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SUMMARY: The temporomandibular joint (TMJ) is frequently affected by temporomandibular disorders (TMD). The selection
of an animal model should be based on morphological features comparable to the human TMJ; however, few detailed comparative
studies across commonly used laboratory species are available. This study aimed to compare the histological and morphometric
characteristics of the TMJ in rabbit, guinea pig, rat, and mouse, to identify relevant structural differences that may ghoade tbf
animal models in TMD research. TMJs from four species (n = 4 joints per group) were maintained under controlled contiitiong. Fol
euthanasia, specimens were fixed, decalcified in 10 % EDTA, and processed for histology. Parasagittal seojioreséStained with
toluidine blue and Picrosirius red. Histological analysis focused on the mandibular fossa (MF), articular disc (AD), andamandib
condyle (MC). A standardized morphometric protocol was applied to measure total thickness in the anterior (AR), middlel (MR), an
posterior (PR) regions, as well as in the tangential (TZ), transitional (TrZ), radial (RZ), and calcified cartilage (C&thersemdylar
cartilage across the three anatomical regions. The species exhibited differences in cartilage zonation, cellular densityjrahd s
organization. Rabbits and guinea pigs showed a well-defined zonal organization and greater cationic staining of the reasiratahe
and mice exhibited reduced zonal differentiation. With Picrosirius red, rabbits and guinea pigs displayed intense birefring&ize
while in mice it was weak and scattered. Morphometrically, rabbits generally exhibited the greatest thickness valuesandvweise t
although each species displayed a unique regional pattern. Rabbits consistently showed the highest values in the RZsanallCC acro
regions. The histoarchitectural and morphometric differences reflect specific biomechanical adaptations. Rabbits and gipipearpig
to be more suitable for studies involving high mechanical load and complex fibrocartilage, rats may be useful for investaetirnigal
adaptation and malocclusion due to their intermediate structure and condylar asymmetry, whereas mice are appropriatefat geneti
molecular studies because of their structural homogeneity and the availability of transgenic models.

KEY WORDS: Temporomandibular joint; Histology; Morphometry; Animal models.

INTRODUCTION

The temporomandibular joint (TMJ) is a synoviamultifactorial etiology and variable clinical presentation
joint with a highly specialized morphofunctionalcomplicate diagnosis and treatment (Uldtaal, 2020).
organization that enables complex movements such lasthis context, animal models are essential tools for
mastication, swallowing, and speech (Matametlaal, studying TMJ physiology and pathology, and their selection
2006; Bechtoldet al, 2016). This anatomical anddepends on multiple criteria, including morphofunctional
functional complexity makes it particularly vulnerable tasimilarity to humans, ease of handling, and the biological
a wide spectrum of clinical alterations grouped under theatures inherent to each species (Hereh@l, 2002;
term temporomandibular disorders (TMD), whose&ougoet al., 2021).
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From an anatomical perspective, the human TMibrous connective tissue, which allows it to withstand
is formed superiorly by the mandibular fossa (MF), an ovahultidirectional forces. In sagittal sections, four regions
depression in the squamous portion of the temporal bomwan be distinguished: anterior, intermediate, posterior, and
together with the articular tubercle (AT), which delimitretrodiscal. The intermediate zone, the thinnest, is formed
the osseous roof of the joint. Inferiorly, it articulates withbby dense fibrous connective tissue and lacks
the mandibular condyle (MC), an ellipsoid prominencgascularization and innervation, suggesting a functional
located at the superior end of the mandibular ramaslaptation to withstand maximal compressive loads
(Okeson, 2013; Palla, 2016). (Okeson, 2013; Palla, 2016; Dellawa al, 2019). In

young individuals, isolated chondrocytes may be observed

Between these two osseous structures lies tirethe intermediate zone, suggesting a degree of adaptive
articular disc (AD), a key fibrocartilaginous structure thatartilaginization of the tissue (Wurgaft & Montenegro,
divides the joint cavity into two functional compartments2003). The osseous tissue of the MC is covered by
a superior compartment that allows translationarticular cartilage, which cushions and distributes forces
movements and an inferior compartment related tcross the articular surface. This articular cartilage
rotational movements. The shape of the AD adapts to thesplays a stratified histological organization comprising
articular surfaces; in general, its superior surface, in contdotr main zones: TZ, composed of dense connective tissue
with the MF and AT of the temporal bone, is concavowith type | collagen fibers oriented parallel to the articular
convex, whereas its inferior surface, in relation to the MGurface; TrZ, containing undifferentiated mesenchymal
is concave (Wurgaft & Montenegro, 2003). cells with progenitor potential; RZ, characterized by

columns of chondrocytes oriented perpendicularly to the

The TMJ is surrounded by a fibrous articulamrticular surface, along with thick bundles of type |
capsule, which attaches to the margins of the MF and MEqllagen extending into the underlying bone; and CC,
providing structural containment. Inside the capsule liaghich contains mature and hypertrophic chondrocytes
the synovial membrane, a thin and vascularized liningvolved in endochondral ossification (Okeson, 2013;
located at the lateral aspects of the superior and inferidalla, 2016).
compartments of the articular cavity. Its main function is
to produce synovial fluid (SF), which lubricates and Animal models are indispensable for TMJ research,
nourishes the avascular articular surfaces. The joigiven the inherent limitations of obtaining human samples
complex is stabilized by intrinsic and extrinsic ligamentat different pathological stages and the need to control
(Tomaset al, 2007; Portcet al, 2010; Palla, 2016). In experimental variables (Por& al, 2010; Cougeet al.,
addition, the dynamic function of the TMJ is closely related021). These experimental models enable the study of
to the coordinated action of the masticatory musclespathogenesis, the development of diagnostic criteria, and
particularly the masseter, temporalis, and the lateral atite evaluation of therapeutic approaches, although none
medial pterygoid muscles—which enable mandibularan fully replicate the morphofunctional characteristics of
movements such as opening, closing, protrusion, retrusidhne human TMJ (Couget al, 2021; Zhacet al, 2022).
and laterality. The integration of all these componentehis fundamental limitation underscores the importance
allows the TMJ to perform both rotational and translationalf carefully selecting the most appropriate animal model
movements in a coordinated manner, which are essenfi@ each specific research question (Zkaal, 2022).
for its proper function (Matamalet al, 2006; Tomagt
al., 2007; Okeson, 2013; Palla, 2016; Tomasetial, Rabbits Qryctolagus cuniculuys guinea pigs
2016; Cougeet al, 2021). (Cavia porcellu$, rats Rattus norvegicysand miceflus

musculu¥are species frequently used in preclinical studies

Histologically, in adult humans, the articular(Portoet al, 2010; Junget al, 2014), particularly in
surface of the MF is covered by dense fibrous connectivesearch on mechanical injury or induced osteoarthritis
tissue, lacking hyaline cartilage and a well-defined zonéturriagaet al, 2021; Weret al, 2023). However, these
organization, unlike other articular surfaces. Howevemodels present significant limitations (Juetgal.,, 2014;
during development, this region may transiently presedhao et al.,, 2022). Studies in rabbits do not always
a layered histological organization, with a tangential zomeproduce the expected severity of degenerative changes,
(T2), followed by a transitional zone (TrZ), a radial zoneand the induction of abrupt mechanical alterations may
(R2), and, in some instances, calcified cartilage (CChot adequately represent controlled occlusal modifications
This arrangement reflects a phase of functional adaptatiorhumans. Conversely, chemically induced degenerative
and tissue remodeling associated with growth (Wurgafhanges in rodents may fail to faithfully reproduce human
& Montenegro, 2003). The human AD is composed gfathological conditions (Cougat al, 2021).
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Given the remarkable interspecies variability and For optimal evaluation, successive sections from the
the absence of specific guidelines for selecting the optimdeepest planes of the joint were selected. Histological
animal model (Porteet al, 2010; Zhacet al, 2022), a sections were mounted on slides and stained using two
comparative study detailing the morphometric andpecific protocols: toluidine blue for general visualization
histological characteristics of the TMJ across these organisofscartilaginous structures and extracellular matrix, and
is justified (Berkovitz, 2000). Such systematic comparisoRicrosirius red for the specific identification of type | and
will provide fundamental information to appropriately guiddype 1l collagen fibers. Sections were examined under a
the choice of the most suitable animal model in future TMifyht microscope (Leica® DM750) and photographed with
research and its associated pathologies (Herring, 20G@3dligital camera (Leica® ICC50 HD).

Cougoet al, 2021; Zhaet al, 2022).
Histological analysis

Therefore, the present study aimed to perform a
comparative histological and morphometric analysis of the Histological assessment of the TMJs included the MF,
TMJ in four laboratory species (rabbit, guinea pig, rat, anD, and MC. The articular cartilage was described from
mouse) to identify the distinctive morphological features adfuperficial to deep, using the following terminology:
each animal model and to establish objective criteria ft&angential zone (TZ), transitional zone (TrZ), radial zone
selecting the most appropriate model according to ti{RZ), and calcified cartilage (CC). These histological zones

specific research objectives in the field of TMD. of the condylar cartilage were identified and delimited
according to standardized morphological and staining criteria

MATERIAL AND METHOD with toluidine blue. The TZ was defined from the articular
surface to the first appearance of rounded or isogenous

Animals. chondrocytes. The TrZ extended from the end of the TZ to

the beginning of columnar organization of hypertrophic

Adult, healthy specimens of four laboratory specieshondrocytes. The RZ was defined from the end of the TrZ
were used: rabbitsOfyctolagus cuniculys guinea pigs to the shift from purple metachromasia to the blue staining
(Cavia porcelluy, rats Rattus norvegicysand mice Mus characteristic of CC. The CC was identified by the color
musculus(n =4 TMJs per group). Animals were maintaine@¢hange from purple to blue with toluidine blue and extended
under controlled environmental conditions of temperaturéy the interface with the subchondral bone.
ambient noise, and a 12-hour light/12-hour dark cycle. They
were housed individually in randomly assigned cages. Tidorphometric analysis
study was conducted at the Experimental Surgery Unit of
the Center of Excellence in Morphological and Surgical The total thickness of the articular cartilage of the
Studies, Universidad de La Frontera, following the ARRIVEMC was measured in three anatomical regions: anterior
guidelines and the National Research Council's Guide foegion (AR), middle region (MR), and posterior region (PR).
the Care and Use of Laboratory Animals (2011). Th&hese regions corresponded to the initial, central, and final
principles of replacement, reduction, and refinement (3R#)irds of the MC in the anteroposterior direction. Delimitation
established by Russell & Burch (1959) were observed was based on consistent anatomical landmarks across
minimize the number of animals used. Following euthanasipecies, considering condylar curvature and its relationship

the TMJ tissues of all four species were dissected. to the subchondral bone. In each region of the MC, three
measurements were taken at equidistant points. Additionally,
Histological processing. the thickness of the different histological zones of the

condylar cartilage, including the CC, was measured
Tissues were fixed in 10 % neutral buffered formalirspecifically in each region.

(formaldehyde 1.27 mol/L in 0.1 M phosphate buffer, pH
7.2) for 48 hours. Samples were then decalcified in 10 % All measurements were performed under the same
ethylenediaminetetraacetic acid (EDTA) (0.1 M phosphateagnification (4&) and standardized illumination.
buffer, pH 7-8) for 30 days. Decalcification was performetorphometric analyses of each sample were independently
using an ultrasonic decalcifier (Use 33, Medite) to optimizeonducted by authors J. N. and F. M. Discrepancies were
the procedure. Decalcified tissues were dehydrated througdsolved through discussion and consensus. Each
ascending alcohols, cleared in xylene, and embeddednmeasurement was recorded in a specifically designed
Paraplast Plus (Sigma-Aldrich Co.). Serial parasagittdatabase, including animal identification code, condylar
sections of the TMJ were cut g thickness using a rotary side, anatomical region, histological zone, and recorded
microtome (Leica® RM 2255). values.
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Statistical analysis metachromasia was noted in the TrZ, increasing slightly in
the RZ. The CC was irregular, showing a wavy transition
The data obtained from the total thickness and theto the temporal bone (Fig. 1G). With Picrosirius red,
different histological zones of the condylar cartilage wereirefringence was weak and in green-yellowish tones,
analyzed using SPSS software (version 27). The normaldguggesting lower collagen density and organization (Fig. 2C).
of the distribution was assessed with the Shapiro—Wilk test.
Since most variables did not meet the assumption of In mice, the MF was the thinnest and least
normality, nonparametric tests were applied. Comparisodgferentiated. It exhibited dense connective tissue with type
among the three regions of the condylar cartilage (anteribrcollagen fibers lacking clear orientation. Zonation was
middle, and posterior) within each species were performeiificult to distinguish, and the transition into the bone was
using the Kruskal-Wallis test, followed by Dunn’s correctiombrupt yet regular (Fig. 1H). Picrosirius red revealed very
for multiple comparisons. Inter-species comparisons wefaint birefringence in green tones, indicative of type Ill
also conducted with Kruskal-Wallis, considering each regiaollagen and/or poorly organized type | collagen (Fig. 2D).
separately and applying the same post hoc procedure. Results
were expressed as mediamterquartile range (IQR), and Overall, a gradient of structural complexity was
a p-value < 0.05 was considered statistically significant. evident from rabbit to mouse. Rabbits and guinea pigs
showed a more robust and organized articular surface,
RESULTS whereas rats and mice exhibited simpler architecture with
lower collagen density and organization (Table I).
Histological analysis of the temporomandibular joint
Articular Disc
The TMJs of the studied species exhibited diverse
histological architecture, with notable differences in the In rabbits, the AD was composed of avascular
degree of zonation, extracellular matrix organization, arfibrocartilage, consisting mainly of thick, dense bundles of
cellular arrangement. These characteristics reflected varyitype | collagen arranged parallel to each other, with
degrees of tissue specialization and biomechanical adaptatittondrocytes aligned according to fiber orientation. Its well-

(Fig. 1A-D). defined biconcave morphology displayed marked concavities
on both surfaces, with progressive thickening toward the
Mandibular Fossa capsular insertions. Sagittal sections stained with toluidine

blue revealed the most complex organization in the central
In rabbits, the MF was the deepest among all specigggion, with intense and homogeneous metachromasia.
with a clearly defined morphology. The articular surface waSentral chondrocytes had round to oval nuclei, aligned
covered by dense connective tissue with type | collagen fibasgially, each surrounded by a well-defined pericellular
oriented parallel to the articular plane. Moderate chondrogenitetachromatic matrix, without evidence of isogenous
zonation was observed, with rounded chondrocytes in the TgZoups. Toward the periphery, an abrupt transition was
and weak metachromasia in the RZ. A continuous CC was radiserved: metachromasia markedly decreased, and the
observed, showing instead a direct transition into the tempofddrillar network became loose and irregular, with variable
bone (Fig. 1E). Under Picrosirius red, the articular surfaaientation compatible with a circumferential pattern.
stained intensely red-orange, reflecting a dense and weferipheral cells were scarce and consisted exclusively of
organized collagen network (Fig. 2A). fusiform fibroblasts with elongated nuclei aligned with the
fibers (Fig. 11). With Picrosirius red, the periphery showed
In guinea pigs, the MF was flatter than in rabbitsstrong red-orange birefringence, while the central region
although well defined. The articular surface displayed deneghibited continuous, intense red birefringence, reflecting a
connective tissue with well-organized type | collagen fiberdensely organized type | collagen matrix oriented mainly in
and strong birefringence. Histologically, chondrocytes wetthe anteroposterior direction (Fig. 2A).
presentin the TrZ, and the RZ showed a clear transition into
the CC (Fig. 1F). Collagen type | in the surface exhibited In guinea pigs, the AD had a well-defined biconcave
strong red-orange birefringence, although less compact thaorphology, with intermediate thickness compared to the
in rabbits (Fig. 2B). other species analyzed. Structurally, it was distinct,
characterized by a heterogeneous and less compact fibrillar
In rats, the MF architecture was less compact, witlnatrix than in rabbits. In the central zone, thin bundles of
weak zonal differentiation. The TZ consisted of densipe | collagen with irregular trajectories (curved, divergent,
connective tissue with type | collagen fibers. Slighand interwoven) were observed, generating a disorganized
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(Mus musculys Mandibular fossa (MF), articular disc (AD), mandibular condyle (MC), synovial membrane (SM), tangential zone
(TZ), transitional zone (TrZ), radial zone (RZ), calcified cartilage (CC), subchondral bone (SB), dotted line area (chsrdracytsl
in axial isogenous groups). Toluidine blue staining.

but still functionally coherent pattern. Metachromasia in thisagittal orientation, and was composed exclusively of scarce
region was moderate, greater than that observed in rats dibdoblasts (Fig. 1J). With Picrosirius red, the central region
mice but lower than in rabbits. Central chondrocytes appearsitbwed fibrillar trajectories oriented anteroposteriorly, with
dispersed, with round to oval nuclei, surrounded by variablptermediate birefringence ranging from green-yellow to pale
metachromatic pericellular matrix. Numerous fusiformorange, suggesting a looser but structured matrix. In contrast,
fibroblasts were present among the collagen bundles. Towdh& periphery exhibited stronger red-orange birefringence,
the periphery, the fibrillar network became looser, lackinmdicative of densely packed type | collagen (Fig..2B)
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Table I. Comparison of the histological characteristics of the temporomandibular joint in €yistolagus cuniculys guinea pig
(Cavia porcelluy, rat Rattus norvegicysand mouseMus musculus

Estructure Rabbit Guinea pig Rat Mouse
Dense connective tissue L .
with well-organized, Similar to rabbit, but l(;gr:)?ctal\;:ieztelsdsue with Very thin; collagen
17 parallel type | collagen  with lower fiber density; ire ulgrly arra’n ed fibers without clear
fibers; flattened thinner fibers and fibe%S' fow fibrobglastS' orientation; occasional
fibroblasts; scarce scattered fibroblasts. fai ’ h - fibroblasts.
metachromasia. aint metachromasia.
Transitioning Scattered chondegtes; s
Rounded chondrocytes  opopgrocytes: relatively reduced fibrillar Poorly distinguishable
Mandibular TrZ with slight organized collagen organization: mild zone; few chondrocytes;
fossa. metachromasia. fibers. metachromasia. faint metachromasia.
Low metachromasia and Defined transitioninto  Faint metachromasia  Abrupt butregular
Rz direct transition into calcified cartilage; and irregular transition transition into temporal
temporal bone. maturing chondrocytes. intotemporal bone. bone.
cc Z.Z ggﬁt%eufgﬁg 2gl(:;ifie d Present, continuous, and Irregular and poorly Absent or barely
cartilage zone symmetical. defined. visible.
Dense fibroartilage; Less compact collagen, 'I_'hlnner fibrocartilage;  Very thin; fine and
thick colagen bundles  thinner bundles with fine collagen bundles,  loosely packed collagen
CZ  anteroposteriorly, orientation; scattered orientaﬁion but less orienteftion' few
abundant chondrocytes; chondrocytes; naerate T R
intense metachrom;,tsia' metachro)rlltwasia' compact; aligned chondrocytes; mild to
. - X y chondrocytes; nierate  moderate
Articular disc greatest thickess. intermediate thickness. metachromasia. metachromasia.
’ Lower fiber density; . .
\I/_v?ﬂasier rgcg)ﬂzlaagre(;]rifelaigion loosely packed fibers Loose fibers with no fSitE):rr;e\}edrl';(l)ggvanlzed
pz  (circumferential pattern); \(l)v:itgnrt]gti((j)?\f'l?g\?v gg g‘ﬁg;;_efr:;tt'on; few cellularity; occasional
few fusiform fibroblasts; .. e P fibroblasts; minimal
mild metachromasia. ::Egt.fgﬁf;srﬁg'if metachromasia. metachromasia.
2 - 3 layers of highly
; . 2 - 3 layers of 1 - 2 layers of .
flattened fioroblasts with g S AEE D L h fbroblass withloose,  SINgIe layer of flatened
TZ  densely organized wavy parallel fibergs y parallel fibers; mild ' nuclei; dense fibers; no
Egilgai%?ngaegaﬂberg mild metachromasia. metachromasia. metachromasi..
High cell denstty; . .
Isolated chondrocytes . . ’ . Defined isogenous
Tz and isogenousgrgupS' defined isogenous Sr_nall isogenous gl_roups;groups, inte%se
intense metachromasiz;\ groups; mild mild metachromasia. metach’romasia
Mandibular " metachromasia. )
condyle Hypertrophic . Hy pertrophic . . Isolated chondrocytes  Short columns of
chondrocytes in chondrocytes aligned in without columnar hvpertrophic
Rz incomplete columns; regular columns; s yp P .
heterogeneous intense. uniform organization; mild chondrocytes; mterate
metachromasie .. metachromasia. metachromasia. metachromasia.
Irregular; necrotic Well-developed and
hypertrophic continuous; calcified : ) ) Thin and uniform;
CC chondrocytes surrounded cartilage preant, Diffuse; poorly defined difficult to identify;

by calcified matrix; no
tidemark.

continuous, and
delimited by tidemark.

transition; no tidemark.

diffuse transition.

TZ: tangential zone; TrZ: transitional zone; RZ: radial zone; CC: calcified cartilage; CZ: central zone; PZ: peripheral zone.

In rats, the AD appeared as a thin but well-defineth the central region, its organization was intermediate

fibrocartilaginous structure, with a less pronouncefetween the compactness of rabbits and the heterogeneity of
biconcave morphology compared to rabbits and guinea piggiinea pigs. Metachromasia was moderate, and type | collagen
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bundles were predominantly aligned anteroposteriorly, thoug¥ith irregular arrangement. This zone showed progressive
less compact than in rabbits. Chondrocytes were the mametachromasia, ranging from light violet to deep purple,
cellular component, distributed individually among the fibergeflecting a gradual increase in proteoglycans. The RZ
with round to oval nuclei and pericellular matrix showing weakxhibited hypertrophic chondrocytes organized in incomplete
focal metachromasia, indicating moderate proteoglycamellular columns, connected to a thick CC. No distinct tidemark
content. Dispersed fibroblasts with elongated nuclei alignedas present, indicating a gradual transition into subchondral
with the collagen bundles were also observed. The periphebaine (Fig. 1M). Picrosirius red revealed zonal collagen
zone exhibited a looser fibrillar network, lacking sagittabrganization: the TZ showed strong red-orange birefringence;
orientation, suggesting a less structured circumferential pattehe TrZ displayed yellow-orange hues; the RZ showed diffuse
(Fig. 1K). With Picrosirius red, the central region exhibitedjreen-yellow birefringence; and the CC lacked birefringence,
predominantly green birefringence, consistent with type lihdicating absence of organized collagen fibers in this zone
collagen or poorly organized type | collagen. In contrasffig. 2A).
peripheral fibers showed focal reddish birefringence, less
continuous than in guinea pigs, suggesting lower fibrillar In guinea pigs, the MC morphology was similar to that
density and organization (Fig. 2C). of rabbits but with thinner articular cartilage. Clear histological
zonation was observed. The TZ contained two to three layers
In mice, the AD was the thinnest and simplest structu flattened fibroblasts with wavy collagen fibers oriented
among the species analyzed, with barely perceptibfmrallel to the articular surface. The TrZ exhibited the highest
biconcavity and an almost flat contour. In the central zonegllular density among the species, with well-defined
metachromasia was weak to moderate, the lowest observisdgenous groups (two to four cells) and intense purple
indicating poor proteoglycan content. Type | collagen fibenmetachromasia. The RZ showed perfectly aligned hypertrophic
were arranged in very thin, loosely packed bundles with onbhondrocytes, with gradual transition into a continuous,
minimal anteroposterior orientation. Chondrocytes wergymmetrical, and well-delimited CC (Fig. 1N). With
scarce, with small rounded nuclei and minimal pericellula@Picrosirius red, three fibrillar zones were clearly distinguished:
metachromasia, without evidence of clustering or isogenotiZ (intense red birefringence), TrZ (yellow-orange), and RZ
groups. No clear fibrillar transitions or internal zonation wer@iffuse green-yellow) (Fig. 2B).
observed. At the periphery, metachromasia was even weaker,
with a network of thin fibers lacking defined orientation. In rats, the MC was round in shape, and although
Peripheral cells consisted exclusively of fusiform fibroblastkistological zones could be identified, their boundaries were
in very low density. Overall, zonal organization was poorljess clear compared to rabbits and guinea pigs. The TZ
evident, showing the least fibrillar compactness and cellularibonsisted of one or two layers of flattened fibroblasts
among all species studied (Fig. 1L). With Picrosirius red, botccompanied by loose, parallel collagen fibrils. No
central and peripheral regions exhibited weak and inconsisteatmarkable regional variations were noted, and cellular
birefringence, predominantly in green tones, indicating @ensity was low and uniform. In the TrZ, a slight increase in
poorly dense and disorganized collagen matrix (Fig. 2D). cellular density was observed, with small isogenous groups
(two to three cells) of diffuse boundaries. Metachromasia
From a general perspective, rabbits and guinea pig&as homogeneous but weak (light violet), with poorly defined
exhibited ADs with greater structural complexity and fibrillapericellular halos. Chondrocytes lacked evident columnar
organization. Rabbits stood out for their robustness amarangement. The RZ displayed isolated hypertrophic
homogeneous intense metachromasia, while guinea pigfsondrocytes, without alignment or columnar pattern. The
displayed a heterogeneous fibrillar pattern. In contrast, rdtansition into CC was diffuse and poorly defined,
and mice presented thinner and simpler discs, with lespresenting less than 5% of total cartilage thickness, without
collagen organization and weaker birefringence (Table I). a clear tidemark (Fig. 10). With Picrosirius red, the TZ
exhibited weak green-yellow birefringence corresponding to
Mandibular Condyle thin collagen fibrils oriented partially parallel to the surface.
The TrZ and RZ displayed very faint or absent birefringence,
In rabbits, the MC exhibited an elongated ovasuggesting poorly organized collagen matrix. The CC lacked
morphology, with a smooth, continuous articular surface armrefringence entirely (Fig. 2C).
well-defined histological zonation. The TZ was composed of
multiple layers of flattened fibroblasts arranged parallel to the In mice, the MC was the simplest and most
articular surface, accompanied by collagen fibers oriented iomogeneous structure among the species studied, with the
the same direction. In the TrZ, rounded chondrocytes wett@innest articular cartilage. Morphologically, it was small and
observed, distributed individually or in small isogenous groupsunded, with a smooth, regular articular surface. Cartilage
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RABBIT GUINEA PIG

A SANBU ; dc s ST ) N
Fig. 2. Temporomandibular joint of rabb@®iyctolagus cuniculys guinea pig Cavia porcellu}, rat Rattus norvegicysand mouse
(Mus musculus Mandibular fossa (MF), articular disc (AD), mandibular condyle (MC). Picrosirius Red staining.

matrix stained uniformly with toluidine blue, making reflecting a less structured matrix compared to morphologically
histological zonation difficult to distinguish, althoughmore complex species (Fig. 2D).

relatively high proteoglycan content was evident. The TZ was

absent or extremely reduced in most samples. When The comparative analysis revealed a gradient of
identifiable, it consisted of a single layer of flattened nuclejtructural complexity from rabbit to mouse. Rabbits and guinea
accompanied by densely packed collagen fibrils aligned wiffigs exhibited condyles with well-defined zonation, greater
the surface. The TrZ showed better definition, with smadlellular density, and organized extracellular matrix, whereas
isogenous groups of two to three well-delimited chondrocytesats and mice presented simpler architecture with less zonal
distributed individually or clustered, with uniform pericellulardifferentiation and less organized cellular distribution. Each
halos and intense homogeneous purple metachromasia. fedel displayed distinctive histological traits: greater thickness
matrix was moderately organized without remarkable regionahd fibrillar complexity in rabbits, exceptional cellular density
variations. The Rz, though thin, exhibited short columns afnd columnar organization in guinea pigs, condylar asymmetry
hypertrophic chondrocytes, aligned without clear transitiond rats, and relative structural simplicity in mice, characterized
zones. Metachromasia remained intense and homogenedusthin cartilage and poor zonation (Table ).

suggesting relatively high proteoglycan concentration despite

reduced cartilage volume. The CC was inconsistentinterspecies comparison of condylar thickness by
identifiable across samples and showed diffuse boundar@satomical region and zonal thickness of condylar cartilage
(Fig. 1P). With Picrosirius red, the articular surface revealed

a dense collagen layer with fibers organized parallel to the In the AR of the MC, thickness was similar among
surface. Strong continuous red-orange birefringence weebbits, guinea pigs, and rats, with comparable values. Mice
observed, consistent with densely packed type | collagesxhibited the lowest thickness in this region, with significant

Toward deeper zones, birefringence intensity decreased differences compared to guinea pigs. In
gradually, without clearly defined fibrillar transitions, the MR, rabbits recorded the greatest
500 condylar thickness, followed by guinea
p =0.0007 . .
p=00031 —_— B AR pigs. Rats and mice showed lower and
— p=00277 comparable values. Statistically
— 400+ — C 1 MR significant differences were observed
-_51 4 mm PR  with rabbits. In the PR, the greatest
o 300 p=00234 thickness was found in rabbits, with
3 —= significant differences compared to
£ 2004 guinea pigs and mice. Taken together,
(E) these findings indicate that although
~ 100- there is a general trend toward greater
condylar thickness in rabbits and lower
0 values in mice, each species displayed a
- 1T 1T 1

unique regional distribution profile of the

RS RSP ORS® articular cartilage. These differences are
Fig. 3. Articular cartilage thickness of the mandibular condyle in the anterior (ARr)('epre_sented in Figure 3, which shoyvs the
middle (MR), and posterior (PR) regions in four laboratory species: rabbit (Rb), guingiedian values of articular cartilage
pig (Gp), rat (Rt), and mouse (Ms). Results are expressed as ntdd)@ with p < thickness in the three anatomical regions
0.05 considered statistically significant. of the MC for each species.
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With respect to zonal thickness, rabbit
consistently exhibited the greatest thickne:
in the RZ and CC of the condylar cartilag
across all anatomical regions. They als
showed the greatest thickness in the Tr —
within the PR. In contrast, mice exhibited th g_
lowest values in almost all zones and regiol o, 150
analyzed, highlighting significant §
morphometric differences between the tw & 100-
extremes of the interspecies comparati\é

model (Fig. 4).

250

200+

DISCUSSION

ANTERIOR REGION

[ V4

TrZ
m Rz
mm CC

p=0.0067

—

p=0.0253 p=0.0385
—

—

p=0.0486

This study provides a comparative
histological and morphometric
characterization of the MF, AD, and MC ir
four laboratory species widely used it
biomedical research: rabbiOfyctolagus
cuniculug, guinea pigCavia porcellu}, rat
(Rattus norvegicuys and mouse NMus
musculuy. Using conventional stains anc =
differential collagen detection, we identifiec 3
species-specific structural variations the w 150+
correlate with functional differences anc &
biomechanical adaptations. These finding
are framed within the recognition of the TM. -
as a highly specialized unit whost
organization reflects the mechanica

250

200+

n

100

Th

50—

LI
SREY &

PR EW®

PRI &

MIDDLE REGION

i V4
m Tz
m Rz
mm CC

p=0.0011

demands imposed by feeding habits ar
masticatory patterns (Shibata, 2014; Stocu
& Roberts, 2018; Nanci, 2018).

In accordance with the objectives o
the study, the discussion is organized t
structure and then integrated into
functional, methodological, and mode
selection framework.

250

200

Mandibular Fossa 150-

The MF displayed a spectrum of 100-
l.

variations reflecting biomechanica
adaptations and differences in the degree =
specialization of the articular surface
Rabbits presented the deepest and m¢

Thickness (um)

POSTERIOR REGION

[ V4

TrZ
m Rz
mm CC

p=0.0116
—

p=0.0214

]

clearly delimited MF, covered by denst
connective tissue rich in type | collagel
fibers oriented parallel to the articular plane
This pattern is associated with surface

| I T
PRI PRSP &

O R SN

PRI QS

Fig. 4. Zonal thickness of the mandibular condylar cartilage in the anterior, middle,
8nd posterior regions in rabbit (Rb), guinea pig (Gp), rat (Rt), and mouse (Ms).

exposed to high cyclic loading, in which fiber|qiyigual thickness values are shown for the tangential zone (TZ), transitional zone
parallelism optimizes resistance to shea(Trz), radial zone (RZ), and calcified cartilage (CC), expressed in micrometers. Results
(Roberts & Goodacre, 2020). Moderateare expressed as mediatQR, with p < 0.05 considered statistically significant.
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chondrogenic zonation, rounded chondrocytes in the TrZ In rats, the AD showed lower collagen density and
and weak metachromasia in the RZ, suggests a balatess organized fibers with more heterogeneous staining,
between mechanical resistance and limited dampirgdicative of a matrix with lower mechanical resistance and
capacity. The absence of a continuous CC, with a diregrteater susceptibility to deformation under prolonged load.
transition into temporal bone, may facilitate rapidn mice, the AD was the thinnest and simplest, with thin
remodeling in response to load changes, as occursfilbers, low cellular density, and moderate birefringence,
animals with variable masticatory patterns (Stocum &eflecting a more basic mechanical role with less structural
Roberts, 2018). specialization. Because disc composition and architecture
determine energy absorption and resistance to plastic
In contrast, guinea pigs showed a shallower MF bateformation (Cheret al, 2020), the high homogeneity
with a well-organized fibrous lining and greater TrZobserved in mice may explain their lower tolerance to
metachromasia, suggesting a higher proteoglycaepetitive loading and susceptibility to deformation under
contribution and, therefore, greater cushioning than experimental overload.
rabbits. Rats had a shallower MF with a less compact
surface tissue characterized by looser fibers and lower tyldandibular Condyle
| collagen density, consistent with lower masticatory
demand given dietary pattern and mandibular size. Mice The MC is the most morphologically and functionally
exhibited the simplest and least defined MF, with thimariable TMJ component, and our results confirm a
collagen fibers and a generally less specialized organizatitierarchical gradient in thickness and histological complexity
reflecting lower functional demand and a simplified TMJollowing rabbit > guinea pig > rat > mouse. Rabbits
in small species (Portt al, 2010; Suzuki & lwata, 2016). exhibited clearly defined zones: a fibrous TZ, a TrZ rich in
isogenous chondrocyte groups, an RZ with organized
Functionally, interspecies differences in the MF maftypertrophic chondrocytes, and a well-delimited, relatively
substantially influence the mechanics of the superidhick CC. This architecture supports high capacity for load
compartment, where translation and sliding depend on thbsorption and redistribution and agrees with reports of a
integrity and organization of the fibrous covering. Rabbitsighly adaptive condylar pattern in rabbits (Shikettal,
and guinea pigs are thus more robust models for stud&14). Intense metachromasia in the TrZ and RZ indicates
assessing changes in functional load and their impact loigh proteoglycan concentration, reinforcing resistance to
the MF, whereas rats and mice offer simplified modelsompressive loads (Utreg al, 2016; Cheret al., 2020).
suitable for basic investigations of articular tissue biology.
Guinea pigs showed an organization similar to rabbits
Articular Disc but with smaller overall thickness and significantly higher
cellular density, especially in the TrZ (isogenous groups of
The AD exhibited structural variability closely 2 - 4 cells, intense purple metachromasia). The RZ had the
correlated with functional demands and biomechanichest columnar organization among species, with gradual
complexity. In rabbits, the AD showed a dense collagéransition to a continuous, symmetrical CC, features that may
architecture with fibers predominantly orientedffer an optimal combination of stiffness and elasticity,
anteroposteriorly and strong birefringence under polarizedlevant for studies of chondrogenesis and cartilage repair
light, compatible with well-packed type | collagen. ThigRoberts & Goodacre, 2020).
architecture suggests high resistance to compression and
shear, consistent with complex masticatory movements Rats displayed less distinct zonation: athin TZ (1 - 2
(Chenet al, 2020; Roberts & Goodacre, 2020). Thdibroblast layers), a TrZ with small isogenous groups and
homogeneous staining and limited regional variabilitfaint metachromasia, virtually absent columnar organization,
indicate mechanically uniform properties that evenland a diffuse, poorly delimited CC. This intermediate pattern
distribute loads throughout its thickness. suggests lower ability to sustain high, prolonged loads, while
retaining some adaptability under experimental conditions.
Guinea pigs presented intermediate collagen
compactness but higher cellular density and more evident  Mice exhibited the simplest, most homogeneous MC,
metachromasia than rabbits, suggesting higher proteoglyaaith the thinnest cartilage and limited zonal organization.
content and thus greater damping capacity. Fib&he TZ was absent or poorly developed in most samples;
arrangement showed more marked regional organizatidhe TrZ, despite intense metachromasia, was thin; and the
denser in the intermediate zone and looser at the periphdéty, showed short, weakly defined columns, features
potentially reflecting adaptation to directional loads. consistent with adaptation to lower-magnitude, shorter-
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duration loads and the lower masticatory demand of thigss and collagen disorganization are early events in
species (Liangt al, 2016). osteoarthritis progression (Liang, 2016; Cle¢al., 2020).
Fiber orientation—clearly parallel to the articular surface in
In this context, the intensity and distribution ofrabbits but looser in mice, also influences abrasion and
metachromasia across condylar zones are direct indicatbistion resistance, critical for condylar durability. These
of proteoglycan content and, therefore, of mechanicdifferences should be considered when selecting an animal
support capacity and maturational state. The primary rateodel for studies of biomaterials, regenerative therapies, or
of mandibular condylar cartilage is to sustain and distributBomechanical interventions. Likewise, the more evident
functional loads during mastication, speech, angkgional specialization in larger species (rabbit, guinea pig)
parafunctional movements, ensuring smooth displacemertrsus greater uniformity in smaller species (mouse) should
and minimizing tissue wear (Cheat al, 2020). This guide protocols requiring region-specific analyses.
capacity depends largely on extracellular matrix integrity
and, in particular, proteoglycan content and distributiofiRelevance for Animal Model Selection
The heterogeneous distribution observed here suggests
species-specific biomechanical adaptations. Rabbits and  Our results provide a robust comparative framework
guinea pigs showed the highest proteoglycafor selecting the most appropriate animal model according
concentrations—evidenced by intense, homogeneotosthe research question in TMJ studies.
metachromasia, indicating greater damping and efficient
load distribution. Given that reduced proteoglycan synthes&abbit: Thick condylar cartilage, high collagen density, and
(with aging or osteoarthritis) undermines structural integritylear zonation make it suitable for advanced degenerative
and compressive resistance (Chatnal, 2020), these pathology (e.g., osteoarthritis), biomaterial testing, and
differences are highly relevant. regenerative techniques under high biomechanical demand;
also appropriate for adaptive remodeling studies.
Moreover, the TZ of condylar cartilage exhibits
distinctive features likely related to its embryologic originGuinea pig: High cellular density and the most defined
Immunohistochemical studies have demonstrated that tb@umnar organization make it promising for studies on
articular surface of the MC corresponds to periosteum ratt@rondrogenesis, repair mechanisms, and therapies promoting
than true cartilage (Shibatt al, 2014). This fibrous chondrocyte proliferation/differentiation; its relatively
periosteum in the synovial surfaces of the condyle contaisgmmetrical anteroposterior organization favors regional
a subadjacent proliferative zone that transforms into mparisons.
supporting fibrocartilaginous layer, which can subsequently
mineralize to form endochondral bone (Shiletal, 2014; Rat: Intermediate condylar architecture and notable
Stocum & Roberts, 2018; Roberts & Goodacre, 2020). Thisymmetry make it useful for malocclusion studies,
arrangement reflects its particular development and helpdaptation to abnormal loads, and the effects of occlusal
explain the adaptive and regenerative capacity of ttadterations; availability and cost favor exploratory or long-
condyle under species-specific functional and mechanidatrm designs.
demands
Mouse: Despite simple structure, it is invaluable due to
Functional and Biomechanical Implications transgenic/knockout lines enabling investigation of genetic
and molecular mechanisms of homeostasis and degeneration;
Interspecies differences in morphology andhistological uniformity may facilitate interpretation in basic
histological organization of the TMJ directly influence loadnechanistic studies, though biomechanical limitations must
distribution and absorption during mandibular function. Itve considered.
rabbits and guinea pigs, the combination of high collagen
density, abundant proteoglycans, and well-defined zonation Overall, there is no universal animal model for TMJ
allows more efficient stress distribution, reducing the riskesearch; selection should balance histological features,
of structural damage under high demand. functional demands, and specific study objectives.

In contrast, in rats and mice, lower zonaMethodological Considerations and Limitations
differentiation and thinner condylar cartilage suggest reduced
capacity to withstand prolonged or high-magnitude loads, A strength of this study is the use of standardized
potentially explaining greater susceptibility to degeneratiamistological protocols enabling direct interspecies
in overload models, consistent with reports that proteoglycaomparisons. However, the exclusive inclusion of juvenile
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animals’ limits extrapolation to later life stages, in which Zonal molecular profiling is also a promising avenue:
aging and degeneration significantly modify TMXifferential expression of collagens (types I, Il, Ill, X),
composition and architecture (Bae, 2003; Liahgl, 2016; aggrecans, metalloproteinases, and other synthesis/
Yanget al, 2023). Structural and molecular changes, reduceégradation markers across zones and species could yield
proteoglycan secretion, lower cellular density, matrixlecisive insight into mechanisms that maintain or
disorganization, increased proteolytic activity, and alterecbmpromise joint integrity and could link structural findings
signaling, are hallmarks of age-related mandibular cartilagéth specific molecular pathways, opening possibilities for
degeneration (Chest al,, 2020). targeted therapies.

Another limitation is the lack of direct functional Longitudinal designs spanning life stages would
correlation between histology and quantitativelarify how baseline differences influence aging patterns and
biomechanical parameters (e.g., elastic moduludegeneration, informing the suitability of each model in age-
compressive strength) that could objectively confirmelated pathology (e.g., osteoarthritis). Induced-pathology
inferences from microscopy. Nor did we assess molecularodels (mechanical overload, occlusal imbalance,
markers linking tissue structure with metabolic activity irexperimental osteoarthritis) could test whether baseline

condylar cartilage and the AD. structural features condition degenerative response and repair
capacity, explaining interspecies variability in therapeutic
Perspectives and Future Directions outcomes.
The histological differences identified here open Advanced imaging, such as 3D confocal stereology

several avenues to understand structure—functi@md micro-CT, would enable volumetric assessment of
relationships in the TMJ more precisely. A priority is tdibrocartilage and subchondral bone microarchitecture with
establish quantitative correlations between histologicadsolution unattainable by 2D methods. Integrating structural,
features and biomechanical performance of condyléunctional, and molecular datasets will foster a
cartilage and the AD, incorporating techniques such asultidimensional understanding of the TMJ. Finally,
nanoindentation or load-distribution analysis. This wouléxtending this comparative analysis to other common
validate whether zonation patterns, collagen organizatidoiomedical species (e.g., dog, pig) could broaden available
or proteoglycan content translate into measurable functior@dtions and improve model selection for specific pathologies
differences under physiological or pathological loading. or surgical procedures.

A further priority is addressing the lack of consensuS ONCLUSIONS
on a unified nomenclature for TMJ articular cartilage zones.
Although the international histological terminology for This study provides a comparative histological
humans (FICAT, 2008) and the veterinary counterpacharacterization of the MF, AD, and MC in rabbit, guinea
(ICVHN, 2017) share terms for cartilage zones, the scientiffiig, rat, and mouse, revealing relevant morphological and
literature remains inconsistent. Some authors describe fataining differences that reflect species-specific functional
zones, fibrous tangential, polymorphic, chondrocyte, arahd biomechanical adaptations.
hypertrophic chondrocyte (Shibukaefzal, 2007), whereas
others, particularly in therapeutic studies, focus on cellular We identified a structural-complexity gradient from
features without stratificatioiK@hnkeet al, 2021; Wanget  rabbit (greater cartilage thickness, fibrillar complexity, and
al., 202)). Earlier descriptions even used historical termdefined zonation) to mouse (simpler, more homogeneous
such as “perichondrium” for the TZ (Ludet al, 1988). morphology). Guinea pigs stood out for high cellular density
More recent work employs a four-zone scheme—superfici@nd well-defined columnar organization, whereas rats
middle, deep, and calcified, that facilitates correlatioshowed an intermediate structure with marked condylar
between histology and biomechanics (Iturriagal, 2021; asymmetry.
Wenet al, 2023). We consider it necessary to review and
update official terms for both humans and animals, as current ~ The distribution and intensity of metachromasia,
nomenclature does not optimally reflect contemporarindirect indicators of proteoglycan content, varied among
histology nor facilitate cross-study comparisons. Updatingpecies in ways that correlate with damping capacity and
terminology in line with FIPAT (2019) would integrateresistance to mechanical loads. Collagen organization and
histological and functional criteria, improving scientificorientation, observed with Picrosirius red, also revealed
communication and comparative interpretation acrospecies-specific patterns associated with functional
disciplines and species. demands.
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