.24 MSCs are typically defined by their adherence 
to plastic, trilineage differentiation capacity, self-renewal 
ability, and expression of specific cell surface markers.25 
CD90 is a common cell surface marker that is used to iden-
tify and characterize MSCs. CD90 has been shown to play 
a role in MSCs’ adhesion, migration, and signaling.19 Our 
study identified CD90+ cells with mesenchymal stem cell 
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Figure 5. T he cell density and ECM in different fibrocartilage tissues at different postnatal stages of mice. (A) H&E staining of 
fibrocartilage tissues in 3-day-old, 3-week-old, 8-week-old, and 26-week-old mice. Scale bar: 250 μm. D: TMJ disc, CC: condylar 
cartilage, EP: cartilaginous end plate, NP: nucleus pulposus, AF: annulus fibrosus, M: meniscus. Black dotted lines: boundary of the 
tissue. Scale bar: 250 μm. (B) Cell density (mean ± SD) of the fibrocartilage tissues at different stages. N = 3 independent animals. 
Two-way ANOVA with Tukey’s multiple comparison test was used for the data analysis. * P < 0.05, ** P < 0.01, *** P < 0.001 and 
**** P < 0.0001. (C) Safranin O staining of in fibrocartilage tissues in 3-day-old, 3-week-old, 8-week-old, and 26-week-old mice. D: 
TMJ disc, CC: condylar cartilage, EP: cartilaginous end plate, NP: nucleus pulposus, AF: annulus fibrosus, M: meniscus. Black dotted 
lines: boundary of the tissue. Scale bar: 250 μm. (D) Semi-quantification of the Safranin O+ area (mean ± SD) in fibrocartilage tissues 
at different stages. N = 3 independent animals. Two-way ANOVA with Tukey’s multiple comparison test was used for the data 
analysis. ECM = extracellular matrix; TMJ = temporomandibular joint; SD = standard deviation; ANOVA = analysis of variance; IVD 
= intervertebral disc. * P < 0.05, ** P < 0.01, *** P < 0.001, and **** P < 0.0001.

characteristics in various fibrocartilages, including the TMJ 
disc, condylar cartilage, meniscus, and IVD. The CD90+ 
cells from the TMJ disc exhibited the lowest potential for 
chondrogenic, osteogenic, and adipogenic differentiation, 
while those from IVD showed the highest potential. Our 
findings suggest that CD90+ cells may vary among differ-
ent fibrocartilages in the same individual. Variations in het-
erogeneity among different anatomical sites may be 
attributed to the distinct origins of cartilage cells between 
craniofacial and truncal tissues. These specific embryonic 
origins are accompanied by distinct behavior of cartilage 
progenitor cells.26 The characterization of the tissue micro-
environment in the fibrocartilage in which CD90+ cells 

reside in 7-day-old mice may provide valuable insights into 
these differences and a possible explanation for the low 
stemness of CD90+ cells from TMJ disc.

The CD90+ cell expression was mainly located in the 
anterior band of the TMJ disc, with a few cells that were 
distributed in the posterior band near the attachment site. 
This was consistent with previous results from staining the 
TMJ disc, where CD90 was considered a marker for the 
mural cells in the TMJ disc, which expressed multiple mes-
enchymal stem cell markers.21 In the condylar cartilage, the 
CD90+ cells were mainly located at the fibrous surface 
layer, where fibrocartilage stem cells with mesenchymal 
stem cell characteristics have previously been found.17 In 
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the meniscus, the CD90+ cells were mainly located in the 
outer vascular-rich region. In the annulus fibrosus of the 
IVD, the CD90+ cells were mainly located in the outer 
annulus fibrosus, which is considered to be the stem cell 
niche of the IVD27 as well as the area in which blood vessels 
penetrate during fetal development.28 It appeared that the 
distribution of CD90+ cells was mainly concentrated in 
vascular-rich areas, which suggests a potential regulating 
role of the peri-vascular cell niche in fibrocartilage repair 
and regeneration. Cells, blood vessels, matrix glycopro-
teins, and the 3-dimensional space formed by this architec-
ture provide a highly specialized microenvironment for 
stem cells.29 Blood vessels supply undifferentiated MSCs 
with nutrients to induce healing,30 and the presence of 
growth factors and cytokines in the blood is capable of 
enhancing tissue regeneration and repair.31

There were relatively more CD90+ cells present in the 
TMJ disc during the early postnatal stage, but only a very 
few CD90+ cells with active proliferation capacity were 
found. Though the TMJ disc and condylar cartilage were 
shown to have a close relationship with the spatial distribu-
tion and developmental origin, our data showed that the 
CD90+ cells in the condylar cartilage and disc cartilage had 
distinct stem cell features. Indeed, both the TMJ disc and 
condylar cartilage had few actively proliferating CD90+ 
cells compared with the meniscus and annulus fibrosus of 
the IVD, which may be one reason for the restricted capac-
ity for repair of the degeneration of TMJ cartilage.

Our study also suggested that the TMJ disc may have 
undergone a dramatic metabolic change during the early 
stages of growth and development. Although all tissues 
experience a decrease in cell density during early develop-
ment, the TMJ disc exhibits the most pronounced decrease 
in cell density. This observation may indicate more exten-
sive tissue remodeling and restructuring than in the other 3 
fibrocartilage tissues, which was potentially due to the loss 
of stem cell capacity in this delicate cartilaginous tissue. 
Another unique feature of the TMJ disc is that it consis-
tently exhibits low levels of proteoglycans. These mole-
cules help form the hydrated gel-like matrix of fibrocartilage, 
which gives the tissue its ability to absorb and distribute 
mechanical forces.32 This suggests that the TMJ disc is 
more susceptible to damage under load-bearing conditions.

Several limitations exist in this study. Post-pubertal tis-
sues in females were excluded. Estrogen, as the primary 
determinant of female gender, exhibits different effects on 
the TMJ cartilage, knee joint cartilage, and IVD. Estrogen 
enhances inflammation in TMJ disease,33,34 which is in con-
trast to its typical protective role in knee joint cartilage35 
and intervertebral discs,36 where estrogen is believed to 
maintain joint homeostasis. Exposure to 17-β estradiol 
resulted in a substantial reduction of collagen and glycos-
aminoglycan content in TMJ fibrocartilage, suggesting an 
early manifestation of degenerative TMJ disorders, whereas 

no discernible impact was observed on the fibrocartilagi-
nous matrix of the meniscus in the knee joint.37 Therefore, 
this study excluded tissues from post-pubertal females 
when investigating histological cellular density and matrix 
changes.

Overall, we highlight the spatial heterogeneity of CD90+ 
cells in the fibrocartilages of different joint tissues and pro-
vide evidence for the restricted stem cell characteristics of 
CD90+ cells in the TMJ disc, which may contribute to its 
limited cartilage repair capacity. These findings may offer 
insights into the potential target cell populations in treat-
ments for degenerated TMJ cartilage.
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