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Abstract 

Mechanical overloading of the temporomandibular joint (TMJ) promotes both the 
initiation and progression of TMJ osteoarthritis (OA). New preclinical animal models are 
needed for the evaluation of the molecular basis of cellular load transmission. This would 
allow a better understanding of the underlying mechanisms of TMJ-OA pain and dis-
ability, and help identify new therapeutics for its early diagnosis and management. The 
purpose of this study was to evaluate the role of mechanical loading in the progression of 
TMJ-OA in surgical instability arising from unilateral partial discectomy (UPD) in a 
murine model. In the theoretical modelling employed, lower joint reaction forces were 
observed on the chewing (working) side of the TMJ in the murine craniomandibular 
musculoskeletal system. Hypofunction was induced secondary to UPD through surgically 
manipulating the working side using an unopposed molar model. When the working side 
was restricted to the same side as that on which UPD was performed, late-stage degenera-
tion of the cartilage showed a significant reduction (p<0.05), with diminished fibrillation 
and erosion of the articular cartilage, cell clustering, and hypocellularity. Condylar 
remodelling and proteolysis of proteoglycans were less affected. Thus, select and specific 
late-stage changes in TMJ-OA were contextually linked with the local mechanical environ-
ment of the joint. These data underscore the value of the UPD mouse model in studying 
mechanobiological pathways activated during TMJ-OA, and suggest that therapeutically 
targeting mechanobiological stimuli is an effective strategy in improving long-term bio-
logical, clinical, and patient-based outcomes.
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Introduction 

Temporomandibular joint (TMJ) osteoar-
thritis (OA) is associated with dysfunctional 
remodelling of the mandibular condylar car-
tilage, arthralgia, limited joint mobility, and 
diminished quality of life20). The etiopatho-
physiology of TMJ-OA is ill-defined, and con-
temporary molecular targets for clinical inter-
vention have yet to be identified. Although 
systemic illness, aging, and hormonal and 
behavioral factors have been implicated, 
growing evidence suggests that mechanical 
overloading of the articular fibrocartilage is a 
key factor in the initiation and progression of 
TMJ-OA10,12,20,21).

Formative preclinical evaluation of novel 
therapeutics necessitates the utilization of 
preclinical animal models that encompass the 
unique mechanical and metabolic consider-
ations of TMJ-OA1,2,5). The surgical instability, 
unilateral partial discectomy (UPD) murine 
model produces degenerative changes in the 
mandibular condylar cartilage that closely 
match their clinical presentation in 
humans17,24,25). A UPD presents with condylar 
flattening, osteophyte formation, lipping, 
sclerosis, proteolysis of proteoglycans, fibrilla-
tion, and erosion. Because it is surgically 
induced, a UPD is post-traumatic. It repro-
ducibly and reliably generates changes in tis-
sue appropriate to TMJ-OA that are ideal for 
identifying select and specific mechanisms of 
degeneration of cartilage. It is less clear, how-
ever, as to whether the UPD model is also use-
ful in the study of the etiopathophysiology of 
TMJ-OA. While the UPD procedure destabi-
lizes the TMJ, the role of mechanical loading 
in the observed degenerative changes has yet 
to be systematically addressed. The use of a 
hypofunction model secondary to the UPD 
procedure would permit the effects of 
mechanical overloading to be studied in par-
allel with those from the UPD procedure.

Hypofunction in the TMJ can be achieved 
in a variety of ways, including appliance ther-
apy13,14), muscle immobilization3), and surgical 
approaches16). In the present study, however, a 
new approach will be evaluated: the unop-

posed molar model (UM). The UM model 
has been widely used in orthodontic studies of 
tooth eruption15,22), but has limited use in the 
study of the TMJ. In this procedure, the max-
illary molars and mandibular incisor are 
removed unilaterally, constraining the chew-
ing side contralateral to the UM procedure. 
Theoretical work in non-murine model sys-
tems has demonstrated that the TMJ on the 
chewing side (referred to as the working side, 
hereafter) is subject to lower joint reaction 
forces than that on the non-chewing side (the 
balancing side, hereafter)4,6,18). The working 
and balancing side joint reaction forces in a 
murine model under different chewing con-
ditions are not known.

The goals of this study were to 1) determine 
if surgically constraining the working side in a 
murine model lowered the joint reaction 
forces to which it was subjected; and 2) evalu-
ate the efficacy of the UM murine model in 
experimentally inducing hypofunction in a 
UPD joint and attenuating the progression of 
degeneration in the TMJ cartilage.

Materials and Methods

1. ‌�Calculation of joint reaction forces in 
murine model during unilateral biting
Murine bite and joint reaction forces were 

calculated from equations derived from a 
3-dimensional (3D), free-body analysis of the 
orofacial musculoskeletal system18). These 
equations require estimates of the location, 
direction, and magnitude of jaw adductor 
muscle forces, and the location of the bite 
point. To estimate the location, direction, and 
magnitude of the jaw adductor muscle forces 
on the murine mandible and skull, muscle 
attachment areas were digitized from micro-
CT scans of mus musculus obtained from Digi-
morph19). Virtual muscle segments connect-
ing the cranium and mandible were rendered 
from these attachment areas and exported as 
a 3D model11). The anterior- and posterior-
most elements were identified and used to 
define 10 equidistant, connected points on 
each 3D surface. The 10 points representing 
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the cranial segment were then connected 
with the 10 points representing the mandibu-
lar segment. These connected segments were 
used to define the direction of the muscle line 
of action (thin black lines on Figs. 1a and 1b).

In this free-body analysis, absolute forces 
are not necessary to calculate working and 
balancing side joint reaction force ratios. 
Therefore, the model assumptions permit 
muscle forces equal to cross-sectional area 
rather than absolute muscle values. The cross-
sectional area was calculated using a 3D con-
vex hull approach (i.e., the smallest convex 
polygon), with the cross-sectional area of the 
muscle (Acs) defined as the largest cross-sec-
tional area of the convex hull normal to the 
line connecting the centroid of the cranium 
muscle attachment and the centroid of the 
mandible cranium attachment (thick black 
lines in Figs. 1a and 1b). Muscle forces were 

defined in arbitrary units squared (au2), with 
masseter equal to 4.82 au2, medial pterygoid 
equal to 4.37 au2, and temporalis equal to 3.13 
au2.

These estimated, relative muscle forces 
were then entered into the equations derived 
from free-body analysis to calculate bite force 
and working/balancing side joint reaction 
forces. The methods employed were based on 
those of Reed, Iriarte-Diaz et al 18). In brief, the 
equations must assume that the system of 
forces is in static equilibrium, with the sum of 
all forces and moments equal to zero. Bite 
force (FBP) is calculated according to the fol-
lowing equation:

where pMx and pMz are the X (antero-posterior) 
and Z (dorso-ventral) positions of the muscle 
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Fig.　1　Joint reaction force calculations

Illustration of jaw adductor sectional area calculated from 3D osteologi-
cal correlates (a-b) and diagram of surgical procedures/experimental 
design. Medial (a) and frontal (b) views of temporalis (pink) and masse-
ter (yellow) mapped on μCT scan of mouse skull with maximum 
cross-sectional area mapped on volume. These cross-sectional area values 
were used to estimate muscle force and calculate joint reaction forces in 
free-body analysis. Bite points for free-body analysis were chosen based on 
positions calculated from μCT scan. The unilateral partial discectomy 
(UPD) procedure was always performed on right side and unopposed 
molar (UM) procedure always on left side, forcing chewing to occur ipsi-
lateral to the UPD (c-d). The chewing side is working side (WS) and 
non-chewing side balancing side (BS).
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attachment at the mandible with respect to 
the origin; FMx and FMz are the Y and Z compo-
nents of the muscle forces; and pBPx is the 
X-position of the bite point.

The joint reaction forces for the working 
(FJws) and balancing sides (FJbs) are calculated 
according to the following equations:

where FMTx and FMTz are the X and Z compo-
nents of the sum of all muscle forces; and pBPy 
and pJy are the y-position (antero-posterior) of 
the bite point and the jaw joint. The working/
balancing side ratio is calculated, with a ratio 
approaching 1 indicating equal loading at the 
joints, and a ratio of <1 indicating greater 
loading on the balancing side. Previous analy-
ses have illustrated that a ratio of >1 is not 
permitted under normal physiological load-
ing in equilibrium18).

2. Unilateral partial discectomy model
Temporomandibular joint osteoarthritis 

was induced by unilateral partial discec-
tomy24,26). Seven-week-old, male c57 BL/6J 
mice were anesthetized with ketamine 
(100 mg/kg) and xylazine (5 mg/kg). The 
lateral capsule was exposed and incised, tak-
ing a posterior approach on the right joint 
(Fig. 1). The articular disc was excised, the 
joint irrigated with sterile saline, and the 
wound closed with 5-0 Ethilon sutures. Sham 
control surgeries were identical, except the 
lateral capsule and disc were left intact. 
Experimental endpoints included 4 time 
points: 4, 8, 12, and 16 weeks postoperatively. 
These time points were chosen based on pre-
vious descriptions of the mouse model24). No 
special diet was necessary postoperatively, and 
no adverse health effects were observed. All 
experiments using vertebrate animals were 
approved by the University of Illinois at Chi-
cago Animal Care Committee and performed 
in accordance with the relevant guidelines 
and regulations.

3. Unilateral unopposed molar model
The working side was controlled surgically 

by unilateral extraction of the maxillary 
molars and clipping of the mandibular inci-
sor contralateral to the UPD (left side). 
Therefore, postoperative mastication occurs 
ipsilateral to the affected TMJ (right side; Fig. 
1). The molars were extracted immediately 
following the UPD procedure. A dental scaler 
was placed on the posterior crown and pres-
sure applied until the tooth was extracted. 
The socket was then irrigated with sterile 
saline and pressure applied until bleeding 
stopped. The mandibular incisor contralat-
eral to the UPD was clipped every 2 weeks for 
the duration of the experiment to prevent the 
still-growing teeth from coming into 
occlusion.

4. ‌�Histology and grading of cartilage 
degeneration
Tissue samples were fixed in 4% PFA for 
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Table　1　Modified Mankin score definition table

Pericellular safranin-O staining

Normal 0

Slightly enhanced 1

Intensely enhanced 2

Background safranin-O staining

Normal 0

Slight increase or decrease 1

Severe increase or decrease 2

No staining 3

Arrangement of chondrocytes

Normal 0

Apprearance of clustering 1

Hypocellularity 2

Cartilage structure

Normal 0

Fibrillation in superficial layer 1

Fibrillation beyond superficial layer 2

Missing articular cartilages 3

Table defining Modified Mankin scoring follow-
ing Xu et al. (2009)
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18–24 hr, decalcified with 4.5% EDTA for 28 
days, and paraffin embedded. Tissue blocks 
were serially sectioned in the frontal plane at 
a thickness of 8 μm. For the histomorphomet-
ric analysis, all the sections to be analyed were 
deparaffinized and the nuclei stained with 
Weigert’s iron hematoxylin for 10 min, fast 
green for 15 min, and safranin O for 15 min. 
The stained sections were then imaged on a 
Leica DM 2000 LED microscope using a 20x 
objective. The progression of TMJ-OA at each 
time point was quantified using the Modified 
Mankin Score (Table 1). Modified Mankin 
scores were statistically compared using a one-
way ANOVA.

Results 

1. ‌�Unopposed molar model lowers joint 
reactions forces ipsilateral to surgical side
Five bite positions were used in the calcula-

tion. In all cases, the working side joint reac-
tion forces were lower than those on the bal-
ancing side in mouse, with the difference 
increasing at more distal bite points. The 
highest bite force was found at the distal-most 
molar and the lowest at the incisor. Following 
the predictions of previous work in other ani-
mal models, unilateral biting yielded higher 
joint reaction forces on the balancing side 
than on the working side. Joint reaction forces 
were highest during incisor biting and lowest 
during biting on the distal molar. The largest 
difference between the working and balanc-
ing side joint reactions forces occurred dur-

ing chewing on the distal-most molar. These 
data revealed that restricting the biting posi-
tion to one side of the mandible lowered joint 
reaction forces on the working side (Table 2).

2. ‌�Hypofunction secondary to unilateral 
partial discectomy attenuates cartilage 
degeneration
In both the UPD-only and UM+UPD mod-

els, there was evidence of degeneration at all 
time points on the right side (the side of the 
UPD procedure). At 4 weeks postoperatively, 
there was condylar remodelling and a slight 
increase in background proteoglycan. Differ-
ences between the two experimental groups 
became clear at 8 weeks postoperatively, with 
fibrillation in the articular cartilage of the 
UPD-only model and no apparent change in 
the articular cartilage in the UM+UPD 
model. However, a slight decrease was 
observed in overall background proteoglycan 
in the UM+UPD model. This difference was 
accentuated at 12 weeks. In the UPD-only 
model, fibrillations extended beyond the 
superficial layer, with proteolysis of proteogly-
cans and cell clustering. The 12-week 
UM+UPD tissue showed no difference to 
that at 8 weeks. At 16 weeks postoperatively, 
elevated levels of hypocellularity and erosion 
of the articular cartilage were observed in the 
UPD-only model. In the UM+UPD model, 
slight fibrillation was apparent in the articular 
cartilage at this stage, but the cell morphol-
ogy, cell number, and cartilage integrity 
appeared unchanged (Fig. 2).

Similar degenerative changes occurred on 
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Table　2　Joint reaction force calculations

Bite Position Molar_Distal Molar_center Molar_Mesial Diastema Incisor

Bite Force (R, UPD side) −71.98 −63.94 −55.33 −48.79 −25.29

Reaction Force (L, BS, UM side) 95.56 98.99 101.14 102.35 103.37

Reaction force (R, WS, UPD side) 63.16 67.76 74.23 79.56 102.04

Ratio 0.66 0.68 0.73 0.78 0.99

Values from free-body analysis demonstrating how changes in bite point altered bite force, balancing side joint 
reaction force (contralateral to UPD), working side joint reaction force (ipsilateral to UPD), and ratio of working 
to balancing side reaction forces.
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the left joint (the side of the UM procedure). 
The left joint was the balancing side joint. 
According to free-body analysis, the joint 
reactions forces were elevated on this side at 
all bite points. The left joint appeared unaf-
fected by the UM+UPD procedure until 
approximately 12–16 week postoperatively. At 

this experimental stage, background safranin-
o staining showed a decrease, and there was 
an increase in pericellular safranin-o staining 
(Fig. 3). Similar changes were observed in the 
left joint of the UPD only tissues.

A statistical comparison revealed that the 
rate of increase in the Modified Mankin 
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Fig.　2　Cartilage degeneration in UM+UPD and UPD murine models

Representative safranin-o/fast green stained (SO/FG) sections from UM+UPD and UPD-only 
experimental groups demonstrating differences in cartilage degeneration in mandibular condyles 
in joints in non-surgical (a-b), 4-week (c-d), 8-week (e-f), 12 week (g-h), 16 week (i-j), and 16 
weeks sham control (k-l) groups. All scale bars equal 50 μm. 
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Fig.　3　Cartilage degeneration in UM+UPD murine model

Representative safranin-o/fast green (SO/FG) stained sections from UM+UPD experimental 
group demonstrating differences in cartilage degeneration in mandibular condyles ipsilateral (R) 
and contralateral (L) to UPD in non-surgical control (a-b), 4 week (c-d), 8 week (e-f), 12 week 
(g-h), 16 week (i-j), and 16 weeks sham control (k-l) groups. All scale bars equal 50 μm. 
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Scores was greater on the right side in the 
UPD-only model than that in the UM+UPD 
model. This yielded significantly lower stages 
of degeneration in the UM+UPD model at 8, 
12, and 16 weeks postoperatively. No signifi-
cant difference was observed between the 
UPD-only and the UM+UPD models on the 
left side, however. Therefore, the observed 
increase in degenerative change contralateral 
to the UPD was consistent with the UPD, not 
the UM procedure (Fig. 4, Table 3, 4).

Although a comparison between sides in 
the UM+UPD model revealed significant dif-
ferences at 4–8 weeks postoperatively, no such 
difference was observed at 12–16 weeks, indi-
cating that the rate of degenerative change 
within the right-side joint approaches that of 
the unaffected side when joint reaction forces 
are mitigated through surgical control of the 
bite side (Fig. 4, Table 5).

Discussion 

The results of the present study using a 
theoretical, free-body approach revealed that 
unilateral biting in a murine musculoskeletal 
system lowered the working-side joint reac-
tion forces at all positions on the tooth row. 
Furthermore, empirical murine model data 
showed that surgically restricting the bite side 
using the UM model to the side of the UPD 
attenuated the progression of degeneration 
in mandibular condylar cartilage. As a surgi-
cal instability model, the UPD approach is 
post-traumatic, so etiopathophysiology could 
be multifactorial. Taken together, the present 
theoretical and empirical data support the 
hypothesis that mechanical loading second-
ary to UPD is a critical determinate of carti-
lage degeneration in this murine model, and 
underscore the key role of mechanobiologi-
cal signalling pathways in the etiopathophysi-
ology of TMJ-OA.

Precisely defining the mechanical microen-
vironment associated with TMJ-OA is an 
important next step, and will require more 
complex theoretical models. The free-body 
approach is limited because it assumes that 

the mandible is a rigid body. In contrast to in 
humans, the mouse jaw is comprised of two 
hemimandibles joined together by an unfused 
symphysis. The unfused symphysis is hypoth-
esized to be ineffective for the transfer of bal-
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Fig.　4　Modified Mankin scores

Graphs of average Modified Mankin scores at each time 
point in UPD-only and UM+UPD experimental groups 
comparing right, WS, UPD side joint (a) left, BS, UM 
side joint (b), and right/left in UM+UPD model (c). 
Modified Mankin score of 10 indicates high degree of 
degeneration and score of 0 indicates normal joint. 
Asterisks denote significant differences as indicated in 
Tables 3-5. Experimental groups are defined as 
non-surgical control (NSC), 4-week (4w), 8-week (8w), 
12-week (12w), 16-week (16w), and 16-week sham con-
trol (s16w).  
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ancing-side jaw adductor muscle forces to the 
bite point7–9). A second biological factor, which 
was not incorporated into our model, was that 
mice primarily ingest their food using the 
incisors. Even unilateral incision yields a 
working-side joint reaction force nearly equal 
to that on the balancing side (Table 1). Fur-

thermore, mice can bilaterally reduce food 
on the molars due to a propalinal (anteropos-
terior) jaw shift23), requiring complex transla-
tional movements of the TMJ. The free-body 
approach used in the present study assumes a 
rigid body in equilibrium, and cannot resolve 
tractional/translational forces on the articu-
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Table　3　Comparison of Modified Mankin scores in UPD-only and UM+UPD model on right side

Right, WS,  
UPD side NSC 4w 8w 12w 16w s16w

UPD only 
model

Mean 0.20 2.20 3.80 5.83 8.60 2.00

SD 0.45 0.84 0.84 1.52 0.89 1.41

UPD 
+UM model

0.00 0.00 0.00 0.00 0.00 0.00

Mean 0.00 1.67 2.50 2.80 3.33 1.67

SD 0.00 0.52 0.58 0.84 0.58 1.53

ANOVA F (1,7)=0.78, 
p=0.41

F (1,9)=1.69, 
p=0.23

F (1,7)=6.92, 
p<0.05

F (1,9)=16.57, 
p<0.05

F (1,6)=80.70, 
p<0.05

F (1,6)=0.10, 
p=0.76

Comparison of average value, standard deviation, and ANOVA in Modified Mankin scores at each time point 
between UPD-only and UM+UPD models on right joint (working side, ipsilateral to UPD procedure). Experi-
mental groups are defined as non-surgical control (NSC), 4-week (4w), 8-week (8w), 12-week (12w), 16-week 
(16w), and 16-week sham control (s16w).
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Table　4　Comparison of Modified Mankin scores in UPD-only and UM+UPD model on left side

Left, BS, 
UM side NSC 4w 8w 12w 16w s16w

UPD only 
model

Mean 0.20 0.00 0.20 0.50 1.60 0.00

SD 0.45 0.00 0.45 1.00 1.52 0.00

UPD+UM 
model

Mean 0.00 0.33 0.67 2.00 2.33 0.33

SD 0.00 0.58 0.58 0.00 0.58 0.58

ANOVA F (1,7)=0.78, 
p=0.41

F (1,4)=1.00, 
p=0.38

F (1,7)=1.67, 
p=0.24

F (1,5)=6.43, 
p=0.052

F (1,6)=0.61, 
p=0.46

F (1,6)=1.88, 
p=0.22

Comparison of average value, standard deviation, and ANOVA in Modified Mankin scores at each time point 
between UPD only and UM+UPD models on left joint (non-chewing side, contralateral to UPD procedure). 
Experimental groups are defined as non-surgical control (NSC), 4-week (4w), 8-week (8w), 12-week (12w), 
16-week (16w), and 16-week sham control (s16w).
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lar surface of the condyle. The relative impact 
of translational versus compressive forces on 
cartilage tribology is an important next step 
that will require more complex modelling.

Despite the drawbacks inherent to the 
assumptions of the model used here, however, 
the empirical data unequivocally demon-
strated that the UM+UPD approach attenu-
ated the progression of degeneration in the 
mandibular condylar cartilage when com-
pared to that seen in the UPD-only model. 
Since UM alone had no impact on the Mankin 
Score after 16 weeks, and the UM surgical site 
was not anatomically related the UPD surgical 
site, these data point to an initiating factor 
localized to the joint space. As such, the fibril-
lation, erosion, cell clustering, and hypocel-
lularity associated with the advanced TMJ-OA 
observed in the UPD model can be at least 
contextually linked with the local mechanical 
environment of the articular cartilage pre-
dicted from our theoretical model.

Perhaps equally as intriguing are the char-
acteristics associated with the TMJ-OA-
affected joint that were not impacted by the 
UM procedure. Hypofunction did not impact 
the immediate remodelling of the bony con-
dyle or the long-term degradation of safranin-

o stained proteoglycans. In fact, lower safra-
nin-o staining was observed in the sham con-
trols and on the left (UM side) mandibular 
condyle.

Together, these data demonstrate that 
there are select and specific late-stage changes 
in TMJ-OA contextually linked with mechani-
cally activated signalling pathways. Further-
more, these data underscore the value of the 
UPD mouse model in the study of mechano-
biological pathways activated during post-
traumatic TMJ-OA, and suggest that thera-
peutically targeting mechanobiological stim-
uli is an effective strategy in improving long-
term biological, clinical, and patient-based 
outcomes.
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16-week (16w), and 16-week sham control (s16w).
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