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Abstract

Mechanical stress to the temporomandibular joint (TMJ) is an important factor in

cartilage degeneration, with both clinical and preclinical studies suggesting that

repeated TMJ overloading could contribute to pain, inflammation, and/or structural

damage in the joint. However, the relationship between pain severity and early signs

of cartilage matrix microstructural dysregulation is not understood, limiting the

advancement of diagnoses and treatments for temporomandibular joint‐
osteoarthritis (TMJ‐OA). Changes in the pericellular matrix (PCM) surrounding

chondrocytes may be early indicators of OA. A rat model of TMJ pain induced by

repeated jaw loading (1 h/day for 7 days) was used to compare the extent of PCM

modulation for different loading magnitudes with distinct pain profiles

(3.5N—persistent pain, 2N—resolving pain, or unloaded controls—no pain) and

macrostructural changes previously indicated by Mankin scoring. Expression of

PCM structural molecules, collagen VI and aggrecan NITEGE neo‐epitope, were

evaluated at Day 15 by immunohistochemistry within TMJ fibrocartilage and

compared between pain conditions. Pericellular collagen VI levels increased at Day

15 in both the 2N (p = 0.003) and 3.5N (p = 0.042) conditions compared to unloaded

controls. PCM width expanded to a similar extent for both loading conditions at Day

15 (2N, p < 0.001; 3.5N, p = 0.002). Neo‐epitope expression increased in the 3.5N

group over levels in the 2N group (p = 0.041), indicating pericellular changes that

were not identified in the same groups by Mankin scoring of the pericellular region.

Although remodeling occurs in both pain conditions, the presence of pericellular

catabolic neo‐epitopes may be involved in the macrostructural changes and

behavioral sensitivity observed in persistent TMJ pain.

K E YWORD S

collagen, joint overloading, osteoarthritis, pericellular matrix, temporomandibular joint

© 2021 Orthopaedic Research Society. Published by Wiley Periodicals LLC

https://orcid.org/0000-0001-9015-7324
http://orcid.org/0000-0001-8310-5358
http://orcid.org/0000-0003-0414-0484
mailto:megan.sperry@wyss.harvard.edu


1 | INTRODUCTION

Temporomandibular joint disorders (TMDs) are the second‐most

common source of orofacial pain.1 A substantial subset of patients

with TMD develop osteoarthritis (OA), which is characterized by

intra‐articular inflammation and cartilage degeneration.2 Macro-

scopic changes observed with temporomandibular joint‐OA (TMJ‐
OA) include changes in joint shape and size, decreased condylar

cartilage volume, and thickened articular disc and surrounding

fossa.3,4 There is a known association between osteoarthritic‐related
symptomatic pain and tissue degeneration.2,5–8 However, differential

diagnoses and treatments for patients experiencing latent pain and

those who develop chronic, active orofacial pain remain a clinical

challenge. Accordingly, studying the relationship between pain and

changes in tissue structure that are characteristic of TMJ‐OA is

needed.

OA pathology involves alteration in the catabolic, inflammatory,

and structural molecular components of the condylar cartilage tissue,

which consists of chondrocytes.2,5,9,10 The pericellular matrix (PCM)

surrounds chondrocytes within the temporomandibular condyle and

plays an important role in mechanotransduction, cytoprotection, and

biochemical signaling.10–13 The PCM consists of densely packed

collagens and proteoglycans, including collagen VI and aggrecan,

each with critical roles in maintaining the PCM's structural integrity.

Collagen VI serves as a mechanical tether and protective layer sur-

rounding chondrocytes,14,15 whereas aggrecan is primarily re-

sponsible for regulating hydration, swelling, and supporting

compression16–19 (Figure 1B). Recently, PCM microstructural chan-

ges have been suggested to compromise chondrocyte mechanical

properties20 and serve as early indicators for OA progression.21

The structural and morphological changes associated with os-

teoarthritic cartilage are often assessed by the well‐established
Mankin grading system.22 That technique evaluates the overall

health of the cartilage tissue using grading of the intensity of his-

tologically stained cartilage, including categorizing the label intensity

of the PCM.23,24 Although accepted as a reliable tool to study

TMJ‐OA,22–24 there are constraints with Mankin scoring not being

able to provide a detailed view of histological outcomes, especially

within localized regions like the dynamic PCM.21,25 In experimental

models of OA that target specific markers within the PCM, there is

evidence that collagen VI levels increase and become more dis-

tributed throughout the tissue matrix.26,27 It is also well accepted

F IGURE 1 Summarized Methods Panel. (A) Overview of the study timeline: the repeated loading period occurred from Day 0 to Day 6 to
induce tunable pain; an early pericellular structural assessment was performed on harvested TMJs within the 3.5N‐loaded group at Day 8; and
all experimental groups' pericellular structural assays were completed at Day 15. (B) Illustration of the PCM within TMJ cartilage. Our study
focuses on the evaluation of collagen VI fibrillar protein and fragments of bottlebrush‐shaped aggrecan proteoglycan attachments following
painful loading. (C) An example image of hypertrophic chondrocytes and measurement technique for pericellular width quantification via
collagen VI marker guidance. (top) TMJ sections labeled for collagen VI were converted to bifiltered images through MATLAB. Ten randomly

selected chondrocytes from each image (two images per animal) were measured. The location of measurement along the PCM (in white) was
also randomly selected. Scale bar = 10 μm. (bottom) Expanded view of a single chondrocyte displaying inner and outer boundaries and
perpendicular direction (⊥) of manual width measurement completed via ImageJ. PCM, pericellular matrix; TMJ, temporomandibular joint
[Color figure can be viewed at wileyonlinelibrary.com]
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that aggrecan depletion is characteristic of osteoarthritic develop-

ment in other joint models.16–18,28–31 Together, organizational

changes in collagen VI and aggrecan biomarkers destabilize the PCM

and contribute to the onset of OA and mediate disease sever-

ity.28,32,33 Further, while the Mankin score remains popular for its

adaptability to several animal species and human cartilage models,22

the scoring system's accuracy has not been compared to the use of

pericellular marker labeling to detect early TMJ‐OA progression.

This study sought to evaluate the extent of pericellular struc-

tural modulation in the TMJ using a tunable rat model of TMJ pain

that is induced by repeated loading of the jaw (Figure 1A), and that

has been well‐characterized for its painful behavioral outcomes, as

well as inflammatory and catabolic cascades representative of TMJ‐
OA pathomechanisms.2,25,35,36 Previous work with this model graded

orofacial expression through the Rat Grimace Scale (RGS) to score

affective TMJ pain and mechanical reflex responses, defining a

threshold for evoked peripheral sensitivity.34 Briefly, a 2N load of re-

peated mouth‐opening induces resolving pain, whereas a greater 3.5N

of force induces persistent pain behaviors2,34,35 (Figure 1A). Further,

TMJs from both loading paradigms were previously characterized by

the Mankin scoring system, and only the 3.5N‐loaded persistent pain

condition was found to exhibit significant tissue structural changes at

Day 15.34 In the present study, changes in the pericellular collagen VI

protein and aggrecan NITEGE neo‐epitope were evaluated at Day 15

for both the resolving and persistent pain conditions.

Our central hypothesis is that collagen VI and aggrecan neo‐
epitope expression and distribution will increase in painful,

overloaded TMJs compared to unloaded controls, with the greatest

extent of pericellular remodeling occurring in TMJs that develop

persistent sensitivity. Collagen VI is expected to increase since

chondrocytes upregulate protein synthesis to preserve PCM te-

thering and protect against further degradation. Furthermore, we

expect increased aggrecan fragmentation (i.e., expression of neo‐
epitope) in the TMJ cartilage since it is an initial indication of de-

gradation and subsequent proteoglycan loss characteristic of OA.

Characterizing PCM molecule expression and distribution will help

identify whether there is degradation and provide detailed insight

into the tissue structural outcomes of TMJ‐OA. In addition, this in-

vestigation begins to define a relationship between a painful

mechanical overloading paradigm and pericellular changes char-

acteristic of TMJ‐OA onset and progression.

2 | METHODS

2.1 | Mechanical loading of rat TMJ

All studies used adult, weight‐matched (277.50 ± 4.24 g) and age‐
matched (70–80 days following receipt) female Holtzman rats

(Envigo). Rats were housed in groups of 2–3 in standard poly-

carbonate caging (AnCare), with 0.25‐inch corncob bedding (Bed‐
o'Cobs; The Andersons Lab Bedding Products) and ad libitum access

to food (LabDiet 5001; LabDiet) and water (acidified to pH = 3). Rats

were housed in an Association for Assessment and Accreditation of

Laboratory Animal Care accredited vivarium under a 12:12 h light:-

dark cycle in a temperature‐controlled environment in accordance

with recommendations set forth in The Guide for Care and Use of

Laboratory Animals (8th edition).36 All animal procedures were ap-

proved by the IACUC at the University of Pennsylvania (IACUC

#803831) and adhered to research and ethical guidelines of the In-

ternational Association for Study of Pain.37 Rats were exposed in

separate, randomized groups to daily repeated mechanical loading of

the jaw under isoflurane anesthesia at 2N (induces resolving or-

ofacial sensitivity) and 3.5N (induces persistent orofacial sensitivity)

for 1 h each day for 7 days2,34,35 (Figure 1A). All mechanically loaded

TMJs were compared to control TMJs from rats that did not receive

loading (normal). For all tissue harvests, rats were deeply anesthe-

tized with pentobarbital (65mg/kg) and perfused with phosphate

buffer saline (PBS).

2.2 | TMJ behavioral sensitivity assessment

Mechanical reflex testing in the temporomandibular joint region was

used to determine the extent of temporomandibular pain for each

loading magnitude. Joint sensitivity reflex tests were performed at

baseline (before loading), every other day during (Days 1, 3, 5), and

after the loading period (Days 7, 9, 11, 13, and 14) for rats exposed

to 2 or 3.5N loading. Sensitivity measurements were acquired in the

morning before that day's loading. The threshold for eliciting a head

withdrawal was measured using von Frey filaments of increasing

strengths from 0.6 to 60 g to stimulate the TMJ region (Stoelting).38

This assessment for pain sensitivity was performed on the subset of

rats used for Day 15 pericellular structural assays in this study (n = 7/

group). A separate analysis compared the 3.5N‐loaded animals in

Day 8 and Day 15 tissue groups (n = 5/group). Head withdrawal

thresholds were averaged across each group, log‐transformed to

normalize distribution, then compared used a repeated‐measures

analysis of variance with a post hoc Sidak's multiple comparisons test

(α = 0.05).2,34,35

2.3 | TMJ tissue preparation

To assess collagen VI expression, rats from the no loading, 2N, and

3.5N groups (n = 5/group) were fixed by 4% paraformaldehyde, and

TMJs were harvested en bloc at Day 15. All fixed TMJs were stored

in 30% sucrose in PBS and later decalcified with 0.25M EDTA for

3weeks at 4°C. A separate set of fixed TMJs (n = 5 rats) were also

harvested at Day 8 from the 3.5N loading condition. To assess ag-

grecan NITEGE neo‐epitope expression, TMJs were harvested un‐
fixed freshly from the no loading, 2N, and 3.5N groups at Day 15

(n = 4 rats/group), immediately placed in 10% protease inhibitor

cocktail in PBS to avoid protein degradation and stored at −20°C.

Table 1 summarizes the experimental groups and assessments

completed in this study.
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2.4 | Immunohistochemistry and
immunofluorescence labeling

Fixed TMJs were embedded in Tissue–Tek OCT compound (Sakura

Finetek) and sagittally sectioned. Fixed TMJ sections used for im-

munohistochemistry (IHC) were sectioned at 18 µm, and thaw‐
mounted onto slides. IHC was performed via incubating sections with

primary antibody against collagen VI (1:1250; Fitzgerald) or aggrecan

NITEGE neo‐epitope (1:1000; Thermo Fisher Scientific) overnight at

4°C. After washing, sections were incubated with biotinylated horse

anti‐rabbit secondary (1:1,000; Vector Laboratories) for 2 h, devel-

oped using 3,3ʹ‐diaminobenzidine (DAB), and cover‐slipped. For col-
lagen VI expression assessment, two histological sections of each

DAB‐IHC TMJ sample were imaged at ×40 using the EVOS FL Auto

Imaging System (Thermo Fisher Scientific). Fresh TMJs used for

immunofluorescence evaluation were similarly embedded, then sec-

tioned at 5 µm with direct adherence to Kawamoto's sectioning tape.

Sections were incubated for 30min at room temperature using the

same primary antibodies with higher concentrations (1:50 and 1:25

for collagen VI and NITEGE neo‐epitope, respectively). The second-

ary label was then applied to sections for 30min using goat anti‐
rabbit AlexaFlour 488. For aggrecan neo‐epitope expression as-

sessment, two histological sections of each IF‐IHC labeled TMJ were

imaged using confocal microscopy (Leica® TCS SP8 Multiphoton

Confocal; ×63 magnification; 15% laser intensity, 850 V gain).

2.5 | Quantification of pericellular marker
expression

Collagen VI expression was quantified using DAB‐IHC images. Ima-

ges were cropped to an approximated depth within the fibrocartilage

tissue (150–200 µm)28 and at standardized image dimensions

(1000 × 500 pixels) to include the deep‐hypertrophic zone. This zone
was selected for analysis because it is proteoglycan‐rich, and since

resistance to compression is largely dictated by proteoglycan‐
collagen networks, this region is suggested to show a stronger re-

sponse to applied loads39 and cause the earliest mechanical matrix

imbalances associated with TMJ‐OA compared to the superficial,

fibrous layers.40–42 A custom MATLAB script measured collagen VI

expressions as a percentage of surface area.43 Following percent

positive pixels analysis of collagen VI expression for each experi-

mental group and unloaded controls, an additional average PCM

width analysis was performed manually to quantify the extent of

pericellular expansion following loading conditions using ImageJ with

collagen VI as guidance marker (Figure 1C). Width measurements

were derived from the MATLAB‐processed, bi‐filtered images and

were taken at a perpendicular angle from the inner‐most boundary

(interfacing intracellular space) to the outer‐most boundary (inter-

facing the extracellular space) of a chondrocyte's PCM ring. Each

TMJ sample had two images that underwent PCM width analysis,

where the pericellular width was averaged from 10 randomized

chondrocytes per image.

Aggrecan NITEGE neo‐epitope expression was quantified from IF‐
IHC images cropped to the deep‐hypertrophic zone at standardized

dimensions (900 × 350 pixels), and the labeled area was measured using

the same MATLAB code to calculate the percentage of surface area.

Separate one‐way analysis of variances (ANOVAs) and post hoc Tukey

tests (α = 0.05) were performed to determine significance for each ex-

pression characterization and for PCM width analysis.

2.6 | Pericellular Mankin scoring from Safranin‐O/
Fast Green histological images

Global cartilage structure was evaluated using previously pub-

lished methods.34 Briefly, TMJs were stained by Safranin‐O/Fast

Green, imaged by widefield microscopy, and evaluated for the

extent of cartilage degradation by two blinded observers using the

modified Mankin scale.23,24 The global Mankin scoring evaluated

four subcategories including pericellular and background Safranin‐
O/Fast Green labeling, chondrocyte arrangement, and structural

condition of the cartilage, ranging from a combined score of 0

representing normal cartilage to a maximum of 10 for severely

degenerated cartilage totaled from subscores from the sub-

categories.23,24,34 This investigation focused on the pericellular

subcategory of Mankin scoring to determine if changes in the

pericellular structure demonstrated similar trends to that of col-

lagen VI and aggrecan neo‐epitope expression levels across load-

ing conditions. The pericellular category ranges from 0

(representing normal) to 2 (representing intensely enhanced

Safranin‐O/Fast Green pericellular label, indicative of PCM de-

gradation) and contributes to the global Mankin scoring out of

10.23,24 The two observers' subscores of the pericellular category

were extracted and averaged. Pericellular Mankin scores were

compared between the 2N and 3.5N loading cases at Day 15 (n = 4

rats/group) by one‐way ANOVA and subsequent post hoc Tukey

tests (α = 0.05). Pericellular Mankin scores were separately com-

pared between Day 8 and Day 15 experimental groups of the

3.5N‐loaded, persistent pain condition.

TABLE 1 Summary of pericellular structural assays and
examined conditions

Assessment Day 8 Day 15

Collagen VI

(n = 5/group)

3.5N (Figure S3) 2N, 3.5N

Aggrecan neo‐epitope
(n = 4/group)

‐‐‐ 2N, 3.5N

Pericellular width analysis

(n = 5/group)

‐‐‐ 2N, 3.5N

Pericellular Mankin scoring

(n = 4/group)

3.5N (Figure S4) 2N, 3.5N
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3 | RESULTS

3.1 | Mechanical reflex testing assessment
for behavioral sensitivity

Head withdrawal thresholds did not differ between the resolving

(2N) and persistent (3.5N) pain conditions on Days 1, 3, and 5 during

the loading period, as well as after the loading period on Days 7 and

9 (p > 0.05) (Figure 2). However, on Days 11, 13, and 14 after loading,

withdrawal thresholds were higher for the 2N condition, indicating

lower TMJ pain sensitivity (p < 0.0001) (Figure 2). Further, there was

no significant difference between the 3.5N‐loaded animals with tis-

sue harvested at Day 8 and Day 15 (Figure S2), indicating con-

sistency across groups exposed to 3.5N TMJ overloading.

3.2 | Collagen VI expression and pericellular
width measurement

The amount of collagen VI increased in 3.5N‐loaded TMJs on Day 15

(13.59% ± 2.68%) compared to normal (8.31% ± 2.66%; p = 0.042)

(Figure 3). The area percent of collagen VI also increased in

2N‐loaded TMJs on Day 15 (16.46% ± 3.60%) compared to normal

(p = 0.003) (Figure 3). No changes in collagen VI were identified be-

tween the 2N and 3.5N load at Day 15 (p = 0.323). PCM

widths, measured with the guidance of collagen VI staining, for

3.5N‐loaded TMJs (2.99 µm ± 0.18, p = 0.002) and 2N‐loaded TMJs

(3.28 µm ± 0.44, p < 0.001) both indicated expansion of pericellular

region over normal widths (2.00 ± 0.33) (Figure 5). Separately, col-

lagen VI expression at an earlier Day 8 timepoint within the per-

sistent pain, the 3.5N‐loaded group was not statistically different

than that of unloaded controls (Figure S3).

3.3 | Aggrecan neo‐epitope expression

The percent positive pixels for NITEGE aggrecan neo‐epitope in-

creased in both 2N (13.52% ± 6.74%) and 3.5N (24.29% ± 5.65%)

loaded TMJs at Day 15 over normal baseline (4.86% ± 1.99%,

p = 0.048 and p < 0.001, respectively) (Figure 4). Additionally, in

contrast to collagen VI expression, there was a significant increase in

expression from the 2N‐loaded group to the 3.5N‐loaded paradigm

(p = 0.041).

3.4 | Pericellular Mankin scoring

There were no significant differences in the average pericellular

Mankin score (out of a possible maximum of 2) identified in Day 15

3.5N‐loaded (0.84 ± 0.71, p = 0.239) or Day 15 2N‐loaded TMJs

(0.25 ± 0.09, p = 0.999) compared to normal control TMJs

(0.25 ± 0.40) (Figure 6). Additionally, no significant differences in the

average score were found when comparing Day 15 resolving,

2N‐loaded versus persistent, 3.5N‐loaded pain models (p = 0.24)

(Figure 6). This corresponds with previously reported average global

Mankin scorings (out of a possible maximum of 10) of 4.10 ± 0.37 in

Day 15, 3.5N‐loaded samples, which was greater than that of normal

control (1.71 ± 0.64) as well as of Day 15, 2N‐loaded TMJ sample

group (2.1 ± 0.92).34 Within the persistent pain condition, there was

no significant difference of pericellular Mankin scores between

Day 8, 3.5N‐loaded TMJ samples compared to normal or Day 15 TMJ

samples (Figure S4).

4 | DISCUSSION

This study identified increased collagen VI (Figure 3) and aggrecan

neo‐epitope expression by Day 15 (Figure 4) in both resolving (2N‐
loaded) and persistent (3.5N‐loaded) pain behavior conditions of a

tunable TMJ overloading model (Figure 2). Collagen VI expression

increased in both 2N‐ and 3.5N‐loaded TMJs by Day 15 (Figure 3),

and aggrecan neo‐epitope expression was increased more ex-

tensively within 3.5N‐loaded samples compared to that of 2N‐loaded
TMJs (Figure 4). Our results show the degree of aggrecan frag-

mentation may be dependent on overloading magnitude that induce

differential pain responses (Figure 4); whereas the increase in col-

lagen VI above normal levels is similar in both loading conditions

(Figure 4). This suggests aggrecan fragmentation could be used to

differentiate pain responses and severity of biochemical changes

characteristic of early TMJ‐OA. These findings also suggest that

different structural components of the PCM have variable responses

F IGURE 2 Jaw overloading magnitude corresponds to distinct
behavioral sensitivity profiles. In rats used for the pericellular
structural assays (n = 7/group), head withdrawal threshold differs
between 2N‐ and 3.5N‐loaded joints on Days 11, 13, and 14 (*). The
gray line represents the baseline threshold (42.29 ± 7.96) of
unloaded, matched animals [Color figure can be viewed at
wileyonlinelibrary.com]
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to mechanical loading of the TMJ fibrocartilage and some aspects of

those microstructural changes are observed even for cases when

orofacial pain resolves.

Increases in collagen VI are observed regardless of loading

magnitude (Figure 3A). Under normal, non‐loaded conditions, col-

lagen VI localizes as thin pericellular rings. In both loading conditions

at Day 15, the marker appears more densely concentrated within a

pericellular region compared to controls as well as more dispersed

throughout the peripheral regions of the tissue matrix (Figure 3B).

An increase in collagen VI is thought to be an early defensive me-

chanism against chondrocyte apoptosis, propagation of the in-

flammatory response, and catabolic degradation.28,29 Further, early

hypoxia induces upregulation of endoplasmic reticulum (ER) stress

markers, causing increased secretion of ER‐produced proteins44 in-

cluding collagens. Similarly, collagen VI may increase in this model

even with early, mild inflammatory and catabolic changes (i.e.,

within the 2N, resolving pain condition) as a compensatory or

preventative mechanism to protect against further degradative

responses,26 chondrocyte apoptosis,26–28 or from an alternative

pathomechanism.44 Nugent et al.44 describe cellular stress and

compensatory changes leading to a challenging balance of cellular

synthesis, secretion, and localization of pericellular collagen VI with

increased dispersion of the protein across the tissue matrix. The

finding that there is a similar expression of collagen VI in both the 2N

and 3.5N loading paradigms at Day 15 is particularly interesting

since previous work indicated greater expression of MMP‐13 at

Day 7, hypoxia inducible factor 1α (HIF‐1α)/HIF2‐α catabolic factors

by Day 8 and tumor necrosis factor α (TNF‐α) at Day 7 only for the

greater magnitude (3.5N) loading condition.2,34,35,45 Aligned with

recent literature, the increase in collagen VI at Day 15 in both 2N

and 3.5N loading models could be explained by compensatory phe-

nomena under mild indicators of metabolic stress as well as by bio-

mechanically sensitive chondrocytes attempting to maintain normal

tethering to the cartilage extracellular matrix (ECM) via additional

secretions when exposed to overloading conditions.14,32,44

Throughout the onset and progression of OA, aggrecan deple-

tion occurs through upregulation of matrix metalloproteinases

(MMPs) or aggrecanase (i.e., a disintegrin and metalloproteinase with

thrombospondin motifs, ADAMTS family) proteolytic cleavage be-

tween the three globular domains of an aggrecan structure.30,31,46–48

Before full degradation, aggrecan molecules become increasingly

fragmented, with the newly cleaved pieces known as neo‐
epitopes.46,49,50 The aggrecan NITEGE neo‐epitope was selected for

assessment since it is the most abundantly accumulated before

subsequent total aggrecan loss.46,47 Moreover, this production of

this aggrecan fragment precedes the upregulation of other neo‐
epitopes such as VDIPEN47,51 and is directly cleaved by ag-

grecanases as opposed to MMPs, making it a useful primary marker

for early OA. Its accumulation also reveals the presence of ADAMTS‐
family catabolic factors, which have not been previously character-

ized in this model.2

Aggrecan NITEGE neo‐epitope levels increased over normal

levels by Day 15 in both the resolving and persistent pain cases

(Figure 4) suggesting that ADAMTS‐family aggrecanases activate

F IGURE 3 Collagen VI increases similarly in
both resolving and persistent models by Day 15.
(A) Collagen VI levels increased in both 2N‐
loaded (#) and 3.5N‐loaded samples (^) by Day 15
timepoint compared to normal levels (gray
dashed line). There was no significant difference
between the two Day 15 experimental groups,
regardless of load magnitude. (B) Corresponding
DAB‐IHC collagen VI labeling of hypertrophic
chondrocytes acquired from normal versus
resolving and persistent TMJ pain models.
Compared to normal controls, both Day 15
groups have dark collagen VI pericellular labeling
and diffuse expression into the interterritorial
region of the tissue matrix. Scale bar = 25 μm.
DAB, 3,3ʹ‐Diaminobenzidine; IHC,
immunohistochemistry; TMJ, temporomandibular
joint [Color figure can be viewed at

wileyonlinelibrary.com]
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and affect the structural architecture of the TMJ in pain. However,

in contrast to the collagen VI expression results (Figure 3), the

neo‐epitope levels are greater in the persistently painful 3.5N‐
loaded group than in the resolving pain 2N‐loaded samples

(Figure 4A). The progressive increase in expression with increasing

loading magnitude is similar to trends observed for MMP‐13 and

HIF1α/HIF2α catabolic factors at earlier timepoints.2,35 This si-

milarity of expression related to load magnitude may be evidence

of these catabolic factors' influences on aggrecan NITEGE frag-

mentation in this model. Since these catabolic factors have been

shown to regulate the activity of MMP/ADAMTS and subsequent

proteoglycan cleavage,2,30,31,46–53 these findings suggest that the

previously studied catabolic factors may more directly impact the

proteolytic cleavage pathway represented in aggrecan neo‐
epitope expression in comparison to collagen VI upregulation. Yet,

the specific mechanistic pathways that direct the contrasting ex-

pression patterns between collagen VI and aggrecan neo‐epitope
in this model are still unknown.

Aggrecan neo‐epitope not only increased with TMJ loading, but

also underwent a shift of localization of NITEGE in mechanically

loaded TMJ tissue distinct from normal TMJs. In control hyper-

trophic chondrocytes, the NITEGE neo‐epitope was present as

pericellular rings as well as intracellular fragments (Figure 4B). In

tissue exposed to 2N and 3.5N loading protocols NITEGE is pro-

gressively more present and distributed in the pericellular to extra-

cellular matrices (Figure 4B). Other models investigating

chondrocyte contents have identified that aggrecan G1 domains are

indeed present intracellularly and contribute to intracellular traf-

ficking before secretion.54,55 The difference in localization and dis-

tribution between controls and loaded samples could be attributed

to stress‐induced cellular disruption and dysregulated aggrecan

catabolism.54 The upregulation of catabolic activity (evident with

MMP‐13 and HIFs) and proteolytic cleavage (via ADAMTS) of ag-

grecan in the loaded models may prevent normal intracellular

NITEGE epitope expression and activity. Further, in this increasingly

hostile, catabolic microenvironment of the presented models, the

chondrocyte and surrounding tissue complex may lose stability and

endocytosis capabilities.54 In turn, the aggrecan neo‐epitope frag-

ments become congregated within the pericellular and extracellular

matrices.54 Alternatively, it is possible that intracellular aggrecan

neo‐epitope labeling results from nonspecific sticking of antibody to

existing intracellular nucleic acids; however, this rationale needs to

be explored further by testing different immunohistochemical la-

beling techniques.

F IGURE 4 Aggrecan NITEGE neo‐epitope expression gradually and directly increases dependent on load magnitude. (A) Aggrecan neo‐
epitope increased in both 2N‐loaded (^) and 3.5N‐loaded (*) TMJs on Day 15 over normal (represented by gray dashed line). Additionally,
cleaved aggrecan expression was greater in 3.5N over 2N‐loaded TMJs at Day 15 timepoint (#). (B) Corresponding IF images of aggrecan
NITEGE neo‐epitope labeled hypertrophic chondrocytes. Compared to normal, unloaded samples, where NITEGE is lightly labeled in the
pericellular region and confined locally to the cell, Day 15 loaded samples had increased darkness of label in the pericellular and interterritorial
regions of the tissue matrix. Day 15, 3.5N‐loaded samples of the persistent paradigm appear darker with more concentrated NITEGE label
in comparison to Day 15, 2N‐loaded samples of the resolving model. Scale bar = 15 μm. TMJ, temporomandibular joint [Color figure can be
viewed at wileyonlinelibrary.com]
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Aggrecan neo‐epitope presence in both intracellular and peri-

cellular regions in normal chondrocytes (Figure 4) contrasts with

collagen VI localization, which solely appears as pericellular rings

(Figure 3). This difference furthers the concept that these two mo-

lecular components, although both pivotal to PCM structural in-

tegrity, vary in localization, have separate roles throughout the

chondron unit and ECM, and may be potentially influenced by dif-

fering catabolic pathways. This is not surprising as the two bio-

markers are intrinsically different: collagen VI primarily serves as a

structural network protein,14,15,32 whereas aggrecan neo‐epitope is a

degradation product of a proteoglycan protein functioning to retain

hydration.16–19 By establishing unique patterns of pericellular col-

lagens and proteoglycans, we can begin to understand each struc-

ture's properties, potentially informative to each biomolecules'

functions within the PCM. Furthermore, with identifying variable

expression trends of these pericellular structures, there is clear

evidence of a dynamic and sensitive PCM environment within these

painful overloading conditions. These are critical findings because

they establish detailed microstructural alterations indicative of early

osteoarthritic degeneration and align with human data on pericel-

lular reorganization,56 which highlights the clinical relevance of our

model.

This investigation utilized collagen VI to quantify pericellular

width expansion, a technique previously cited to determine PCM

edges and indicative of the regional structural integrity.32 The PCM

width results within this overloading model align with collagen VI

expression levels within resolving (2N) and persistent (3.5N)

conditions by Day 15 in that both loaded groups experienced a si-

milar degree of PCM expansion compared to non‐loaded controls

(Figure 5). Even with evidence of early inflammatory and catabolic

upregulation (Day 7/Day 8) and subsequent structural reorganiza-

tion (Day 15), our investigation reveals the pericellular expansion is

subtle at an average of 3 μm for both conditions compared to a

normal chondrocyte PCM width average of 2 μm and does not ex-

ceed 4 µm characteristic of advanced, degenerative OA.21 PCM

thickness of <4 µm suggests that loading induces an early‐to‐
moderate OA pathology by Day 15, which generally agrees with

previous global Mankin scores of approximately 4 on a 10‐point
grading scale for this model.34 Accordingly, the pericellular width

analysis generally corroborates our previous categorization of the

tunable overloading model producing early indications of progressive

structural degradation.

Previous studies using global Mankin scoring of the TMJ carti-

lage structure found that overall changes (measured via overall

glycosaminoglycan, proteoglycan, and collagen content) were evident

at Day 15 only in TMJs exposed to 3.5N loading.34 However, the

presented pericellular Mankin sub‐scoring suggests there were no

evident changes in the pericellular region between loading groups

(Figure 6). Investigation of PCM‐specific markers reveals pericellular

microstructural changes and pericellular reorganization for both

loading magnitudes, which were undetected by pericellular Mankin

sub‐scoring. The collagen VI and aggrecan neo‐epitope assays also

show changes associated with 2N‐loading that were not observed by

the global Mankin system (Figures 3 and 4). These differences

F IGURE 5 Pericellular width of TMJ
chondrocytes expands following 2N or 3.5N
loading at Day 15. (A) PCM width for 3.5N‐loaded
TMJs and 2N‐loaded TMJs both indicated
expansion of pericellular region over normal
(^p = 0.002 and *p < 0.001, respectively) by Day
15 timepoint. Both experimental groups averaged
approximately 3 µm versus normal baseline of
2 μm. (B) Representative bi‐filtered images used
for pericellular width measurements with
thickening of collagen VI guidance marker in both
loading paradigms at Day 15 compared to normal
controls. Scale bar = 10 μm. PCM, pericellular
matrix; TMJ, temporomandibular joint [Color
figure can be viewed at wileyonlinelibrary.com]
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suggest that individual PCM markers may provide more details in the

structural degradation associated with early TMJ‐OA and may be a

more sensitive detection tool over Mankin scoring to distinguish

structural remodeling of TMJs present in both persistent and re-

solving symptomatic pain.

This study's use of immunohistochemical evaluation to de-

termine pericellular structural changes in the TMJ is limited in sev-

eral ways. With this approach, it is challenging to accurately assess

pericellular remodeling across different depths of heterogeneous

tissue due to the compacted, fibrous morphology of the TMJ's su-

perficial layers. IHC assays are also limited in demonstrating func-

tional changes in tissue mechanical properties. Since understanding

the heterogeneous architecture of the TMJ and measuring functional

outcomes from tissue overloading are areas of interest, performing

Atomic Force Microscopy (AFM) on TMJ fibrocartilage from our

model could be a useful future approach to determine mechanical

outcomes relative to tissue depth or magnitude of overloading.57–59

Furthermore, although pain, inflammation, and catabolic factors

are upregulated in the 3.5N TMJ loading case on, or before,

Day 8,2,34,35,45 the findings of this study reveal detailed pericellular

microstructural changes within both loading conditions at Day 15

after the loading period that were previously undetected. Our pre-

liminary assessment indicated no increases in collagen VI expression

nor significant changes in pericellular Mankin scoring at Day 8 for

the more aggressive, 3.5N‐loaded condition, which provided ratio-

nale to focus on Day 15 outcomes (Figures 3 and 4). However, ad-

ditional time course studies for both PCM markers within each pain

condition are needed to define the temporal relationships between

the onset of pain, inflammation, and catabolic cascades and pericel-

lular structural outcomes. Additional limitations of this study include

the differences of immunohistochemical techniques applied on col-

lagen VI versus aggrecan NITEGE quantification (Figure S1) and the

inherent subjectivity of manual analysis for both pericellular Mankin

scoring and pericellular width analysis. Improvements to mitigate

these limitations include standardizing IHC protocols for both peri-

cellular markers and automating pericellular width tabulations to

minimize any subjectivity.

In summary, this study bridges previously determined in-

flammatory and behavioral outcomes of a TMJ overloading model

with tunable pain conditions to detailed pericellular structural

modulations within TMJ cartilage tissue. Our hypothesis of increased

pericellular structural remodeling in painful, overloaded TMJs is ac-

cepted since there are increased levels of collagen VI under both

loading paradigms and progressively increased aggrecan neo‐epitope
in the persistent pain condition. Collagen VI and aggrecan NITEGE

neo‐epitope respond to overloading associated with both resolving

or persistent pain expression, but with differing patterns, under-

scoring the complexities of pericellular structural molecules and the

dynamic nature of the PCM region. The increase in collagen VI and

aggrecan neo‐epitope as well as pericellular width expansion is

characteristic of early‐to‐moderate osteoarthritic development. Un-

like studying the tissue matrix surrounding chondrocytes using global

stains and pericellular sub‐scorings, our investigation highlights the

potential importance of assessing the PCM remodeling with specific

markers as it provides more detailed information about tissue out-

comes that could be beneficial to the characterization and diagnosis

of TMJ‐OA.
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