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a b s t r a c t 

Understanding matrix molecular activities that regulate the postnatal growth and remodeling of the tem- 

poromandibular joint (TMJ) articular disc and condylar cartilage will enable the development of effective

regenerative strategies targeting TMJ disorders. This study elucidated the distinct roles of type V collagen

(collagen V) in regulating these two units. Studying the TMJ of young adult Col5a1+ /− mice, we found 

that loss of collagen V resulted in substantial changes in the proliferation, clustering and density of pro- 

genitors in condylar cartilage, but did not have a major impact on disc cells that are more fibroblast-like.

Although loss of collagen V led to thickened collagen fibrils with increased heterogeneity in the disc,

there were no significant changes in local micromodulus, except for a reduction at the posterior end of

the inferior side. Following the induction of aberrant occlusal loading by the unilateral anterior crossbite

(UAC) procedure, both wild-type (WT) and Col5a1+ /− condylar cartilage exhibited salient remodeling, and 

Col5a1+ /− condyle developed more pronounced degeneration and tissue hypertrophy at the posterior end 

than the WT. In contrast, neither UAC nor collagen V deficiency induced marked changes in the morphol- 

ogy or biomechanical properties of the disc. Together, our findings highlight the distinct roles of collagen

V in regulating these two units during postnatal growth and remodeling, emphasizing its more crucial

role in condylar cartilage due to its impact on the highly mechanosensitive progenitors. These results

provide the foundation for using collagen V to improve the regeneration of TMJ and the care of patients

with TMJ disorders.

Statement of significance

Successful regeneration of the temporomandibular joint (TMJ) articular disc and condylar cartilage re- 

mains a significant challenge due to the limited understanding of matrix molecular activities that regu- 

late the formation and remodeling of these tissues. This study demonstrates that collagen V plays distinct

and critical roles in these processes. In condylar cartilage, collagen V is essential for regulating progenitor

cell fate and maintaining matrix integrity. In the disc, collagen V also regulates fibril structure and local
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. Introduction 

Temporomandibular joint (TMJ) is a diarthrodial joint responsi- 

le for everyday mandibular activities such as chewing and speak- 

ng [ 1 ]. Proper functioning of TMJ is endowed by the synergy 

f two loading counterparts, the articular disc and condylar car- 

ilage [ 2 ]. TMJ disorders, a group of conditions that cause TMJ 

ain and dysfunction in jaw joint movement, afflicts 5-12% of the 

S population [ 3 ]. TMJ osteoarthritis (OA), a common subtype of 

MD, is marked by progressive degeneration of cartilage tissues, 

ubchondral bone remodeling and chronic inflammation in the 

oint, contributing to dysfunction of this loading pivot, reduced jaw 

otion and chronic pain [ 4 ]. Successful regenerative approaches 

ould reestablish viable disc and condylar cartilage tissues that 

ecapitulate their native extracellular matrix (ECM) structure and 

echanical properties. This holds the potential for restoring TMJ 

unction without inducing adverse complications including limited 

ongevity, bone resorption and revision surgery, which are often 

aused by standard treatments such as prosthetics, autografts and 

iscosupplement administration [ 5 , 6 ]. One major roadblock, how- 

ver, is the paucity of knowledge on the molecular activities that 

egulate the formation and degradation of the native ECM in these 

wo tissues [ 7 ]. Articular disc contains a fibrous ECM dominated 

y type I collagen fibers with minute amount of proteoglycans [ 8 ]. 

his fibrous ECM has demonstrated a high degree of structural 

nisotropy and heterogeneity, with marked differences in fibril ar- 

hitecture and biomechanics across anterior, posterior, medial, lat- 

ral and central regions, and on superior versus inferior surfaces 

 9 , 10 ]. Condylar cartilage, on the other hand, consists of a hybrid

CM with a collagen I-dominated fibrocartilage layer covering a 

econdary collagen II-rich hyaline layer [ 11 ]. The matrix composi- 

ion, structure and loading conditions of these two units are dis- 

inct from their two analog tissues in knee joint, the hyaline ar- 

icular cartilage [ 12 ] and the fibrocartilaginous meniscus [ 13 ]. In 

ontrast to the extensive studies on knee cartilage and meniscus, 

he structure-function relationships of the ECMs in the two TMJ 

issues, along with their roles in joint function and disease are still 

oorly understood [ 14 , 15 ]. 

One key molecule that regulates the assembly of collagen I- 

ased tissues is type V collagen (collagen V), a quantitatively mi- 

or fibril-forming collagen [ 16 ]. During embryonic and neonatal 

evelopment, collagen V serves as the nucleation template to ini- 

iate collagen I fibrillogenesis [ 17 ] and limits aberrant fibril lateral 

rowth via its partially processed N-propeptide [ 18 ]. The impor- 

ance of collagen V in tissue health and function has been under- 

cored by abnormal collagen fibril thickening, reduction of fibril 

umbers and impaired biomechanical properties in various colla- 

en I-rich tissues such as skin [ 17 ], cornea [ 19 ], tendons and lig-

ments [ 20 , 21 ], which occur secondary to collagen V deficiency. 

n addition, deficiency of collagen V leads to reduced contrac- 

ion and increased scar formation during wound healing in der- 

al [ 22 , 23 ] and cardiovascular [ 24 ] tissues. Classic Ehlers-Danlos

yndrome (cEDS) is a human genetic disorder (prevalence of ∼
:20,0 0 0) due to the mutation or haploinsufficiency of COL5A1 or 

OL5A2 gene [ 25 ]. These cEDS patients show higher propensity to- 

ard TMD [ 26 ], indicating the importance of collagen V in human 
193
ited impact on cell phenotype or its remodeling response. Our findings

omponent in maintaining the integrity of these two units, with a more

e due to its impact on progenitor cell activities. 

 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc.

This is an open access article under the CC BY-NC-ND license

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 

MJ health. Indeed, our recent study found that in murine mod- 

ls of collagen V deficiency, the condylar cartilage developed thick- 

ned collagen fibrils, reduced modulus, decreased cell density and 

berrant cell clustering in both the fibrous and hyaline layers [ 27 ]. 

eanwhile, despite its well-recognized structural role [ 17 , 18 ], even 

n collagen I-dominated tissues, the presence and activities of col- 

agen V vary substantially with tissue type, location and age [ 28 ]. 

lthough the disc shares the dominance of collagen I fibrils as the 

ondylar cartilage fibrous layer [ 8 ], it is unclear whether collagen 

 is also a crucial matrix constituent therein, or how its activi- 

ies may vary with the pronounced spatial heterogeneity within 

he disc. Furthermore, since the growth, maintenance and pathol- 

gy of TMJ is highly sensitive to occlusal loading [ 29-32 ], it is also

mportant to elucidate how collagen V impacts the response of 

hese two tissues under non-physiologic loading-induced remodel- 

ng. Such knowledge could provide novel insights into the pathol- 

gy and mechanobiology of human TMJ OA, while also improving 

he understanding and care for cEDS patients. 

The objective of this study was to delineate the contributions 

f collagen V to the structure and function of articular disc ver- 

us condylar cartilage, and separate its roles in regulating nor- 

al postnatal growth and aberrant loading-induced remodeling in 

ivo . To query the impact of collagen V deficiency on the postna- 

al growth of articular disc, we assessed its morphology, cellularity, 

ollagen fibril nanostructure and biomechanical properties in the 

EDS murine model ( Col5a1+ /− [ 17 ]) at 3 months of age. To deter- 

ine the age-dependent impact of collagen V loss on the disc post- 

atal growth, we tested the inducible collagen V knockout mice 

 Col5a1iKO [ 19 ]). In these mice, we maintained the normal level 

f collagen V in embryonic and neonatal development, induced 

he knockout of Col5a1 gene expression at 1 week (pre-weaning) 

nd 1 month (post-weaning) of ages, and analyzed the resulting 

isc phenotype at 1 and 2 months, respectively. The structural and 

iomechanical phenotype of disc was interpreted within the con- 

ext of collagen V distribution, matrix structure and cell phenotype, 

nd was compared to the phenotype of condylar cartilage [ 27 ] to 

ifferentiate the activities of collagen V in these two units. Next, 

iven the high mechanosensitivity of TMJ [ 29-32 ], we applied the 

nilateral anterior crossbite (UAC) prosthesis model to induce aber- 

ant occlusal loading in vivo [ 33 , 34 ]. Analyzing structural and me- 

hanical changes of both tissues in Col5a1+ /− and wild-type (WT) 

ice, we examined whether the two units have different remodel- 

ng responses to altered loading, and whether collagen V has dif- 

erential impacts to each tissue in this process. Our findings high- 

ight that collagen V plays distinct roles in regulating the integrity 

f TMJ condylar cartilage and articular disc, both during postna- 

al growth and under UAC-induced remodeling. Meanwhile, results 

nderscore specific characteristics in the matrix organization and 

ell fate of these two distinct fibrocartilaginous tissue units. 

. Methods 

.1. Animal model 

Collagen V deficient murine models, including Col5a1+ /− and 

ol5a1iKO ( Col5a1flox/flox /Rosa26CreER ) mice in the C57BL/6 strain, 

ere generated as previously described [ 17 , 19 ] and housed in 

http://creativecommons.org/licenses/by-nc-nd/4.0/


P. Chandrasekaran, A. Alanazi, B. Kwok et al. Acta Biomaterialia 189 (2024) 192–207

t

m

l

n

(

m  

t

w

o

p

A

1  

2

c

s

i

a

w

W

m

C

c

f

m

b  

s

p

l

i

w

d

T

w

a

l

t

x

S

t

o

(

A

w

s

s

l

w

(

2

C

t

t

w

G

g

i

d

e

m

e

q

μ

r

h

s

c

c

o

b

p

i

i

s

r

t

1

a

r

β
d

w

P

o

t

(

a

g

o

a  

L

i

i

a

s

“

9

t

r

“

p

a

2

i

o

i

A

p

c

i

c

e

2

d

t

a

P

i  

s

p

(

o

he Calhoun animal facility at Drexel University. Age-matched, 3- 

onth-old Col5a1+ /− and WT littermates were sacrificed for histo- 

ogical, nanostructural and biomechanical analyses. To induce post- 

atal ablation of Col5a1 gene in the Col5a1iKO model, tamoxifen 

T5648, Sigma) was intraperitoneally (i.p.) injected to mice at 4.5 

g per 40 g of body weight per day for 3 consecutive days in

he form of 20 mg/mL suspension in sesame oil (S3547, Sigma) 

ith 1% benzyl alcohol (305197, Sigma). By day 5, the excision 

f Col5a1 expression in the TMJ was confirmed by qPCR (forward 

rimer: 5’-AAGCGTGGGAAACTGCTCTCCTAT-3’, reverse primer: 5’- 

GCAGTTGTAGGTGACGTTCTGGT-3’). The knockout was induced at 

 week and 1 month of age, and mice were sacrificed at 1 and

 months of age, respectively. Two control groups were used, in- 

luding Col5a1flox/flox /Rosa26CreER mice injected with vehicle (the 

ame amount of sesame oil and benzyl alcohol but without tamox- 

fen) and WT mice injected with tamoxifen at the same dosage 

nd frequency. Based on histological and biomechanical analyses, 

e found no significant differences between these two groups. 

e found no significant differences between male and female 

ice, and thus, both sexes were included here. Also, for both 

ol5a1+ /− and Col5a1iKO mice used here, we did not notice appre- 

iable changes in body weight, size, increased incidents of bone 

racture or other whole-body abnormalities. For all the experi- 

ents, except for the UAC procedure, approximately equal num- 

ers of animals from each sex were used ( n = 2 or 3 from each

ex to yield n = 5 to 6 for each genotype/group). 

To induce aberrant occlusal loading, the UAC prosthesis was ap- 

lied to female Col5a1+ /− and WT mice at 3 months of age, fol- 

owing the established procedure [ 34 ]. In brief, metal tubes (1 mm 

nner diameter, 0.2 mm thickness, Shinva Ande, Shandong, China) 

ere bonded to the left maxillary and mandibular incisors using 

ental Zinc cement to create a unilateral crossbite relationship. 

he mandibular tubes for the top left incisors were 1.5 mm long, 

hile tubes for the bottom incisors were curved to form 135 ° labi- 
lly inclined occlusal plate. These prostheses were attached to the 

eft incisors of each mouse under anesthesia induced by i.p. injec- 

ions of a mixture of ketamine (Vedco, 85 mg/kg body weight) and 

ylazine (Akorn Animal Health, 15 mg/kg body weight). For the 

ham group, similar prostheses were attached to the top and bot- 

om incisors, but without the dental cement. With minimal post- 

perative care, the mice were fed with the standard pellet diet 

12.5 mm in diameter and 15-20 mm in length, PicoLab 5053, 

nimal Specialties and Provision) for three weeks. At the end of 

eek three, mice were euthanized and TMJs were harvested for 

ubsequent histological, nanostructural and biomechanical analy- 

es. To ensure consistency, all the analyses were performed on the 

eft TMJ, following the established procedure [ 34 ]. All animal work 

as approved by the Institutional Animal Care and Use Committee 

IACUC) at Drexel University. 

.2. Histology and immunofluorescence imaging 

Murine TMJs were fixed in 4% paraformaldehyde in PBS (Santa 

ruz Biotech) for 24 hrs, and decalcified in 10% ethylenediaminete- 

raacetic acid (EDTA, pH ≈ 7.4, E9884, Sigma) over 21 days. Six μm- 

hick serial sagittal sections were obtained and every fifth section 

as stained with Hematoxylin & Eosin (H&E) or Safranin-O/Fast 

reen to assess tissue morphology, cellularity, cell morphology and 

ross-level sGAG staining of the TMJ ( n ≥ 5 animals for each stain- 

ng). For TMJs of 3-month-old WT and Col5a1+ /− mice, the cell 

ensity and cell nuclear aspect ratio (NAR) were quantified for 

ach tissue using H&E images. Also, for TMJs of WT and Col5a1+ /−

ice subjected to UAC and Sham procedures, the cell density of 

ach tissue and the thickness of each condylar cartilage layer were 

uantified. For each image, a region of interest (ROI, 200 × 100 

m2 ) was identified to define the anterior, central, and posterior 
194
egions of TMJ, and to separate articular disc, condylar fibrous and 

yaline layers. In each ROI, the cell density and NAR were mea- 

ured using ImageJ (FIJI). To assess the impact of aberrant oc- 

lusal loading on TMJ remodeling, morphological and biochemical 

hanges in the condyle of UAC and Sham groups were scored based 

n the modified Mankin Scoring system for TMJ condylar cartilage 

y two blinded observers (BK and GV), including the metrics of 

ericellular Safranin-O staining (0-2), background Safranin-O stain- 

ng (0-3), chondrocyte arrangement (0-2) and cartilage structural 

ntegrity (0-3) [ 35 ]. 

For immunofluorescence (IF) imaging of collagen V, additional 

ections were incubated with Bloxall (SP-60 0 0, Vector Laborato- 

ies) to quench endogenous peroxidases and phosphatases activi- 

ies, and stained with anti-collagen V antibody (AB7046, Abcam, 

:100 dilution) overnight at 4 °C, and then, incubated with Alex- 

Flour 488 nm goat anti-rabbit secondary antibody (A-11037, Invit- 

ogen, 1:250). For Ki-67, the cell proliferation biomarker [ 36 ], and 

-catenin, sections from 1-month-old Col5a1iKO (following the in- 

uced ablation of Col5a1 gene at 1 week of age) and control mice 

ere first incubated with primary antibody (Ki-67, 550609, BD 

harmigen, 1:50 dilution; β-catenin: 610153, BD Pharmigen, 1:50) 

vernight, followed by HRP horse anti-mouse IgG (MP-7402, Vec- 

or Labs) for 1 hr, and then, stained with TSA fluorescein reagent 

SAT701001EA, Akoya Biosciences) for 8 min. We focused our Ki-67 

nd β-catenin analysis on 1-month-old Col5a1iKO and control TMJs 

iven that collagen V was known to have a more profound impact 

n matrix assembly and cell activities during early development 

nd growth [ 17,27 ]. IF images were taken with a Leica DM60 0 0B

ive Imaging Microscope or Leica DMi8 Confocal Microscope (Le- 

ca Microsystems, n ≥ 5 for each staining). For all images, sections 

ncubated without the primary antibody but with the secondary 

ntibody were included as internal negative controls to confirm 

pecificity. The percentage of Ki-67( + ) cells were quantified by the 

spots” function in IMARIS (Bitplane, Oxford Instruments, Version 

.7.2), which rendered spherical spots to every cell and allowed us 

o identify the number of Ki-67( + ) versus total cells via DAPI. The 

elative intensity of β-catenin staining was estimated using the 

surface” function in IMARIS for area reconstruction of β-catenin 

ositive cells, which was then normalized to the total tissue area 

cquired based on DAPI channel using the “area statistics” function. 

.3. Collagen nanostructural analysis 

Scanning electron microscopy (SEM) was applied to visual- 

ze and quantify the collagen fibril structure on the surfaces 

f condylar cartilage, disc superior and inferior sides, follow- 

ng the established procedure [ 10 ]. In brief, immediately after 

FM-nanoindentation, TMJ condyles and discs were processed for 

roteoglycan removal, fixed and dehydrated, air dried overnight, 

oated with ≈ 6 nm thick platinum-palladium mixture, and then, 

maged using a Supra 50 VP SEM (Carl Zeiss). We then quantified 

ollagen diameters using ImageJ (FIJI, 350 fibrils, n = 3 animals for 

ach group). 

.4. AFM-based nanoindentation 

AFM-nanoindentation was performed on the surfaces of freshly 

issected TMJ discs using custom-made microspherical colloidal 

ips ( R ≈ 5 μm, nominal k ≈ 2 N/m, NSC36-B, NanoAndMore) and 

 Dimension Icon AFM (Bruker Nano) at ≈ 10 μm/s rate in 1 ×
BS with protease inhibitors (Pierce 88266, ThermoFisher), follow- 

ng our established procedure [ 10 , 37 ] ( n ≥ 5). In addition, for TMJs

ubjected to UAC and Sham procedures, AFM-nanoindentation was 

erformed on both the disc and central region of condylar cartilage 

 n = 5). For each side of the disc, nanoindentation was performed 

n the anterior, central and posterior regions to assess regional 
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n

eterogeneity. For each sample and each region, at least 10-15 lo- 

ations were tested to account for local spatial heterogeneity. The 

ndentation modulus, Eind , was calculated by fitting the entire load- 

ng portion of the F-D curve with finite thickness-corrected Hertz 

odel [ 38 ], assuming Poisson’s ratio ν ≈ 0 for both the disc [ 39 ]

nd condylar cartilage [ 40 ]. 

.5. Statistical analysis 

The linear mixed model was applied to analyze cell density, 

AR, thickness of each condylar cartilage layer, dcol , Eind , percent- 

ge of Ki-67 + cells as well as relative intensity of β-catenin stain- 

ng using the R package lme4 (version1.1-35) [ 41 ]. In these tests, 

enotype (WT versus Col5a1+ /−, or control versus Col5a1iKO ), pro- 
edure (UAC versus Sham), tissue sides (superior versus inferior), 

egions (anterior, central and posterior) and layers (articular disc, 

ondylar fibrous and hyaline layers) were treated as fixed effect 

actors when appropriate, and individual animal was treated as a 

andom effect factor when applicable, with interaction terms be- 

ween the fixed effects. Likelihood ratio test was applied to de- 

ermine the choice of two covariance structures, unstructured ver- 

us compound symmetry. To account for family-wise type I er- 

ors, Tukey-Kramer post-hoc multiple comparison was applied to 

alculate adjusted p -values for comparisons amongst different tis- 

ue layers or regions, and Holm-Bonferroni multiple contrast cor- 
ig. 1. a) Immunofluorescence (IF) images of collagen V show the distribution of collagen

nd Col5a1+ /− ( + /−) mice. b) Hematolyxin & Eosin (H&E) and Safranin-O/Fast Green (Saf-

sGAG) distribution (A: anterior, C: central, P: posterior). c) Comparison of articular disc t

.s.: not significant). Each data point represents the average value measured from one ani

195
ection [ 42 ] was applied to calculate the adjusted p -values for 

omparisons between genotypes, procedures and articular disc tis- 

ue sides. For the semi-quantitative modified Mankin scores, non- 

arametric Mann-Whitney U test was applied, followed by Holm- 

onferroni multiple contrast correction for comparisons between 

enotypes and procedures. For the variance of dcol , unpaired two- 

ample F -test was applied, followed by Holm-Bonferroni multi- 

le contrast correction for comparisons between genotypes, proce- 

ures, regions and disc sides. In all the tests, the significance level 

as set at α = 0.05. A complete list of all quantitative and statis- 

ical outcomes were summarized in Tables S1–S10. 

. Results 

.1. Impact of collagen V reduction on the cell density and nucleus 

orphology of articular disc versus condylar cartilage 

In the articular disc of 3-month-old WT mice, collagen V was 

ound to be mainly present in the pericellular domain, with a con- 

entration lower than that in the condylar fibrous layer ( Fig. 1 a). 

n Col5a1+ /− mice, as expected, staining of collagen V was reduced 

n both the disc and condylar cartilage, validating decreased col- 

agen V content in this heterozygous model. Given its lower pres- 

nce in the disc, the extent of collagen V reduction was also less 

ronounced compared to that in condylar fibrous layer ( Fig. 1 a). 
 V in the TMJ articular disc and condylar cartilage of 3-month-old wild-type ( + / + ) 

O) histology images show the overall morphology and sulfated glycosaminoglycan 

hickness in the central region between + / + and + /− TMJs (mean ± 95% CI, n = 5, 

mal. 
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Fig. 2. Impact of collagen V reduction on the cell density and nuclear aspect ratio (NAR) of TMJ articular disc and condylar cartilage. a) Safranin-O/Fast Green histology 

images of 3-month-old wild-type ( + / + ) and Col5a1+ /− ( + /−) TMJs show no appreciable differences in joint morphology or sGAG staining across the anterior, central and 

posterior regions. Dashed lines denote the boundary of articular disc. b) Zoom-in H&E histology image of Col5a1+ /− TMJ illustrates the definition of NAR. c) Cell density 

(mean ± 95% CI) and d) violin plots of cell NAR for the disc (D), condylar cartilage fibrous (CF) and hyaline (CH) layers across the anterior, central and posterior regions (∗: 
p < 0.05, n.s.: not significant, different letters indicate significant differences between different layers within each region for each genotype). A complete list of statistical 

analysis outcomes for cell density and NAR is summarized in Tables S1 and S2, respectively. 
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t

t the histological level, reduction of collagen V did not lead to 

ppreciable changes in the overall TMJ morphology ( Fig. 1 b). For 

nstance, the central region of the disc had similar thickness be- 

ween WT (19 ± 3 μm, mean ± 95% CI, n ≥ 5) and Col5a1+ /− TMJs 

20 ± 3 μm, p = 0.485 via unpaired two-sample student’s t -test, 

ig. 1 c). For condylar cartilage, following our previous study re- 

orting no significant differences in the thickness of each tissue 

ayer and sGAG staining in the central region [ 27 ], here we further

howed that there were also no salient changes at the anterior and 

osterior ends ( Figs. 1 b and 2 a), suggesting that the overall condy-
196
ar morphology was not impacted by the haploinsufficiency of col- 

agen V during postnatal growth. 

We found the impact of collagen V reduction on cell density to 

e different for articular disc versus condylar cartilage ( Fig. 2 a-c). 

or the disc, we did not find significant differences in cell densi- 

ies between WT and Col5a1+ /− TMJs across the anterior, central 

nd posterior regions ( Fig. 2 c). This was distinct from changes in 

ondylar cartilage, in which, Col5a1+ /− fibrous layer showed sig- 

ificantly lower cell densities throughout all three regions than 

he WT, and hyaline layer also had reduced density in the cen- 
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Fig. 3. Representative SEM images of the surfaces of TMJ articular disc from 3-month-old wild-type ( + / + ) and Col5a1+ /− ( + /−) mice, a) superior side, b) inferior side (A: 

anterior, P: posterior). Red arrowheads: D-band periodicity typically found in mature, thicker collagen fibrils. 
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ral region. Meanwhile, in WT TMJ, cell densities were significantly 

igher in the condylar fibrous layer than those in the hyaline layer 

r disc, with the latter two being similar throughout all three re- 

ions ( Fig. 2 c). In contrast, in Col5a1+ /− TMJ, the condylar fibrous 

ayer and disc had similar cell densities in anterior and central re- 

ions, while the fibrous layer showed higher cell densities than 

yaline layer in central and posterior regions ( Fig. 2 c). In addi- 

ion, cells in the disc adapted a more elongated nuclear morphol- 

gy than those in condylar cartilage, as marked by significantly 

igher NARs ( Fig. 2 d). Such contrast was consistent across all three 

egions for both genotypes, except for the anterior region of WT 

MJ, where the disc and condylar fibrous layer had similar NARs 

 Fig. 2 d). Comparing the two genotypes, cells in Col5a1+ /− disc 

howed significantly higher NARs in all tissue layers throughout all 

hree regions, while there were no genotype-associated differences 

n condylar cartilage NARs ( Fig. 2 d). Performing Pearson’s correla- 

ion analysis between cell density and the average NAR from each 

egion and layer, we did not find significant correlation between 

hese two parameters ( r = -0.039 [-0.328 0.258], p = 0.802 for WT, 

nd r = 0.065 [-0.233 0.352], p = 0.672 for Col5a1+ /−). 
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.2. Impact of collagen V reduction on the fibril nanostructure and 

iomechanics of articular disc versus condylar cartilage 

At the nanoscale, reduction of collagen V resulted in signifi- 

ant changes in the collagen fibril nanostructure of disc ECM. For 

oth genotypes, on both the superior and inferior disc surfaces, 

e observed a mixture of individual, random fibrils entangled with 

ligned fibril bundles ( Fig. 3 ). This was different from the condy- 

ar cartilage surface, which was dominated by random collagen 

bril meshes [ 27 ], highlighting distinct structural traits of these 

wo tissues. In comparison to the WT, Col5a1+ /− disc exhibited 

 more salient presence of aligned fibril bundles, which also dis- 

layed the characteristic D-band periodicity [ 43 ] usually found in 

hicker fibrils ( Fig. 3 , red arrowheads). Indeed, Col5a1+ /− disc had 

ignificantly larger fibril diameter, dcol , with a higher heterogeneity 

variance of dcol ) than the WT disc ( Fig. 4 a,b). This thickening ef- 

ect was present throughout anterior, central and posterior regions, 

nd on both superior and inferior surfaces. Meanwhile, the de- 

ree of increase in the average and heterogeneity of dcol was more 

ronounced on the superior surface of Col5a1+ /− disc ( Fig. 4 a,b). 
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Fig. 4. Impact of collagen V reduction on the surface collagen fibril nanostructure and biomechanics of TMJ articular disc. a,b) Comparisons of a) collagen fibril diameter, dcol , 

distribution (violin plots) and b) heterogeneity (variance, mean ± 95% CI) between 3-month-old wild-type ( + / + ) and Col5a1+ /− ( + /−) discs ( > 150 fibrils from n = 3 mice 

for each genotype, region and surface side). c) Comparison of indentation modulus, Eind (kPa), between genotypes (mean ± 95% CI, n = 5, ∗: p < 0.05, n.s.: not significant, 

different letters indicate significant differences between different regions on each side of the disc for each genotype). Each data point represents the average value measured 

from one animal. A complete list of statistical analysis outcomes for dcol and Eind is summarized in Tables S3 and S4, respectively. 
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s a result, in WT disc, fibrils on the superior and inferior sides 

ave similar diameters, while in Col5a1+ /− disc, fibrils on the supe- 

ior side were significantly thicker than those on the inferior side 

 Fig. 4 a,b and Table S3). 

Applying AFM-based nanoindentation, we found that the im- 

act of collagen V reduction on articular disc micromechanics var- 

ed markedly with tissue regions ( Fig. 4 c). On the inferior side, 

ol5a1+ /− disc showed substantially lower modulus at the poste- 

ior end compared to the WT (31 ± 11 kPa versus 83 ± 12 kPa, p 

 0.001, n = 6). However, we did not find significant genotype- 

ssociated differences in other regions or on the superior side. 

eanwhile, these two genotypes showed different regional hetero- 

eneity in Eind . For WT disc, the posterior ends had higher modu- 

us than the central and anterior regions on both superior and in- 

erior sides, consistent with our previous study [ 10 ]. In contrast, for 

ol5a1+ /− disc, we found no significant regional variations ( Fig. 4 c). 

.3. Impact of induced collagen V ablation on the postnatal growth 

f articular disc in Col5a1iKO mice 

In the Col5a1iKO model, after the induced Col5a1 ablation at 1 

eek and 1 month of age, we did not notice salient morphological 

hanges of the disc at either 1 or 2 months, respectively ( Fig. 5 a),
198
imilar to the observation in 3-month-old Col5a1+ /− mice ( Figs. 1 , 

 a). For 1-month-old Col5a1iKO disc, there was a significant reduc- 

ion of Eind at the posterior end on both sides. At 2 months of age,

e noted marked reduction of Eind at the posterior end on the su- 

erior side, but no changes on the inferior side ( Fig. 5 b). Overall,

imilar to that of Col5a1+ /− disc ( Fig. 4 c), reduction of collagen 

 led to decreased local micromodulus of the disc, but the im- 

act was heterogeneous across different regions and tissue sides. 

hese phenotypic changes again illustrated more varied and mod- 

rate developmental defects in the disc comparing to condylar car- 

ilage, in which, we found not only significant modulus reduction 

ut also clear morphological changes, including a substantial thin- 

ing of the hyaline layer in 2-month-old Col5a1iKO condylar carti- 

age (black arrowhead, Fig. 5 a) [ 27 ]. 

In 1-month-old Col5a1iKO mice, immunostaining for Ki-67 

emonstrated that the disc and condylar cartilage cells exhibited 

istinct proliferation activities and responses to collagen V abla- 

ion ( Fig. 6 a). In condylar cartilage, the control mice showed ap- 

reciable nuclear staining of Ki-67 in the fibrous layer cells across 

nterior, central and posterior regions, and such staining was much 

educed in all three regions of the Col5a1iKO condyle ( Fig. 6 b). This 

uggested that cells in the fibrous layer undergo active prolifera- 

ion at the postnatal age of 1 month, and that ablation of Col5a1 
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Fig. 5. Impact of induced collagen V ablation on the postnatal growth of TMJ articular disc. a) Safranin-O/Fast Green histology images show the morphology and sGAG 

staining of the control and Col5a1iKO ( iKO ) TMJs at 1 month (ablation of Col5a1 gene via TM injection at 1 week of age) and 2 months (ablation at 1 month) of age, 

respectively. b) Comparison of indentation modulus, Eind (kPa), of articular disc between the control and iKO mice across anterior, central and posterior regions on both 

superior and inferior sides (mean ± 95% CI, n = 5, ∗: p < 0.05, n.s.: not significant, different letters indicate significant differences between different regions on each side of 

the disc for each genotype). Each data point represents the average value measured from one animal. A complete list of statistical analysis outcomes for Eind is summarized 

in Tables S4. 
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n neonatal mice led to reduced cell proliferation at 1 month 

 27 ]. In contrast, in the disc, we did not detect appreciable sig- 

als of Ki-67 for either control or Col5a1iKO mice ( Fig. 6 a), sug- 

esting that, unlike condylar cartilage progenitors, disc cells have 

ikely lost their proliferative capabilities by 1 month of age. In ad- 

ition, we detected pronounced staining of β-catenin in the fibrous 

ayer of condylar cartilage ( Fig. 6 c), consistent with our previous 

tudy showing active Wnt/ β-catenin activities in these progenitors 

 27 ]. There was also a significant reduction in the β-catenin ex- 

ression in Col5a1iKO condyle throughout all three regions ( Fig. 6 d), 

orroborating the reduction of Ki-67 activities. Similarly, we noted 

ery low expression of β-catenin in disc cells for both genotypes 
199
 Fig. 6 c), further illustrating the distinct fate of disc cells compared 

o condylar progenitors. 

.4. Impact of collagen V reduction on condylar cartilage remodeling 

nder aberrant occlusal loading 

In response to the UAC-induced altered occlusal loading, condy- 

ar cartilage underwent salient remodeling and structural changes 

y 3 weeks. In WT condyle, UAC-operation resulted in reduced 

GAG staining and hyaline layer thickness, as well as lower cell 

ensities in both fibrous and hyaline layers in the central region 

 Fig. 7 ), consistent with the literature [ 34 ]. In Col5a1+ /− condyle, 
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Fig. 6. Impact of induced collagen V ablation on the expression of Ki-67 and β-catenin in TMJ articular disc and condylar cartilage. a,c) Immunofluorescence (IF) images of 

the control and Col5a1iKO ( iKO ) TMJs show appreciable staining of a) Ki-67 and c) β-catenin in the condylar cartilage fibrous layer across all three regions (white arrowheads), 

but not in the disc, as well as reduced staining in iKO condylar cartilage at 1 month of age (ablation of Col5a1 gene via TM injection at 1 week of age). b,d) Comparisons of b) 

the percentage of Ki-67-positive cells, %Ki-67 ( + ), and d) relative intensity of β-catenin/DAPI staining in the condylar cartilage of 1-month-old control and iKO mice (mean 

± 95% CI, n = 5, ∗: p < 0.05 between genotypes, n.s.: not significant, different letters indicate significant differences between different regions for each genotype). Each 

data point represents the average value measured from one animal. A complete list of statistical analysis outcomes for %Ki-67( + ) cells and relative intensity of β-catenin is 

summarized in Table S5. 
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e found reduced thicknesses for both fibrous and hyaline layers, 

ut no significant changes in cell densities. In addition, for both 

enotypes, the posterior end of condylar cartilage developed in- 

reased sGAG staining and thickening for both fibrous and hyaline 

ayers ( Figs. 7 b, 8 a). Comparing the two genotypes, the UAC pro-

edure resulted in more pronounced thickening of hyaline layer 

t the posterior end for Col5a1+ /− condyle, as marked by its sig- 

ificantly higher hyaline layer thickness than UAC-operated WT 

ondyle ( Figs. 7 b, 8 a). In addition, in the central region, the fibrous

ayer of Col5a1+ /− condyle showed lower cell density than WT for 

he Sham group, but had similar cell densities for the UAC group. 

t the posterior end, however, Col5a1+ /− condyle fibrous layer had 

ower cell densities than the WT for both Sham and UAC groups 

 Fig. 8 b). We did not notice appreciable changes in condylar thick- 

ess or cell densities at the anterior end after UAC ( Fig. 8 ). Evaluat-

ng changes in sGAG staining, chondrocyte arrangement and carti- 

age structure [ 35 ], we found significantly higher modified Mankin 

cores for UAC-operated condyles than the Sham control for both 

enotypes ( Fig. 7 c), illustrating salient remodeling and degener- 

tion. Meanwhile, UAC-operated Col5a1+ /− condyles had higher 

ankin scores (4.6 ± 1.2, mean ± 95% CI, n = 5) than the WT 

2.9 ± 0.5, p = 0.009), supporting that deficiency of collagen V in- 

reased the susceptibility of condylar cartilage to aberrant loading. 

In addition to the histological phenotype, we also found marked 

hanges in the surface collagen fibril nanostructure and mechanical 
200
roperties of condylar cartilage following UAC. For both genotypes, 

ondylar cartilage retained the transverse random fibril architec- 

ure ( Fig. 9 a), indicating that the UAC model induced minimal sur- 

ace fibrillation by 3 weeks, which was marked by the formation 

f aligned collagen fibril bundles [ 44 ]. On the other hand, UAC re- 

ulted in significant increases in both the average ( Fig. 9 b) and het-

rogeneity (variance) ( Fig. 9 c) of dcol for WT cartilage surface, but 

nly a trend of increase in the variance of dcol for Col5a1
+ /− car- 

ilage ( p = 0.067). On the mechanics front, UAC led to a signifi- 

ant modulus reduction for both WT ( p < 0.0 0 01) and Col5a1+ /−

ondylar cartilage ( p = 0.023, Fig. 9 d). Comparing the two geno- 

ypes, Col5a1+ /− condylar cartilage showed higher average and het- 

rogeneity of dcol than the WT for the Sham group, but not the 

AC group, and had a lesser degree of changes in the average and 

ariance of dcol in response to UAC ( Fig. 9 b,c). Also, for the Sham

roup, the modulus of Col5a1+ /− condylar cartilage was lower than 

hat of WT ( p < 0.0 0 01), while for the UAC group, no genotype-

ssociated differences were observed ( p = 0.494, Fig. 9 d). 

.5. Differential responses of articular disc to aberrant occlusal 

oading and collagen V reduction 

In contrast to the pronounced remodeling of condylar cartilage, 

AC did not result in salient changes in morphology, cell density 

r the presence of sGAGs in the articular disc of both genotypes 
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Fig. 7. Remodeling of TMJ condyle at 3 weeks after the unilateral anterior crossbite (UAC) prosthesis model. a) Representative Safranin-O/Fast Green histology images of 

TMJs at 3 weeks after the UAC and Sham procedures operated on 3-month-old female wild-type ( + / + ) and Col5a1+ /− ( + /−) mice. b) Zoom-in histology images highlight the 

tissue thickening and high cellularity of condylar cartilage at the posterior end, and the absence of appreciable changes in articular disc. c) Modified Mankin score for UAC 

and Sham-operated + / + and + /− TMJs (mean ± 95% CI, n = 5 for each genotype and procedure type, ∗: p < 0.05 between genotypes, # : p < 0.05 versus Sham procedure, 

n.s.: not significant). Each data point represents the average value measured from one animal. A complete list of statistical analysis outcomes for modified Mankin score is 

summarized in Table S6. 
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 Figs. 7 , 8 b). This suggested that, at the histological level, the 

isc was less sensitive to altered occlusal loading than condylar 

artilage in the postnatal TMJ. On the mechanics front, for WT 

iscs, the UAC group showed reduced modulus than the Sham 

roup only at the posterior end of the inferior side, but not in 

ther regions ( Fig. 10 ). For Col5a1+ /− discs, UAC resulted in no 

ignificant biomechanical changes in all tested regions. Comparing 

he two genotypes, for the Sham group, Col5a1+ /− discs showed 

ower modulus than the WT at the posterior end on both sides 

nd the anterior end on the inferior side, but not in other re- 

ions, similar to the moderate mechanical phenotypic changes 

n 3-month-old unoperated mice ( Fig. 4 c). For the UAC group, 

here were no genotype-associated differences. Together, these 

bservations supported that articular disc was less sensitive than 

ondylar cartilage to altered occlusal loading, with or without the 

eduction of collagen V. 
201
. Discussion 

.1. Distinct regulatory roles of collagen V in the postnatal growth of 

rticular disc and condylar cartilage 

This study highlights the distinct roles of collagen V in regu- 

ating the structure and function of articular disc versus condylar 

artilage during postnatal growth ( Fig. 11 ). These differences are 

anifested through the differential impacts of collagen V loss on 

ell fate, matrix organization and biomechanical properties within 

hese two units, although both are considered to be fibrocartilage 

 45 ]. Specifically, in condylar cartilage, loss of collagen V leads to 

educed cell density ( Fig. 2 c), decreased cell proliferation (Ki-67 

taining, Fig. 6 a,b) and Wnt/ β-catenin activities ( Fig. 6 c,d), as well

s significantly reduced tissue modulus. Also, these changes are 

resent not only in the central region [ 27 ] but also throughout the 
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Fig. 8. Comparisons of a) the thickness of each condylar cartilage layer and b) the cell density within the disc and each condylar cartilage layer at 3 weeks after UAC and 

Sham procedures applied to 3-month-old female wild-type ( + / + ) and Col5a1+ /− ( + /−) mice (mean ± 95% CI, n = 5, ∗: p < 0.05 between genotypes, # : p < 0.05 versus 

Sham procedure, n.s.: not significant). Each data point represents the average value measured from one animal. A complete list of statistical analysis outcomes for condylar 

cartilage layer thickness and cell density is summarized in Table S7 and S8, respectively. 
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nterior and posterior ends, underscoring the crucial role of col- 

agen V in maintaining condylar cartilage cell fate. These impacts 

an be attributed to the presence of highly proliferative, multipo- 

ent progenitors in the polymorphic zone of condylar fibrous layer 

 46 , 47 ]. During postnatal growth, these cells undergo active prolif- 

ration and chondrogenic differentiation, giving rise to the under- 

ying hyaline cartilage [ 48 ]. Here, we show that collagen V is highly

xpressed in the fibrous layer, corroborating its hypothesized role 

n mediating the residing progenitor cells [ 27 ]. To this end, one 

imitation of this study is that we have not yet delineated the bi- 

logical or mechanobiological axis by which collagen V regulates 

he progenitor cell activities at different stages of development, 

rowth and disease. Recent studies have highlighted several spe- 

ific traits of condylar progenitors, including its high expression of 

tem cell marker α-SMA ( Acta2 ) [ 46 ] and the Wnt-inhibitory gene

gr5 [ 49 ]. During TMJ maturation, an intricately balanced Wnt/ β- 

atenin signaling is required for normal condylar cartilage growth 

nd maintenance, where both loss-of-function [ 50 ] and gain-of- 

unction [ 49 , 51 , 52 ] of β-catenin leads to reduced cell proliferation

nd impaired hyaline cartilage formation, and modulating Wnt sig- 

aling in injured TMJ shows promises in ameliorating cartilage de- 
202
eneration [ 49 ]. Meanwhile, our results clearly support a role for 

ollagen V in mediating the Wnt/ β-catenin activities of condylar 

rogenitors ( Fig. 6 c,d). Our ongoing studies aim to pinpoint the 

ge- and disease-specific roles of collagen V in regulating the ma- 

rix turnover and cell-matrix crosstalk of these progenitors using 

onditional Cre drivers that specifically target cells in condylar car- 

ilage, such as the chondrocyte-specific AcanCreER model [ 53 ]. 

For articular disc, although it is considered to contain 

broblast-like and chondrocyte-like cells [ 54 ] with multi- 

ifferential potential when cultured in vitro [ 55 , 56 ], we show 

hat these cells are different from the condylar progenitors. 

pecifically, most disc cells adapt a more elongated, fibroblast-like 

orphology with significantly higher NARs than those of the more 

ounded condylar progenitors ( Fig. 2 d). A recent study shows that 

ven in newborn mice, the majority of disc cells are classified 

s fibroblasts, of which, only a subset retains the chondrogenic 

otential [ 57 ]. Although a small cluster of Notch3 / Thy1 -expressing 

ural cells identified in the anterior end demonstrates multipo- 

ent progenitor traits, these cells gradually lose their progenitor 

haracteristics and become fibroblasts during maturation [ 57 ]. 

hus, in postnatal TMJ, the majority of disc cells have likely 
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Fig. 9. Alterations of TMJ condylar cartilage surface collagen fibril nanostructure and biomechanical properties following UAC-induced remodeling. a) Representative SEM 

images of condylar cartilage surface at 3 weeks after UAC and Sham procedures on 3-month-old female wild-type ( + / + ) and Col5a1+ /− ( + /−) mice. b-d) Comparisons of 

b) collagen fibril diameter, dcol , distribution (violin plots), c) heterogeneity (variance, mean ± 95% CI, > 100 fibrils from n = 3 mice for each genotype) and d) indentation 

modulus, Eind (MPa, mean ± 95% CI, n = 5) between + / + and + /− mice (∗: p < 0.05, # : p < 0.05 versus Sham procedure, n.s.: not significant). Panel d: Each data point 

represents the average value measured from one animal. A complete list of statistical analysis outcomes for dcol and Eind is summarized in Tables S9 and S6, respectively. 

Fig. 10. Comparison of the indentation modulus, Eind (kPa), of articular disc at 3 weeks after UAC and Sham procedures applied to 3-month-old female wild-type ( + / + ) 

and Col5a1+ /− ( + /−) mice, a) superior side, b) inferior side (mean ± 95% CI, n = 5, ∗: p < 0.05, # : p < 0.05 versus Sham procedure, n.s.: not significant). Each data point 

represents the average value measured from one animal. A complete list of statistical analysis outcomes for Eind is summarized in Tables S10. 

203
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Fig. 11. Schematic illustration of the working hypothesis on the distinct roles of 

collagen V in regulating the TMJ articular disc versus condylar cartilage, inspired by 

and extended from Ref. [ 27 ]. For postnatal TMJs, in condylar cartilage, collagen V is 

highly concentrated in the fibrous layer. In addition to its mediation of ECM colla- 

gen fibril assembly, collagen V also regulates the proliferation, fate and mechanobi- 

ological responses of progenitor cells in the fibrous layer. In contrast, the disc does 

not contain a large population of these progenitors, and contains much less colla- 

gen V localized in the pericellular domain. In the disc, collagen V does not have 

a pronounced impact on cell fate or mechanoresponses, and its primary role is to 

regulate the assembly and structure of collagen I fibrils. 
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ifferentiated into the fibroblast-like lineage and do not retain the 

rogenitor traits as condylar cartilage cells, which is supported 

y the minimal expressions of Ki-67 and β-catenin in the disc 

f 1-month-old TMJ ( Fig. 6 a,c). Meanwhile, our observation that 

isc cells express much less collagen V than condylar progenitors 

 Fig. 1 a) corroborate a lesser role of collagen V in regulating the 

isc cells. 

On the matrix front, the abnormal thickening of collagen fibrils 

hroughout all tested regions in Col5a1+ /− disc ( Figs. 3 , 4 a,b) sup- 

orts that collagen V retains its canonical role of regulating colla- 

en I fibrillogenesis [ 17 ] and limiting aberrant fibril lateral growth 

 18 ] in the disc. On the other hand, reduction of collagen V im-

acts the disc modulus only at the posterior end ( Figs. 4 c, 5 b),

hich may seem contradictory to the ubiquitous increase in fib- 

il diameter and heterogeneity observed throughout all tested re- 

ions ( Fig. 4 a,b). This could be associated with the high degree 

f structural heterogeneity and complexity of the disc collagenous 

atrix ( Fig. 3 ). As mechanical properties of biological tissues rep- 

esent integrated responses of matrix composition and assembly 

 58 ], many factors, including the cross-linking, diameter, alignment 

nd the pre-tensed state of collagen fibrils, could impact the lo- 

al modulus of articular disc. During physiologic loading, the disc 

ustains extensive tensile and shear stresses, primarily along the 

nteroposterior direction [ 59 ], which could direct the formation of 

arger collagen fibril bundles along this direction, especially on the 

uperior surface ( Fig. 3 a). On the other hand, the inferior side, par-

icularly the central region, sustains more compressive stresses to 

nhance disc-condyle congruency and reduce point contact stress 

 60 ], which corroborate the presence of thinner, less aligned fib- 

ils ( Fig. 3 ) and lower modulus ( Fig. 4 c). This complex loading pat-

ern thus contributes to the formation of the heterogeneous struc- 

ure on disc surfaces with a mixture of random, thinner fibrils 

nd aligned, thicker fibril bundles ( Fig. 3 ). Although loss of colla- 

en V leads to fibril thickening in general, its influence on fibril 

ross-linking, alignment and tensile stresses could vary substan- 

ially with tissue region and loading patterns. Changes in these fac- 

ors could be further complicated by the altered mechanical adap- 

ation of the Col5a1+/− disc, as the impaired condylar cartilage me- 

hanical properties are expected to disrupt the disc-condyle con- 

act mechanics. Thus, with the loss of collagen V, other structural 

nd mechanical factors could outweigh the effects of fibril thick- 

ning, resulting in varied impacts on the local mechanical proper- 
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ies within different regions of the disc ( Fig. 4 c). To this end, the

oderate differences in the biomechanical phenotype of 1- and 

-month-old Col5a1iKO discs ( Fig. 5 b) relative to the 3-month-old 

ol5a1+ /− model ( Fig. 4 c) can be attributed to age-related differ- 

nces in the loading pattern that the disc sustains, as well as the 

ifferences in the degree of collagen V loss in these two mod- 

ls. In contrast to the complex fibrillar structure of the disc sur- 

ace, the surface of condylar cartilage is characterized by a trans- 

erse isotropic fibril mesh typical of compression-bearing cartilage 

urfaces, despite the inherent heterogeneity throughout the tissue 

ulk [ 61 ]. With a similar fibril thickening effect, loss of collagen 

 has a more pronounced impact on the modulus reduction of 

ondylar cartilage [ 27 ], further supporting the lesser role of col- 

agen V in maintaining the overall integrity of the disc ( Fig. 11 ). 

.2. Role of collagen V in aberrant occlusal loading-induced TMJ 

emodeling 

We also underscore the high sensitivity of condylar cartilage to 

cclusal loading, and the pivotal role of collagen V in mediating 

he cell mechanoresponses. For UAC-operated WT condyles, the re- 

uced sGAG staining, altered tissue morphology and cell density, 

ncreased Mankin score, thickened collagen fibrils and decreased 

odulus in the central region ( Figs. 7 , 8 ) clearly evidence the 

egenerative changes of condylar cartilage in response to altered 

oading. Meanwhile, the increased sGAG staining and tissue thick- 

ning at the posterior end ( Figs. 7 , 8 a) suggest that while UAC-

nduced aberrant occlusal loading likely inhibits chondrogenic dif- 

erentiation in the central region, it activates abnormal chondro- 

enic activities and cell anabolism, resulting in abnormal tissue hy- 

ertrophy at the posterior end. This is likely a result of the shift in 

cclusal loading, which leads to reduced compressive forces in the 

entral region but increased forces at the posterior end, induced by 

he unilateral anterior crossbite prosthesis. In this process, the im- 

ortance of collagen V is hallmarked by the elevated condylar car- 

ilage responses in Col5a1+ /− mice, including higher Mankin scores 

ndicating accelerated remodeling, and more substantial tissue hy- 

ertrophy and cell clustering at the posterior end ( Fig. 7 b). These 

ifferences thus support a pivotal role of collagen V in mediating 

he mechanobiology of condylar progenitors during remodeling. To 

his end, although studying the Col5a1+ /− model provides direct in- 

ights into the higher propensity toward TMJ in cEDS patients, one 

imitation of this constitutive collagen V haploinsufficiency model 

s that the observed degenerative phenotype arises from combined 

ffects of impaired development and altered responses to aberrant 

oading. We thus cannot delineate the role of collagen V in UAC- 

nduced remodeling versus postnatal growth in these mice. To ad- 

ress this challenge, our ongoing studies aim to pinpoint the role 

f collagen V in remodeling by studying the impact of conditional 

artilage-specific collagen V knockout using the AcanCreER model 

 53 ], and to elucidate the molecular mechanisms by which colla- 

en V regulates the condylar progenitor cell mechanobiology and 

atrix assembly. 

The lack of biomechanical phenotype in the disc ( Fig. 10 ) is 

lso contrasting to the response of condylar cartilage ( Fig. 9 d). 

his could again be associated with the more differentiated, ma- 

ure cell type in the disc, rendering reduced sensitivity to changes 

n mechanical stimuli and/or the integrity of matrix microniche. 

nlike condylar cartilage that continues to undergo mechanically 

egulated chondrogenesis during postnatal growth, the disc retains 

ts nature of fibrogenic tissue throughout lifespan. In soft connec- 

ive tissues such as knee cartilage, the turnover of proteoglycans is 

uch faster than that of collagens [ 62 , 63 ]. Although the turnover 

ate of disc matrix collagens has not been quantified, it is expected 

o be slower than that of the more proteoglycan-rich condylar car- 

ilage. These factors could contribute to the minimal response of 
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he disc to UAC-induced aberrant loading in both genotypes. Simi- 

arly, in murine knee cartilage, when post-traumatic osteoarthritis 

s induced by the destabilization of the medial meniscus (DMM) 

urgery, degeneration of cartilage precedes changes of other tis- 

ues, including the meniscus, its fibrocartilaginous loading coun- 

erpart [ 64 , 65 ]. Taken together, we show that condylar cartilage is 

ore susceptible to degeneration than the disc, induced either by 

berrant loading, or deficiency of collagen V. Therefore, condylar 

artilage is more likely to be the site of TMJ disease initiation and 

ould play a central role in the higher propensity to TMJ disorders 

mongst cEDS patients [ 26 ]. 

.3. Implications for articular disc and condylar cartilage 

egeneration 

One guiding blueprint for tissue engineering is to recapitulate 

he key steps of native tissue development, thereby restoring the 

tructure and function of the native tissues [ 66 ]. As highlighted 

y this work, articular disc and condylar cartilage have compo- 

ition, structure and dynamic cell-matrix crosstalk distinctive to 

ach tissue. This indicates that knowledge derived from other tis- 

ues, such as knee cartilage and meniscus, are not directly trans- 

atable for designing regeneration strategies for the TMJ. A number 

f previous studies have aimed at uncovering the roles of individ- 

al matrix molecules in condylar cartilage by evaluating the phe- 

otype of genetic knockout or knockdown mice, including bigly- 

an/fibromodulin [ 67-69 ], lubricin (Prg4) [ 70-72 ], tenascin-C [ 73 ], 

ysyl oxidase-like 2 (LOXL2) [ 74 ], as well as collagens II [ 75 ], VI

 76 ], IX [ 77 ] and XI [ 77 , 78 ]. For articular disc, there has been lim-

ted attempts in studying its matrix, except for the work highlight- 

ng aberrant disc thickening in Prg4–/– mice [ 72 ]. Findings from 

his study, including the roles of collagen V, local heterogeneity 

n collagen fibril architecture and micromechanics, as well as high 

echanoadaptative responses of condylar cartilage, can integrate 

ith these previous studies, contributing to the fundamental un- 

erstanding of the ECM formation, remodeling and degradation of 

he TMJ. Building on this work, our future studies aim to uncover 

he activities of collagens V and XI, the two highly homologous 

olecules that regulate the initial assembly of collagens I and II, 

espectively [ 16 ]. Given their synergy in tendons [ 79 ], it is likely

hat these two molecules could have individual as well as coor- 

inated roles in regulating these two TMJ tissues, especially the 

bro-hyaline hybrid condylar cartilage. Furthermore, results from 

his work could serve as a benchmark for designing novel regener- 

tion strategies for restoring the biomechanical functions of condy- 

ar cartilage and articular disc as well as modulating cell-matrix 

nteractions using collagen V as a new biomaterial candidate or 

ene therapy target. In this regard, it is worth noting that there 

re salient differences in the anatomy and structure of TMJs be- 

ween mice, humans and other larger animals [ 80 , 81 ], which could

imit the direct translation of the findings from the current study. 

owever, molecular and structural insights generated by this work, 

s well as the application of AFM-based nanomechanical methods, 

an be extended for studying the TMJs of larger animal models. 

. Conclusions 

This study underscores the distinct activities of collagen V in 

egulating the TMJ articular disc versus condylar cartilage during 

ostnatal growth and remodeling ( Fig. 11 ). Although both are con- 

idered fibrocartilage, the articular disc does not contain a popu- 

ation of the proliferative progenitors that express high levels of 

ollagen V during postnatal growth. As a result, the impact of col- 

agen V loss on articular disc is limited to the thickening of colla- 

en fibrils and local modulus reduction at the posterior end, which 
205
s in stark contrast to the substantial changes in cell prolifera- 

ion/clustering, tissue morphology and matrix modulus observed 

n condylar cartilage. When in vivo occlusal loading is altered by 

he UAC model, loss of collagen V aggravates the remodeling of 

ondylar cartilage, as marked by higher Mankin scores, collagen 

bril thickening, modulus reduction, and aberrant tissue hypertro- 

hy at the posterior end. In contrast, UAC leads to only moderate 

hanges of the disc micromodulus at the posterior end, and defi- 

iency of collagen V has minimal impact on the response. Taken 

ogether, the more mature cell phenotype, heterogeneous structure 

nd complex loading pattern of articular disc could contribute to 

he less pronounced, region-dependent role of collagen V in reg- 

lating its structure and biomechanical properties. These results 

rovide a structure-function basis for designing new biomaterial 

caffolds and tissue engineering approach for the repair of articu- 

ar disc and condylar cartilage through modulating the activities of 

ollagen V. 
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