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A B S T R A C T   

The canonical Wnt pathway participates in inflammatory diseases and it is involved in neuropathic pain. This 
study evaluated the immunoexpression of the canonical Wnt signaling pathway in the articular cartilage of the 
temporomandibular joint (TMJ) and along the nociceptive trigeminal pathway in arthritic rats. For this, male 
Wistar rats were divided into Control (C) and Arthritic (RA) groups. Arthritis induction was performed through 
subcutaneous injection of methylated bovine serum albumin (mBSA) and complete Freund Adjuvant (CFA)/ 
Incomplete Freund Adjuvant (IFA) on the first 14 days (once a week), followed by 3 weekly intra-articular in
jections of mBSA (10 μl/joint; left TMJ). The following parameters were evaluated: nociceptive threshold, in
flammatory infiltrate, type I and III collagen birefringence, immunohistochemistry for IL-1β, TNF-α, IL-6, 
Wnt10b, β-catenin, cyclin-D1 in articular cartilage, c-Myc in synovial membrane, and immunofluorescence 
analysis for c-Fos, Wnt-10b and β-catenin in the trigeminal ganglion and the trigeminal subnucleus caudalis. The 
RA group showed intense articular cartilage damage with proliferation of type III collagen, increased immu
noexpression of proinflammatory cytokines and Wnt-10b, β-catenin and cyclin-D1 in the articular cartilage and c- 
Myc in the synovial membrane. In the RA group, a reduction in the nociceptive threshold was observed, followed 
by a significant increase in the expression of Wnt-10b in neurons and β-catenin in satellite cells of the trigeminal 
ganglion. c-Fos immunoexpression was observed in neurons, peripherally and centrally, in arthritic rats. Our data 
demonstrated that TMJ arthritis in rats causes articular cartilage damage and nociceptive behavior, with 
increased immunoexpression of canonical Wnt pathway in the articular cartilage and trigeminal ganglion.   

1. Introduction 

Rheumatoid arthritis (RA) is an inflammatory disease caused by 
chronic synovial inflammation and destruction of cartilage and bone 
tissue (Sodhi et al., 2015). It is the most common inflammatory arthritis 
associated with (temporomandibular joint) TMJ dysfunction (Mustafa 
et al., 2022). The TMJ RA is underestimated (Covert et al., 2021). and 
studies relate that 19 % to 85.7 % of patients with RA show TMJ 
changes, and the symptoms can include joint pain, swelling, limited jaw 
movement, and even ankylosis (Ruparelia et al., 2014;Ahmed et al., 
2015; Kroese et al., 2020; Mustafa et al., 2022). 

The canonical Wnt (Wnt/β-catenin) pathway participates in many 

pathological conditions (Singh et al., 2015; Humphries and Mlodzik, 
2018). Several studies associate aberrant Wnt signaling in the devel
opment of rheumatic diseases (Baron and Kneissel, 2013; van den Bosch 
et al., 2017). Wnt binding to its receptors inhibits glycogen synthase 
kinase 3 (GSK3), releasing β-catenin from the cytoplasmic degradation 
complex to free β-catenin. Excess β-catenin translocates to the nucleus 
and transcribes target genes such as cyclin D1, c-MYC, matrix metal
loproteinase (MMP)-3 and CD44 (Baron and Kneissel, 2013; Corr, 2008). 

The Wnt/ β-catenin signaling pathway promotes synovial hyperpla
sia, inflammation and pannus formation during the RA progression (Sen, 
2005). It is related to the articular cartilage degradation in osteoar
thritis, and increased levels of β-catenin were found in the articular 
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chondrocytes, causing hypertrophy and matrix mineralization (Corr, 
2008). 

It is also known that this signaling pathway shows an essential role in 
the neuronal development, activating intracellular processes, such as: 
neurogenesis, neuroplasticity, axonal and dendritic branching and syn
apse formation (Shi et al., 2012). Furthermore, Wnt/ β-catenin pathway 
has been related to the pathogenesis of several types of pain, such as pain 
induced by peripheral nerve injury, chronic pain associated with mul
tiple sclerosis, chronic pain associated with HIV, bone cancer pain, and 
diabetic neuropathy (Tang et al., 2022). 

The TMJ inflammatory pain on rheumatic arthritis is conducted 
through the trigeminal pathway, and a previous study of our group 
showed that the Wnt/ β-catenin signaling pathway is increased in the 
TMJ of the arthritic rats (de Sousa et al., 2019). However, to the best of 
our knowledge, there are no studies relating its participation in the 
nociceptive trigeminal pathway. We believe that this investigation is 
necessary for the RA pathophysiological understanding in the TMJ, as 
well as, for exploring new therapies for the arthritic pain treatment. In 
this way, our study investigated the involvement of the Wnt/β-catenin 
on the articular cartilage injury and nociception of the TMJ experi
mental chronic arthritis. 

2. Material and methods 

2.1. Animals 

The experimental protocols were approved by the Institutional An
imal Use Ethics Committee of Federal University of Ceará (no 

4747280219), and followed the National Institutes of Health Guide for 
the Care and Use of Laboratory Animals (NIH Publications n. 8023, 
revised 1978) and the ARRIVE Guidelines UK. The sample size was 
determined from the study by de Sousa et al. (2019), to obtain a sample 
with 80 % power and 95 % confidence, adding two animals to each 
group considering possible losses. Thirty-two male Wistar rats (7–8 
weeks old; 180–220 g; 3 animals/cage) were provided by the Central 
Animal Facility, Federal University of Ceará, and were kept in controlled 
temperature, 12 h/12 h light/dark cycle and easy access to water and 
food. 

The animals were divided in two experimental protocols. In the first 
protocol, the animals of the experimental groups (n = 8 animals/group) 
were submitted to the evaluation of the mechanical hyperalgesia in the 
TMJ region and microscopic analysis of the TMJ articular cartilage. In 
the second protocol, it was performed the analysis of the c-Fos, Wnt10b 
and β-catenin immunoexpression in the trigeminal nociceptive pathway. 

2.2. Induction of TMJ arthritis 

Sixteen animals were randomized, using a computer based random 
order generator, into two groups: Control (C) and Rheumatoid Arthritis 
(RA). Both were initially sensitized with a subcutaneous injection con
taining 100 μl of phosphate buffered saline (PBS), 100 μl of complete 
Freund Adjuvant (CFA) and 500 μg of methylated bovine serum albumin 
(mBSA). Booster injections of mBSA dissolved in incomplete Freund 
Adjuvant (IFA) were given 7 and 14 days after the first immunization at 
different sites on the animal's back. Twenty-one days after the first in
jection, the arthritis was induced in the RA group with intra-articular 
injection of mBSA (10 μg/joint) dissolved in 10 μl PBS in the left TMJ. 
Booster injections in this joint were given on days 28 and 35. Animals 
were euthanized 24 h after the third injection (de Sousa et al., 2019). 
The C group received 0.9 % saline solution in the left TMJ (10 μl/joint) 
on days 21, 28 and 35. 

2.3. Mechanical hyperalgesia 

The animal's nociceptive threshold was obtained by recording the 
intensity of force applied in the TMJ region, necessary to obtain a reflex 

response (head withdrawal movement). For this, the electronic Von Frey 
device (Digital Analgesimeter, Insight, São Paulo, Brazil) was perpen
dicularly applied in the evaluated region. The animals were submitted to 
conditioning sessions to the mechanical hypernociception test five days 
before the subcutaneous induction. The animals were kept for 20 min in 
plastic boxes and submitted to application of the Von Frey device in the 
left TMJ region. The measurements were performed by a blind cali
brated examiner. Tests were performed on days 0, 1, 7 and 14 after 
subcutaneous induction of mBSA and Freund's Adjuvant, and on days 
20, 21, 28 and 35 after each intra-articular injection of mBSA or saline 
(de Sousa et al., 2019). 

2.4. Histopathological analysis 

The rats were euthanized, and the TMJs were fixed in 10 % buffered 
formalin solution and demineralized in 10 % EDTA solution. The tissues 
were embedded with paraffin and sections (4 μm) included the condyle, 
articular cartilage, articular disc, membrane and periarticular tissue. 
They were examined using light microscopy (Leica microscope). The 
specimens were stained with hematoxylin-eosin (HE) and Toluidine 
Blue. A qualitative description of the articular cartilage was made and 
the intensity of metachromasia was evaluated by an experienced 
pathologist, blinded to the groups. Areas of articular cartilage with 
greater intensity of violet staining indicate a higher concentration of 
proteoglycans (Costa et al., 2021; Lemos et al., 2016). 

2.5. Collagen birefringence analysis 

The left TMJs were incubated in picrosirius red (ScyTek®) for 30 
min, and washed in 5 % hydrochloric acid, stained with Harris' hema
toxylin and mounted with Enhtellan®. The slides were analyzed using a 
polarized light microscope (Leica - DM 2000), where collagen type I was 
performed with a red-orange color, and collagen type III with a white- 
green color. To quantify types I and III collagen, five fields at 400×
magnification were photographed using a camera attached to the Leica 
DM 2000 Microscope. The photomicrographs were evaluated using 
ImageJ image analysis software (Ferreira et al., 2020). 

2.6. Immunohistochemistry for TNF-a, IL-1β, IL-6, Wnt10b, β-catenin, c- 
Myc and cyclin D1 

Immunohistochemistry for TNF-α, IL-1β, IL-6, Wnt10b, β-catenin, c- 
Myc and Cyclin D1 was performed by the streptavidin-biotin-peroxidase 
method in paraffin sections. The sections (4 μm thick) were deparaffi
nized, and after antigen recovery, with citrate buffer at 95 ◦C, endoge
nous peroxidase was blocked with 3 % (v/v) hydrogen peroxide for 
thirty minutes. 

Sections were incubated with TNF-α (1:100; Abcam, Cambridge, 
UK), IL-1β (1:100; Abcam, Cambridge, UK), IL-6 (1:100; Santa Cruz 
Biotechnology, California, USA), Wnt10b (1:400; Abcam;), β-Catenin 
(1:200 dilution; DAKO; California, USA), c-Myc (1:200 dilution; Abcam, 
Cambridge, UK); Cyclin D1 (1:200; Abcam, Cambridge, UK); diluted in 
DAKO antibody thinner overnight. The sections were then incubated for 
30 min with polymer (Invision Flex HRP, DAKO, California, USA). Only 
IL-6 was incubated with ABC complex (30 min), an avidin-peroxidase 
conjugate (Strep ABC complex, Santa Cruz Biotechnology, California, 
USA). 

Antibody binding sites were visualized by incubation with dia
minobenzidine-H2O2 solution (DAB, DAKO, California, USA). The sam
ple sections that were incubated with antibody diluent, without primary 
antibody included, were considered negative controls. Positive staining 
for these antibodies was determined by brown staining at the level of 
cytoplasm in articular cartilage and synovial membrane. Immunola
beled cells were counted in five randomly selected fields (400×) under a 
microscope (Leica DM 2000, Wetzlar, Germany) (Costa et al., 2021). 
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2.7. Immunofluorescence analysis for c-Fos, Wnt10b and β-catenin 

Sixteen other animals were randomized in C and RA groups (n = 8/ 
group) and the trigeminal ganglion and the caudal subnucleus of the 
trigeminal spinal tract (Sp5C) were removed. The trigeminal ganglion 
was removed and the three branches of the trigeminal nerve were kept. 
The Sp5C region was localized and the sections were cut-14 mm to − 15 
mm from the bregma (Paxinos and Watson, 1998). The dissected 
structures were placed in 4 % PFA for 2 h and cryoprotected in 30 % 
sucrose solution for 48 h. After this period, tissues were embedded in 
Tissue-tek and stored at − 80 ◦C. For immunofluorescence assays, sec
tions (10 μm) were fixed in methanol and antigen retrieval performed in 
0.1 M (pH 6.0) of citrate buffer. Then, permeabilization of the nuclear 
membrane was performed with 0.1 % triton X-100. Non-specific sites 
were blocked with 5 % bovine serum albumin and 0.3 M glycine. The 

samples were incubated overnight with primary antibody anti-c-Fos 
(1:200, Cell Signaling Technology, Denvers, MA, USA) anti-Wnt10b 
(1:300; Abcam, Cambridge, UK) and anti-β-Catenin (1:300; Abcam, 
Cambridge, UK). Afterward, the incubation was carried out with rabbit 
anti-IgG antibody associated with Alexa fluor 568. To label the neuronal 
bodies, the samples were incubated with NeuN antibody conjugated 
with Alexa fluor 488. DAPI was added to show cell nuclei. For β-catenin 
analysis, the samples were also incubated with glutamine synthetase to 
highlight satellite cells. 

Quantification of the fluorescent area in the photomicrographs, 
using confocal microscopy (Zeiss LSM 710, Carl Zeiss, Jena, Germany) 
was performed by differentiating the fluorescent pixels by the highest 
color saturation associated with fluorescence (red or green) with image 
analysis software (Fiji ImageJ, National Institutes of Health, Washing
ton, DC, USA). Quantitation results were presented in percentage, 

Fig. 1. Intra-articular injection of mBSA in the left TMJ reduces the nociceptive threshold. A. Mechanical hyperalgesia evaluation on the 6th hour after the first intra- 
articular challenge. B. A. Mechanical hyperalgesia evaluation on the 6th hour after the second intra-articular challenge. C. A. Mechanical hyperalgesia evaluation on 
the 6th hour after the third intra-articular challenge. Bars represent the mean ± SEM (n = 8); Student's t-test, * p < 0.0001; C = Control animals, RA = animals with 
RA in TMJ. 

Fig. 2. A. Photomicrograph of the normal TMJ. HE staining. B. Photomicrograph of the arthritic TMJ, showing the articular damage. HE staining. C. Photomi
crograph of the normal TMJ, highlighting the integrity of the bone covering layer. HE staining. D. Photomicrograph of the arthritic TMJ. Resorption of the bone 
covering layer and presence of osteoclasts. HE staining. E. Photomicrograph of the normal TMJ articular cartilage, showing intense metachromasia. Toluidine blue 
staining. F. Photomicrograph of the arthritic TMJ articular cartilage, showing reduction of the metachromasia. G. Photomicrograph of the normal TMJ articular 
cartilage. Picrosirius red staining. H. Photomicrograph of the arthritic TMJ articular cartilage. Picrosirius red staining. I. Photomicrograph of the normal TMJ stained 
with Picrosirius and analyzed in polarization microscopy. J. Photomicrograph of the arthritic TMJ stained with Picrosirius and analyzed in polarization microscopy, 
x40 and x200 magnification K. Collagen total percentage graph. Student's t-test; p = 0.2849. M. Type I collagen percentage graph. Student's t-test; p < 0.0001. N. Type 
III collagen percentage graph. Student's t-test; p = 0.001 Values are means ± SEM (n = 8); C = Control animals, RA = animals with RA in TMJ. 
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calculated by positive fluorescence in relation to NeuN fluorescence, and 
for β-catenin, in relation to Glutamine Synthetase fluorescence (Pontes 
et al., 2019). The image capture and the quantification were conducted 
by 2 independent and trained observers and blinded to the experimental 
conditions. 

2.8. Statistical analysis 

The Student's t-test was used to compare the mean between two 
groups of parametric data. Statistical analyzes were performed using 
SPSS 20.0 and GraphPad Prism 7 software (GraphPad Prism software, La 
Jolla, CA, USA). P values <0.05 were considered statistically significant. 

3. Results 

3.1. TMJ arthritis induced by mBSA causes mechanical hyperalgesia 

The mechanical hyperalgesia evaluation in the left TMJ was per
formed on day 0 (immediately before the subcutaneous injection of 
mBSA and CFA) and on days 1, 7 and 14 (six hours after the subcu
taneous inductions). No significant differences were observed between 
the groups, suggesting that the subcutaneous administration of mBSA 
did not induce alterations in the nociceptive threshold in the left TMJ. 

Six hours after the first intra-articular injection of mBSA (21st day) in 
the left TMJ, a new recording was performed, and there was a significant 
reduction of the nociceptive threshold (p = 0.0001). On days 28 and 35, 
6 h after the second and third intra-articular injection, respectively, the 
nociceptive threshold remained low, being statistically different in 
relation to the C group (p = 0.0001) (Fig. 1). 

3.2. Histopathological analysis of the TMJ articular cartilage 

In the histopathological analysis of the TMJ, no changes were 
observed in the articular cartilage in the C group (Fig. 2A). In the RA 
group, extensive destruction of the articular cartilage layers was 
observed, with the presence of a predominant mononuclear inflamma
tory infiltrate, with invasion of the pannus in the inferior joint cavity 
(Fig. 2B). In the C group, the bone covering layer remained intact 
(Fig. 2C). However, the RA group presented areas of articular destruc
tion, containing sites of contact of osteoclasts with the bone matrix, 
forming depressions called Howship gaps (Fig. 2D). 

The blue toluidine staining in the left TMJ showed an increased 
metachromasia in the articular cartilage in the C group. This suggests a 
high concentration of proteoglycans in the extracellular matrix (Fig. 2E). 
We observed an intense reduction of the metachromasia, a disorgani
zation of the articular cartilage layers, suggesting articular cartilage 
damage and, consequently, a lower concentration of proteoglycans 
(Fig. 2F). 

3.3. Analysis of the collagen birefringence in the TMJ articular cartilage 

The C group showed an intense red-orange glow, indicating a higher 
degree of compaction and organization of type I collagen fibers when 
compared to the RA group (Fig. 2G, I). In arthritic animals, there was a 
significant reduction in red-orange fibers (collagen type I), in addition to 
a greater disorganization of the collagen fiber network and a higher 
intensity of greenish-white coloration (collagen type III), suggesting the 
presence of immature collagen (Fig. 2H, J). 

The collagen quantification in the articular cartilage showed that it 
was filled by collagen in the C and RA groups, representing 77.00 ±
3.53 % and 69.86 ± 5.13 %, respectively (p = 0.2849) (Fig. 2K). The C 
group showed a significant increase (p = 0.0001) of area filled with 
collagen type I (40.06 ± 2.40 %) when compared to the RA group (13,24 
± 2,90 %) (Fig. 2L). However, the collagen type III percentage was 
significantly greater (p = 0.001) in the RA group (47,32 ± 3,58 %) when 
compared to C (22,88 ± 2,98 %). 

Fig. 3. Photomicrographs and increased immunoexpression of the IL-1®, TNF- 
<, IL-6, Wnt-10b, β-Catenin and Cyclin D1 in the articular cartilage and c-Myc 
in the TMJ synovial membrane. A–C IL-1®. D–F TNF-<. G-I IL-6. J-L Wnt-10b. 
M–O. β-Catenin P–R Cyclin D1. S–U c-Myc. ×400 magnification. Graphs 
represent the mean ± SEM (n = 8). Student t-test; C = Control animals, RA =
animals with RA in TMJ. 
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3.4. Analysis of the immunoexpression for IL-1β, TNF-α, IL-6, Wnt10b, 
β-Catenin, Cyclin D1 in articular cartilage and c-Myc in synovial 
membrane 

There was a significant increase of IL-1β, TNF-α, IL-6 (p = 0.001, 
respectively), Wnt10b (p = 0.0002), β-Catenin (p = 0.0001) and Cyclin 
D1(p = 0.0004) in the articular cartilage in the arthritic rats. No c-Myc 
immunostaining was observed in the articular cartilage. A significant c- 
Myc expression was only found in the TMJ synovial membrane in the RA 
group (p = 0.004) (Fig. 3). 

3.5. c-FOS, Wnt-10b and β-catenin immunoexpression in the nociceptive 
trigeminal pathway 

There was a significant c-Fos staining in the trigeminal ganglion (p =
0.0001) and Sp5C region (p = 0.0005) in arthritic rats (p = 0.0005) 
(Fig. 4). 

In the trigeminal ganglion, there was a significant Wnt10b immu
nostaining in the neuronal cells (p = 0.0001), while β-catenin had a 
significant increase in the satellite cells (p = 0.0005) (Fig. 5). No Wnt10b 
and β-catenin immunostaining were observed in the Sp5C region. 

4. Discussion 

The TMJ RA induction by intra-articular booster injection of mBSA 
reproduces the findings of a human RA and it activates the canonical 
Wnt signaling pathway, producing the increase of the inflammatory 
cytokines in the synovial membrane and nociceptive behavior (de Sousa 
et al., 2019). Our study revealed that this pathway also participates in 
the articular cartilage injury and that there is increased immunoex
pression of Wnt10b and β-catenin in the trigeminal ganglion. It is 
important to highlight, to the best of our knowledge, that this is the first 
study that shows the involvement of the Wnt/β-catenin pathway in the 
nociceptive trigeminal pathway. 

In the progression of the RA, inflammatory cells from the pannus 
migrate to the articular cartilage region, leading to the tissue degrada
tion (McInnes and Schett, 2011). In this study, an increase in the 
immunoexpression of the IL-1β, TNF-α and IL-6 was observed in the 
articular cartilage of the arthritic rats and these cytokines may 
contribute to the articular destruction through the matrix metal
loproteinases (MMPs) release and inhibition of the proteoglycan syn
thesis, suppressing the synthesis of type II and IX collagen, leading to an 
inadequate tissue repair (Ghassemi-Nejad et al., 2011; Narazaki et al., 
2017). 

The proteoglycan depletion and the collagen degradation lead to 
articular cartilage destruction, and the MMPs play a key role, 

Fig. 4. Increased c-Fos expression in the trigeminal via in rats' TMJ arthritis A. c-Fos expression in trigeminal ganglion of rats submitted to rheumatoid arthritis 
induced by m-BSA. B. c-Fos expression in Sp5C of rats submitted to rheumatoid arthritis induced by m-BSA. Red: c-Fos; green: NeuN (neuronal marker); blue: DAPI 
(nuclear marker). C. Quantification of the fluorescent area of the c-Fos expression in trigeminal ganglion of rats submitted to rheumatoid arthritis induced by m-BSA. 
Student t-test; p = 0.0001. D. Quantification of the fluorescent area of the c-Fos expression in Sp5C region of rats submitted to rheumatoid arthritis induced by m-BSA 
The graphs represent the percentage of the positive fluorescent area in relation to NeuN. Student t-test; p = 0.0005. The data are expressed as the mean ± SEM (n =
8). C = Control animals, RA = animals with RA in TMJ. 
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stimulating, for example, type I collagen degradation (Kuchler-Bopp 
et al., 2020). In an experimental model of chronic arthritis in the TMJ, 
the authors showed a lower intensity of red-orange coloration in the 
collagen birefringence, suggesting a breakdown of the collagen network, 
such as a destruction of the extracellular matrix components (Lemos 
et al., 2016). Salo and Raustia (1995) observed a greater amount of type 
III collagen in the mandibular condyle from a patient with RA, sug
gesting an attempt to repair the articular cartilage damage. In our study, 
we found a reduction in type I collagen and an increase in type III 
collagen in the rats' TMJ RA. These facts suggest that the measure of the 
collagen type in the articular cartilage may be useful in the arthritis 
diagnosis. 

This study showed that both Wnt10b and β-catenin had a significant 
immunoexpression in the rats' TMJ RA. The canonical Wnt pathway is 
involved in the regulation of articular cartilage homeostasis, playing a 
crucial role in the cell proliferation and regulation of the chondrocyte 
phenotype (Zheng et al., 2017). A study in chondrocytes of the osteo
arthritis patients showed that β-catenin and MMP- 13 promote the ma
trix degradation and occurrence of osteoarthritis (Zhang et al., 2018). 
Hua et al. (2022) showed that the intra-articular injection of a Wnt 
pathway inhibitor, SM04690, upregulates Wnt16 expression and re
duces disease progression in TMJ osteoarthritis. 

C-Myc and cyclin D1 are proteins which are also activated by the 
nuclear translocation of β-catenin. C-Myc is involved in cell activation, 
proliferation and transformation, being an important marker in the 
regulation of synovial cell growth (Lee et al., 2020). Studies have re
ported that the c-Myc suppression was able to effectively reduce syno
vial cell proliferation, inflammation, and the expression of cytokines 
such as TNF-α, showing the importance of this protein as a possible and 
important therapeutic target for RA (Hashiramoto et al., 1999; Lee et al., 
2020). Cyclin D1 acts on the proliferation of chondrocytes, being a key 
protein in the cell cycle (Zheng et al., 2017). Sun et al. (2015) showed 
that the increased expression of cyclin D1 activated the Wnt/β-catenin 
pathway, stimulating chondrocyte cell apoptosis, and consequently, 
increasing the secretion of TNF-α, IL-1β and IL-6. The increase in the 
immunoexpression of these two markers is associated with the activa
tion of the canonical Wnt pathway in the RA group. 

The increased expression of pro-inflammatory cytokines in the RA 
causes articular cartilage injury, and also contributes to the establish
ment of peripheral painful sensitization. TNF-α and IL-1β act on primary 
sensory neurons, reducing their excitability threshold, thus contributing 
to hyperalgesia in RA (Bas et al., 2016). IL-6 can stimulate the release of 
the calcitonin gene-related peptide (CGRP), enhancing the activity in 
spinal neurons, therefore suggesting its direct action on nociceptive 

Fig. 5. Increased immunoexpression of Wnt-10b and β-Catenin in trigeminal ganglion of TMJ arthritic rats. A. Wnt-10b expression in trigeminal ganglion of rats 
submitted to rheumatoid arthritis induced by m-BSA. B β-Catenin expression in trigeminal ganglion of rats submitted to rheumatoid arthritis induced by m-BSA. 
Green: NeuN (neuronal marker); red: Wnt-10b or β-Catenin; blue: DAPI (nuclear marker) C. Quantification of the fluorescent area of the Wnt-10b expression in 
trigeminal ganglion of rats submitted to rheumatoid arthritis induced by m-BSA. Student t-test; p = 0.0001. D. Quantification of the fluorescent area of the β-Catenin 
expression in trigeminal ganglion of rats submitted to rheumatoid arthritis induced by m-BSA. Student t-test; p = 0.0002. The graphs represent the percentage of the 
positive fluorescent area in relation to NeuN. The data are expressed as the mean ± SEM (n = 8). C = Control group; RA = Arthritic group; GS = gluta
mine synthetase. 
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neurons (Favalli, 2020). Brenn et al. (2007) showed that injections of IL- 
6 into the male rats' knee joints triggered increased responses of spinal 
neurons to mechanical stimulation, sensitizing C fibers. 

Studies have shown that females develop higher levels of inflam
mation than males, due to the production of a higher proinflammatory 
immune response (Pinheiro et al., 2011; Strickland et al., 2012). In this 
way, males may show a lower pain response, affecting the initiation and 
maintenance of inflammatory and neuropathic pain. In our study, the 
nociceptive behavior was evaluated through the nociceptive threshold 
in the TMJ region and c-Fos expression, a neuronal activity marker, and 
its expression represents the activation of the nociceptive pathway. An 
increased c-Fos expression was observed in the trigeminal ganglion, that 
contains the cell body of the peripheral neuron, and in the Sp5C region, 
site of the first nociceptive synapsis of the trigeminal pathway. 

In the sensory ganglia, neuron cell bodies are surrounded by satellite 
cells, and the neuron-satellite cell communication has been implicated 
in the pain chronicity and inflammatory processes (Takeda et al., 2007). 
After peripheral injury, the satellite cells react by exhibiting morpho
physiological alterations secondary to neuronal alterations, implying 
the activation of signaling mechanisms between neurons and these cells. 
Takeda et al. (2007) showed that satellite cells can modulate the excit
ability of the trigeminal ganglion nociceptive neurons via IL-1β, 
inducing depolarization and increased expression of interleukin-1 re
ceptor (IL-1R) in the neuronal body. 

In our study, an increased expression of Wnt10b and β-catenin was 
observed in neurons and satellite cells in the trigeminal ganglion, 
respectively. Kim et al. (2021) showed in a model of paclitaxel-induced 
neuropathic pain that there is increased expression of Wnt3a, Wnt10a 
and calcitonin gene-related peptide (CGRP) in the spinal cord dorsal root 
ganglion and β -catenin in satellite cells. In this study, the authors 
showed that the administration of an antagonist of the canonical Wnt 
pathway reduced the expression of TNF-α, IL-1β, monocyte chemotactic 
protein-1 (MCP-1), Wnt3a, and Wnt10a. 

Canonical Wnt signaling pathway contributes to neuronal sensitiza
tion in pathological disorders. The activation of the signaling pathway 
causes an increased production of proinflammatory cytokines and reg
ulates the NR2B glutamate receptor and Ca+2 dependent signals through 
the β-catenin in the spinal cord (Zhang et al., 2013). Studies have shown 
that Wnt3a and β-catenin proteins are expressed in spinal cord ganglion 
and dorsal horn and that the Wnt/β-catenin signaling pathway induces 
neuropathic pain through brain-derived neurotrophic factor (BDNF) 
releasing from spinal microglial (Zhang et al., 2013; Zhou et al., 2020). 

In our study, an increased expression of Wnt10b and β-catenin was 
observed only in the trigeminal ganglion and an increase in c-Fos 
expression along the nociceptive trigeminal pathway. There was no 
immunoexpression of Wnt10b and β-catenin in the trigeminal spinal 
tract at the evaluated time of 24 h after the third intra-articular injection 
of mBSA (Supplemental File). Our results suggest that the canonical Wnt 
pathway can be involved in the peripheral sensitization in this experi
mental model. Thus, we believe that to better understanding the 
participation of the canonical Wnt pathway, further studies should be 
carried out to evaluate the kinetics of immunoexpression of these pro
teins along the nociceptive trigeminal pathway at different times after 
the induction of TMJ RA, as well as to investigate the therapeutic po
tential of intra-articular injection of signaling pathway inhibitors in the 
TMJ inflammation and maintenance of the pain in the RA. 

5. Conclusions 

The RA in the rats' TMJ causes mechanical hyperalgesia and in
creases inflammatory parameters, followed by increased immunoex
pression of Wnt10b and β-catenin in the articular cartilage and 
trigeminal ganglion. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.bonr.2022.101649. 
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