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Abstract

Teeth are anchored in the jaw in a highly variable manner across vertebrates. In mam-
mals and crocodiles, the teeth are cushioned inside bony sockets by periodontal liga-
ments, whereas most squamate reptiles have teeth firmly attached to the jawbone.
Here, we analyzed the development of the attachment tissue in the veiled chameleon,
a species with firm acrodont tooth attachment, to reveal the cellular processes estab-
lishing ankylosis and to determine the cell types contributing to the attachment. The
tooth-bearing bones formed pedicles with edges fusing to the dentine via an attach-
ment tissue produced by morphologically distinct cells exhibiting both osteoblastic and
odontoblastic features. These cells were RUNX2-positive, suggesting their potential to
differentiate into hard-tissue-producing cells. However, in contrast to the osteoblasts
of the bony pedicles, tooth-bone interface (TBI) cells expressed elevated levels of
Na*-/K*-ATPase and thus resembled odontoblasts. TBI cells were visible only tempo-
rarily, and after tooth-bone fusion they were removed by apoptosis and phagocytosis.
Dynamic deposition of the hard matrix continued on both sides of the TBI and during
the posthatching stages through the participation of osteoblasts. Overall, our findings
demonstrate both odontoblast- and osteoblast-like characteristics of cells producing
the attachment tissue at the TBI during development in chameleons, highlighting the

existence of a transient intermediate cell population, which we call ankyloblasts.
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1 | INTRODUCTION

Several types of tooth-bone attachment have evolved in different
branches of amniotes. The most studied type of tooth anchorage
is thecodont implantation, characterized by a nonmineralized peri-
odontal ligament linking the tooth to the jawbone inside a deep
alveolus (Bertin et al., 2018; Diekwisch, 2001). This attachment,
called gomphosis, is present in mammals and crocodilians and pro-
vides robust resistance to mechanical stress during food processing
(Mclntosh et al., 2002).

By contrast, the teeth of recent lepidosaurian reptiles are firmly
attached to the jaw bones, although the morphology of this type of
attachment varies across species (Gaengler, 2000). In most lizards
and snakes, teeth are ankylosed to the inner side of the high labial
wall of the jawbone (pleurodont attachment). However, in some spe-
cies (e.g., agamas, chameleons), the teeth are completely fused to the
crest of the tooth-bearing bone (acrodont teeth) (Edmund, 1960).
Such cases, where the teeth are firmly fused to the tooth-bearing
element by mineralized tissue, are called ankylosis (for nomencla-
ture, see a recent review by Bertin et al., 2018). Although ankylosis
is widespread in nature, in mammals, a fusion of the tooth to the
bone by hard tissue is considered a pathological condition (Palone
et al.,, 2020; Tong et al., 2020).

Diverse developmental mechanisms have been proposed
to explain the evolutionary origin and elaboration of ankylosis.
The first developmental step of ankylosis is described as a soft
ligament mineralization (LeBlanc et al.,, 2016; Liu et al., 2016).
The periodontal ligaments in ancestral mammals have been
predicted to display a high osteogenic potential, with an incli-
nation to become calcified, thus resulting in dental ankylosis
(LeBlanc et al., 2016). The mineralized ligamentous tissue has
been preserved in fossilized mosasaurs, and it is also evident in
several fish species and modern snakes (LeBlanc, Lamoureux, &
Caldwell, 2017; Luan et al., 2009; Peyer, 1968). In the second
type, ankylosis has been described as developing without liga-
ment formation, with the tooth base firmly attached directly to
the top of the tooth-bearing bony pedicles with no sign of previ-
ous ligament production (Buchtova et al., 2013; Luan et al., 2009).
In both scenarios, the bridge between the bone and the tooth
can be formed by a mineralized tissue, which is called the “at-
tachment bone” (Luan et al., 2009). However, the nature of tooth
attachment tissue varies depending on the species and the mode
of attachment, with various tissues described to be involved in
its formation, including cementum, dentine, and alveolar bone
(Bertin et al., 2018). In addition, an abundance of intermediate
tissues such as osteodentin, dentin with enclosed odontoblasts,
atubular dentine, acellular bone, acellular cementum, or carti-
laginous tooth cementum has been described as contributing to
attachment between the tooth and bone (Caldwell et al., 2003;
Edmund, 1969; Howes, 1979; LeBlanc et al., 2016; LeBlanc,
Lamoureux, & Caldwell, 2017; Listgarten & Shapiro, 1974; Luan
et al,, 2009; Meunier, 2015; Peyer, 1968; Rieppel, 2001; Rieppel
& Kearney, 2005; Zaher & Rieppel, 1999).
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Here, we aim to reveal the progress of developmental features
underlying the formation of the tooth-bone interface (TBI) in the
veiled chameleon to understand the process of attachment during
ankylosis over time. Chameleon teeth are located on the crest of
the tooth-bearing bones, and they are attached to the underlying
bone by acrodont ankylosis (Dosedélova et al., 2016) and undergo
similar developmental stages during odontogenesis to those de-
scribed for mammalian species (Buchtova et al., 2013; Kavkova
et al., 2020; Luckett, 1993). We followed TBI development from its
initiation, when the tooth and bone first approached each other, to
the stage at which the TBI-forming cells produced the connecting
mineralized tissue. The TBI cells were evaluated at the ultrastruc-
tural, cellular, and molecular levels to assess their identity and the
characteristics of the final attachment tissue. Moreover, the cel-
lular processes of the TBI were systemically analyzed to follow
the rearrangement and remodeling of the TBI-related skeletal ele-
ments during development.

2 | MATERIALS AND METHODS
2.1 | Experimental animals

Fertilized eggs of the veiled chameleon (Chamaeleo calyptratus)
were obtained from commercial breeders. To analyze develop-
mental processes during the pre- and posthatching stages, eggs
were incubated in an incubator, maintaining a temperature not ex-
ceeding 29°C. At the designated time points, eggs were collected
and carefully opened to access the embryos, which were then
euthanized through decapitation (Table S1). The eggs of Anolis al-
lisoni were obtained from a private breeder and were sacrificed
in the later stage of embryonic development by low temperature
and decapitation. Juveniles of Cryptelytrops albolabris, already
fixed in 10% formaldehyde, were also obtained from a private
breeder. They were euthanatized by low temperature and then
decapitated before tissue fixation. All animal procedures adhered
to the ethical guidelines established by the Laboratory Animal
Science Committee of Masaryk University (Brno, Czech Republic,
MSMT-10946/2021-5).

2.2 | Processing of tissues for histological analyses

To facilitate immunohistochemical and histological analyses, heads
dissected from specimens were fixed in 4% PFA overnight at +4°C.
For older specimens, tissues were decalcified in 12.5% EDTA in
4% PFA at room temperature for a period ranging from 3weeks
to 2months, depending on the extent of tissue mineralization.
Following fixation and/or decalcification, specimens underwent de-
hydration in an ethanol and xylene series, followed by embedding
in paraffin wax. Then, a series of transversal histological sections
(5pm thick) were prepared. Selected sections were stained with
Hematoxylin-Eosin or Sirius Red to analyze collagen fibers.
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2.3 | Immunohistochemical labeling

Alternative sections of paraffin-embedded tissues were used for im-
munohistochemical analysis of protein expression. The initial steps
involved deparaffinization in xylenes, and rehydration through an
ethanol series was performed. Epitopes were unmasked by antigen
retrieval in citrate buffer (pH6) for 15min in a water bath (97°C).
Blocking serum was applied directly on the samples to prevent
nonspecific antibody binding and incubated with serum for 30 min.
Primary antibodies (Calbindin1, RUNX2, pan-cytokeratin, Na*-/K*-
ATPase) were applied to the slides and incubated for 1h (refer to
Table S2 for information about the primary antibodies used).

To detect Calbindin1 and Na*-/K*-ATPase, a secondary antibody
(donkey anti-rabbit Alexa Fluor 555, cat. no. A31572, Thermo Fisher,
USA) conjugated with fluorochrome was used with an incubation
time of 30min. For nuclei visualization, either DRAQ5™ Fluorescent
Probe Solution (cat. no. 62251, ThermoFisher, USA) or Fluoroshield
with DAPI (cat. no. F6057, Sigma-Aldrich, St. Louis, Missouri) was
applied. Images were captured using a fluorescent microscope Leica
DM LB2 or a confocal microscope Leica SP8 using 20x objectives
(Leica Microsystems, Germany) with Leica Application Suite soft-
ware. Processing of images was conducted using IMARIS software
(Bitplane, Zurich, Switzerland) or Adobe Photoshop 7.0 (USA).

To detect RUNX2, pan-cytokeratin, and CDé68, a secondary bioti-
nylated anti-rabbit antibody (1:200, part of the ABC kit, Vectastain,
Vector Laboratories, Burlingame, USA) was applied for 30min,
followed by the application of avidin-biotin complex (ABC kit,
Vectastain, Vector Laboratories, Burlingame, USA) for an additional
30min. The signal was visualized with diaminobenzidine (DAB), and
slides were counterstained with Hematoxylin to visualize nuclei.
Stained samples were photographed using a Leica DM2500LED

(Leica Microsystems, Wetzlar, Germany).

2.4 | TUNEL assay

The presence of apoptotic cells was determined by detecting
DNA fragments using a TUNEL assay (ApopTag Peroxidase in
Situ Apoptosis Detection Kit-S7101, Chemicon, Temecula, USA).
Hematoxylin was used to counterstain nuclei. Photomicrographs
of the sections were captured under bright-field illumination with a
Leica DM2500LED (Leica Microsystems, Wetzlar, Germany).

2.5 | TRAP assay

For the detection of tartrate-resistant acid phosphatase (TRAP) in os-
teoclasts, a mixture of the following solutions was used: Naphtol AS-
TR phosphate disodium salt (0.0023 M, cat. no. N6125, Sigma-Aldrich,
Germany), N,N-dimethylformamide (0.5%), glacial acetic acid (0.2M),
sodium acetate (0.2M), sodium tartrate dibasic dihydrate (0.1 M, cat.
no. S-8640, Sigma-Aldrich, Germany), Fast Red TR Salt (0.1%, cat. no.
368881, Sigma-Aldrich). The pH of the solution was adjusted to 4.3.
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Once the mixture was prepared, it was added to preheated
slides at 37°C for 1 h at 37°C. Following the incubation, Hematoxylin
staining was used as a counterstain, and images were captured using
a Leica DM2500LED microscope (Leica Microsystems, Wetzlar,
Germany).

2.6 | Invivo injection of Calcein Green and
Alizarine Red into juvenile chameleons

Fertilized eggs were incubated at 28-29°C until hatching. Juveniles
were housed in cages with a UVA and UVB light source and received
regular cricket feedings. Humidity levels were maintained through
periodic water spraying.

After 2 months, two groups (each containing four animals) were
injected with Calcein Green (cat. no. C0875-5G, Sigma-Aldrich) and
Alizarin Red (cat. no. A533-25g, Sigma-Aldrich) to monitor the dy-
namics of hard-tissue deposition. Selected fluorescent dyes were
diluted in 2% NaHCO, (pH7.4, 30067-AP0-G0500-1, Lach-Ner)
at concentrations of é6mg/kg for Calcein Green and 30mg/kg for
Alizarin Red with a final volume of 50 uL injected into each animal.

One group of animals was injected intraperitoneally with Calcein
Green on day one, followed by Alizarin Red after 3days, and the an-
imals were euthanized 3days later. The second group was injected
with Calcein Green on the same day as the first group, but Alizarin
Red was injected after 6 days. Animals from the second group were
sacrificed after another 6 days by decapitation. This allowed for the
assessment of two different time points to observe the dynamic pro-
cess of hard tissue deposition. The selected time range of 3 and/or
6 days was selected according to similar experiments performed pre-
viously (Gonzalez Lopez et al., 2023). Lower jaws of the specimens
from each group were dissected out, fixed in 10% PFA for 3days, put
in 30% Sucrose (cat. no. S0389, Sigma-Aldrich) overnight, embed-
ded in frozen section media (cat. no. 3801480, Leica Biosystems),
sectioned on a Leica cryostat, and then sections were collected on
Japanese tape (Cryofilm type Il C(16UF), SECTION-LAB Co. Ltd,
Japan).

Cryosections (10um) through the jaw were washed in PBS-T,
mounted in Fluoroshield (cat. no. F6057, Sigma-Aldrich, St. Louis,
Missouri), and imaged on a Leica SP8 confocal microscope (Leica
Microsystems, Wetzlar, Germany). Whole-mount images were
obtained using the BEE-ST (Bones and tEEth Spatio-T, Bemporal

growth monitoring) approach (Gonzalez Lopez et al., 2023).

2.7 | Transmission electron microscopy

Individually dissected jaws were fixed in 3% glutaraldehyde buffered
with 0.1 M cacodylate buffer for 24h. We used nondemineralized
preparations to preserve the mineralized context of the tissue and
to avoid artifacts associated with demineralization, which is critical
for accurate interpretation of cell-matrix interactions and mineral

deposition.
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This was followed by three washes in 0.1 M cacodylate buffer
and postfixation in 1% OsO,, solution for 1h. After additional wash-
ingin 0.1 M cacodylate buffer, the samples were dehydrated through
increasing ethanol concentrations followed by acetone and embed-
ded in the epoxy resin Durcupan.

First, we prepared semithin sections stained with Toluidine Blue
that offer an intermediate resolution of tissue structure. These im-
ages are presented alongside, or in some cases instead of, selected
TEM panels to improve clarity and facilitate interpretation of the de-
velopmental processes.

For each sample, an average of four TEM grids, each containing
two to four sections, was generated using a Leica EM UCé ultrami-
crotome (Leica Mikrosysteme GmbH, Vienna, Austria). The sections
were placed on formvar-coated nickel grids; half of them were con-
trasted with lead citrate and uranyl acetate, and the other half was
analyzed without this additional contrast.

The ultrastructure analyses of all samples were conducted using
the Morgagni™ 268 TEM (FEI Company, Eindhoven, Netherlands) with
photographs captured using a Veleta CCD camera (Olympus, Mnster,
Germany). Distances between selected structures were measured

using iTEM software (FEI Company, Eindhoven, Netherlands).

2.8 | Micro-CT analyses

Five samples of embryonic chameleon jaws underwent micro-CT
analysis to examine the hard-tissue morphology (Table S3). The
samples were embedded in 1% agarose gel within 500 uL Eppendorf
tubes to mitigate potential movement during scanning. X-ray micro-
computed tomography (micro-CT) measurements were performed
using the GE Phoenix v|tome|x L 240 laboratory system (GE Sensing
& Inspection Technologies GmbH, Germany).

This system is equipped with a high-contrast flat panel detec-
tor (dynamic 41|100, 4000 x 4000 pixels with a pixel size of 100 pum)

SULCOVA ET AL.

and a nanofocus X-ray tube (180kV/15W maximum power). The mi-
cro-CT system operated within an air-conditioned cabinet, and all
measurements were performed at a controlled temperature of 21°C.
Acquisition parameters were individually optimized for each sample
to achieve the best possible voxel size (Table $3), which ranged from
2.0 to 3.5pm depending on the specimen's size and developmen-
tal stage. The spatial resolution was roughly twice the voxel size,
consistent with the Nyquist criterion. Tomographic reconstruction
was performed using GE Phoenix datos|x 2.0 software (GE Sensing
& Inspection Technologies GmbH, Germany), and the image process-
ing, along with analysis and visualization, was performed using VG
Studio MAX 3.3 software (Volume Graphics GmbH, Germany).

Wall thickness was quantified in VG Studio MAX using the
sphere method, which estimates local thickness by fitting the largest
possible sphere between the inner and outer surfaces of a structure
at each point. The diameter of this sphere represents the thickness
at that location. The resulting thickness measurements were visual-
ized in a 3D color-coded map, where cooler colors (e.g., blue) indicate
thinner regions and warmer colors (e.g., red) indicate thicker areas,

facilitating intuitive assessment of spatial thickness variations within

the sample.
3 | RESULTS
3.1 | Interaction between the developing tooth

germ and bone pedicle is initiated at the bell stage

At the early bell stage of chameleon tooth development, mineraliza-
tion was evident at the tip of the cusps (Figure 1a,b), with the cervical
loops extending down around the forming dental papilla (Figure 1b).
At this “Initiation of interface formation” stage (IF stage—stage 1 of
TBI formation), the bony pedicle was at a distance (approximately

20pm) from the tooth germ (Figure 1a’). However, a distinct group

FIGURE 1 Tooth-bone interface development and its morphology during early stages of odontogenesis. (a) At the early mineralization
stage, hard tissue deposition had started in the jawbone and tooth areas. Micro-CT scan displays tips of the central cusp already covered

by mineralized tissue. Deposition has also initiated in lateral cusps (a, black arrowhead). There was a large gap between hard tissues in the
TBI area (white arrow). (a’, a”) Extensive communication between dental pulp and jawbone marrow can be seen on the lateral (a’) and dorsal
view (a”) of the lower jaw, including bone lamella (bl) separating them. (b, b’, b”) Several preosteoblast cells overhung the area between the
developing tooth germ and bone on both sides of the tooth in microscopic sections stained by Hematoxylin-Eosin (black outlines in (b’),
(b”), and (f) detail in TEM). (c) Cells of future TBI area (arrowheads) were RUNX2-positive (c’'—detail of labial part of cervical loop, c’—detail
of lingual part of cervical loop). (d-i) The nature of cells, which were expanding from bone pedicles in TEM. (d) Semithin section of the tooth
stained by Toluidin Blue. (e) Ultrathin section through cervical loop (cl) and odontoblast layer (od) outlaying the edge of cervical loop. (f-i)
Labial part of the cervical loop with preosteoblasts (ob) extending by long cellular processes (arrowhead) from the cervical loop (cl) toward
bone pedicle (bp). (g-i) High power view of the labial side of the bone pedicle with distinct bone matrix (b). (j-j”) Later, when the bone and
dentine approached each other, the bone pedicles (bp) were the largest at the labial and lingual side of the jaw, therefore forming the walls
protruding along the jaw (j”, arrowheads). As the mineralization proceeded, bone lamellae (bl) expanded to separate the bone marrow from
the dental pulp, and the communication holes became smaller (j”, arrowheads). (k-k”) The epithelium of the cervical loop's labial and lingual
parts was getting close to extending bone pedicles, as apparent from the Hematoxylin-Eosin. There were differences between the labial
and lingual parts of the cervical loop, with the labial epithelium outgrowing inwards the dental pulp (k’). The lingual part of the cervical loop
extended to exceed the labial bone pedicle (k”). (I-1”) RUNX2-positive cells were located in the surrounding TBI around the cervical loop. (m)
Osteoclasts were not apparent at the very top of bone pedicles. Instead, they were situated around the bony lamella and along the inner side
of the bone, facing the jawbone marrow (arrowheads). (n) Few apoptotic cells were located in the mesenchyme between bone pedicles and
the cervical loop (inset).
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of mesenchymal cells was evident spanning the gap between the
tooth and bone on either side of the tooth (Figure 1b,b’,b”). To un-
derstand the identity of these cells, we analyzed the expression of
RUNX2 (CBFA1), a classic osteoblast and odontoblast marker, that

also shows later expression in differentiating ameloblasts (Ducy
et al., 1997; Lian et al., 2006). Interestingly, in addition to expression
in the osteoblasts lining the bone, odontoblasts within the dental
papilla, and in the forming ameloblasts of the dental epithelium, the
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linking cells were also RUNX2-positive, in contrast to the mesen-
chyme flanking these regions (Figure 1c,c’, see also Figure S1). This
suggests that these cells might have the potential to differentiate
into cells that secrete hard tissue. TEM was used to follow their ul-
trastructural morphology to understand the nature of these cells in
more detail (Figure 1e-i, Figure S2a-h). Mesenchymal cells in the
dental papilla, and around the tip of the cervical loop, exhibited
features of polarized cuboid preodontoblasts (Figure 1d,e). Cells lo-
cated outside of the tooth on the tip of the growing cervical loop
were connected by long cytoplasmic processes (Figure 1f,g). These
processes were directed toward the forming bone pedicles, indicat-
ing very early establishment of interactions between the bone and
tooth. Collagen fibril deposition was evident, with fibrils organized
into bundles parallel to the jaw's long axis (Figure 1h,i; Figure S1a-d).
These outer cells demonstrated osteoblast-like morphologies, with
dilated cisternae of the rough endoplasmic reticulum (Figure 1g,i)
and an increased nucleocytoplasmic ratio compared to the inner
cells. In summary, both odontoblast-like (located close to the epithe-
lium) and osteoblast-like (located further from the tooth, closer to
the forming bone pedicles) cells were associated with the initiation
of the TBI area.

As the tooth developed, the TBI narrowed (Figure 1j-n), and
the tooth germs elongated toward the growing bone pedicle
(Figure 1k,k’,k”). Bone lamellae separated the bone marrow from the
dental papilla, but communication would still be possible due to the
presence of large connecting channels (black arrow in Figure 1j").
Both osteoblasts and odontoblasts produced hard tissue. The
RUNX2-expressing cells were located between the forming tooth
and bone as the cervical loop of the tooth extended close to the
bone (Figure 1l,I’; Figure S1a-d). We call this stage the “Hard-tissue
rearrangement stage” (HTR stage—stage 2 of TBI formation). During

this stage, TRAP-positive osteoclasts were evident in close contact

SULCOVA ET AL.

with the bone but were not associated with the forming tooth-bone
interface area (Figure 1m, Figure S3a-h). Several mesenchymal cells
in the forming TBI area were TUNEL-positive (Figure 1n, Figure S3k-
r), indicating cell clearance by apoptosis in this area before tooth-
bone fusion.

3.2 | Establishment of direct contact between the
dentine and bony pedicles is mediated by a group of
cells with intermediate characteristics

As the tooth developed further, the tooth and bone came into close
contact (Figure 2a,a’,b,b’,b”). This stage was called the “Attachment
tissue production stage” (ATP stage—stage 3 of TBI formation).
The bony pedicles were extended along the jaw but were still very
short and thin (Figure 2a’,a”). Under the pedicles, the bones were
thickened as visualized by wall thickness analyses (yellow spots in
wall thickness analyses) (Figure 2a”), and small dental channels con-
nected the bone marrow with the dental pulp (arrow in Figure 2a”).
The dentine was tightly covered by the dental epithelium as la-
belled by pan-cytokeratin, with the epithelium of the rudimentary suc-
cessional lamina overhanging the TBI on the lingual side (Figure 2c,c’).
At the point of connection between the dentine and bone, the cells
on the inside of the tooth had a distinctive elongated shape and were
clearly polarized, a feature of odontoblasts (Figure 2b). These cells,
and the neighboring odontoblasts and osteoblasts, were RUNX2-
positive, along with the dental epithelium (Figure 2d). As RUNX2 can
be expressed in both odontoblast- and osteoblast-like cell populations
(Jiang et al., 1999), other markers were analyzed to build a picture of
the identity of the TBI cells. First, we analyzed ion channel and ion
binding proteins, which exhibit differential expression and function in

diverse hard-tissue-producing cells. First, we analyzed the presence of

FIGURE 2 Acrodont ankylosis is mediated by a transient odontoblast-like cell population. (a) Micro-CT analysis displays mineralized bone
and dentine in different color shades according to its wall thickness. The immediate contact between dentine and bone was established by
deposition of tissues as visualized by micro-CT. (a’, a”) Details of dorsal view on the lower jaw visualizing closure of bone lamellae (bl) and
only small channels left (arrowheads) between dental pulp and bone marrow. Bone pedicles (bp, arrowheads) extend along the jaw in the
lingual and labial area, and bone bridges were also visible in the interdental area (red arrowhead). (b) Before dentine and bone fusion, the
dental pedicles elongated, and the shape of both structures was adjusted for contact. (b, b”) Interim tissue is produced by the cluster of
elongated polarized cells (ankyloblasts, arrowheads) located near the TBI area. (c’, ¢”) Pan-cytokeratin labelling highlights the epithelial cells
adjacent to TBI's labial part (lacl) (c’, arrowheads). At the lingual side (licl), the epithelium was merging with the successional dental lamina
(c”, sdl) and a cluster of polarized cells was located in the TBI area (arrowheads). (d’, d”) RUNX2-positivity of elongated cells (ankyloblasts)
indicated their differentiation potential to cells producing mineralized tissue. (e-g’) To visualize the overall morphology and metabolic
activity of elongated odontoblast-like cells, the detection of Na,K-ATPase protein expression was performed. (f, f, g, g’) Besides the positive
oral epithelium, the strong Na*,K™-ATPase activity was confirmed in odontoblasts and odontoblasts-like cells along the inner periphery

of the dental pulp. Note the difference between Na*,K*-ATPase expression in odontoblast-like cells/ankyloblasts (arrowheads) and
osteoblasts underneath, which lack the Na*,K*-ATPase positivity (f, g). Bone pedicle is outlined by dotted line. (h-j’) Calbindin expression
shows differences between fully differentiated and active odontoblasts and odontoblast-like cells, producing a transitional mineralized
matrix connecting the bone pedicles and dentine (h). (i, i’, j, j') A clear border between the Calbindin-positive odontoblasts and negative
ankyloblasts (arrowheads) is visible in detail. (k-n) Atypically vertically oriented bodies of cells embedded between dentine (d) and bone

(b) were observed both at the labial (k—lower power, I—detail) and the lingual side (m—lower power, n—detail) in transmission electron

microscope. (0-0”) TRAP-positive cells appeared in dental pulp near the blood vessels and in close proximity to the cluster of ankyloblasts
(arrowheads). (p’, p”) CD68-labeled cells displayed same pattern of distribution, where the majority of CD68-positive cells were located near
the blood supply and close to ankyloblasts. (q’, g”) TUNEL assay displays the increased number of apoptotic cells within or near the cluster
of ankyloblasts. b, bone tissue; bp, bone pedicle; bl, bone lamella; bv, blood vessels; d, dentine; lacl, labial cervical loop; ob, osteoblasts; od,
odontoblasts; sdl, successional dental lamina; TBI, tooth-bone interface.
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a sodium-potassium ATPase pump that is located in cell membranes
and is essential for ion transport (Garcia et al., 2018). Na*/K*-ATPase
was expressed in membranes of differentiated ameloblasts and
odontoblasts and the epithelial cells of the labial and lingual cervical
loops, stellate reticulum, and successional dental lamina (Figure 2e-
g'). Importantly, osteoblasts only weakly expressed Na*/K*-ATPase
(Figure 2g). The cluster of elongated cells at the forming TBI exhibited
strong Na*/K*-ATPase expression, in keeping with an odontoblast-
like identity (Figure 2f,f',g,g’).

To further characterize the population of cells located near the
TBI, we analyzed the expression pattern of Calbindin 1 (Vitamin
D-dependent calcium-binding protein, Avian-Type) (Berggard
et al., 2002) (Figure 2h-j, Figure S4a-f), which belongs to the group
of calcium-binding proteins with distinctive expression in odonto-
blasts (Kawasaki, 2009; Kawasaki et al., 2021). The Calbindin1 sig-
nal was strong in the cytoplasm of differentiated odontoblasts up
to the level of the TBI and was absent from the osteoblasts around
the bone (Figure 2i,j’). The polarized TBI cells, however, showed no
expression of Calbindin1 (Figure 2i,j’, Figure S4e,f), suggesting that
they are not typical odontoblasts.

Ultramicroscopic analyses of the dental area uncovered long odon-
toblast processes embedded in the ECM, while only very thin processes
protruded from the osteoblasts at the bony pedicles (Figure S5a-e).
The osteoblast bodies ran parallel to the bone surface and contained a
large endoplasmic reticulum (Figure 2k). By contrast, the cells produc-
ing the TBI exhibited distinct morphologies with several cellular pro-
cesses protruding toward the matrix, large nuclei, and few organelles
(Figure 2I-n). Their bodies were very tall and oriented perpendicularly
to the surface (Figure 2l), and this appearance was preserved even
after they were embedded in matrix (Figure 2n).

The elongated cells surrounding the TBI area just before fusion,
therefore, displayed numerous intermediate characteristics, partly
resembling odontoblasts but with some features of osteoblasts and
other morphological features unlike osteoblasts or odontoblasts.
To distinguish this morphologically and molecularly distinct popula-
tion, we refer to them as ankyloblasts, reflecting their role in fusion.

Interestingly, a similar elongated population of cells at the forming

SULCOVA ET AL.

TBI was also observed in other reptiles during tooth attachment,

suggesting that these cells play a conserved role (Figure S5).

3.3 | The presence of apoptotic cells in the
TBI area suggests a temporary role for ankyloblasts
during TBI formation

During the fusion stage, we detected several clusters of TRAP-
positive cells adjacent to the emerging ankylosis area on the inner
side of the tooth (Figure 20,0’,0”). In addition, multinucleated os-
teoclasts were observed predominantly on the bone lamellas sur-
rounding the dental channels, connecting the bone marrow with the
dental pulp (Figure 20, Figure S3i,j). While TRAP stain is commonly
used as a marker for bone-resorbing osteoclasts, studies have shown
that some macrophage populations, particularly those involved in
tissue remodeling or inflammation, may exhibit TRAP activity as well
(Oddie et al., 2000). The expression levels in macrophages are typi-
cally lower and more variable, and their TRAP activity may not be
functionally equivalent to that of osteoclasts (Oddie et al., 2000).
To distinguish these two cell types, we evaluated the expression of
CDé68, a well-known macrophage marker (Holness & Simmons, 1993)
(Figure 2p’,p”). A few CD68-positive cells were identified in the den-
tal pulp near the vessels (Figure 2p’,p”), and in several cases, CD68-
positive macrophages were located close to clusters of ankyloblasts
(Figure 2p’), indicating activation of macrophages in this area. In ad-
dition, many of the ankyloblasts in the TBI region were positive for
TUNEL, suggesting that at least some of these cells undergo apop-
tosis and, therefore, represent a transiently active cell population
(Figure 2q',q”, Figure S3s,t).

3.4 | Ankyloblasts cannot be identified after
fusion of the tooth and bone

After tooth-bone fusion (Figure 3a,a”), the TBl area further thickened
during the late prehatching stages, the “Ankylosis strengthening

FIGURE 3 Ankyloblasts disappear after fusion of the tooth and bone. (a, a’) Once the dentine and bone are connected, the bone lamellae
(bl) entirely separates the bone marrow of the jawbone from the dental pulp (a’). Few communicating canals (bc) were present to provide
the necessary blood and nerve supply (a”). Note the highest wall thickness in the area just underlying bone pedicles (bp) and the highest
thickness in the interdental area (a, red arrow). (b, b’, b”) Pan-cytokeratin labeling did not reveal the presence of elongated ankyloblasts at
the inner side of the dental pulp, and epithelium overhangs TBI area. The border between bone and tooth is indicated by a black dashed line.
(c, ¢’) Na*,K"-ATPase-positive cells are mostly located in the epithelium. (c’) Flat cells covering the inner side of the dental pulp exhibit only
weak Na*,K™-ATPase expression. The outlines of the bone are labeled by a white dashed line. (d-d”) Only a few TRAP-positive cells were
visible in the dental pulp (d). TRAP-positive cells were found mostly along the inner side of the bone pedicles, where they participate in the
constant bone remodeling (d’, d”, arrowhead). (e-e”) Apoptotic cells were sporadically dispersed in the bone as osteocytes trapped in the
lacunae of the emerging labial bone pedicle (e’, arrowheads). (f-m) Ultrastructural analyses of TBI area on the lingual side in transmission
electron microscope (f—low power picture). (g, h) Cells located at the outer side of the newly formed interface display features of cells with
epithelial origin, such as ameloblasts. (i) These cells were in direct contact with the osteoblast cells. (j-m) The inner side of the interface

area was covered by the flat cells classified as odontoblasts because of their characteristic appearance of mitochondria (k) and flattened
osteoblasts, with very thin processes protruding into the bone matrix (arrowheads) located in deeper areas (m). () These two populations
were easily recognizable on the border according to their distinct features. am, ameloblast; b, bone; d, dentine; lacl, labial part of the cervical
loop; licl, lingual part of cervical loop; ob, osteoblast; od, odontoblasts; sdl, successional dental lamina.

85U8017 SUOWILLOD @A 1.0 3|qeo! [dde 8Ly Aq peueob 8 Sapie YO ‘8sh JO Sa|nJ 10y Aeiq18UlUO AB]IM UO (SUORIPUOD-PUR-SUBIALI0O" A3 1M ARIq 1 U1 UO//SdNL) SUORIPUOD pue swis 1 8y &8s *[920z/20/TE] Uo AriqiTauliuo A8|im ‘ABojouyoe ] JO AisieAlun ouig Ad 6500.B0TTTT OT/I0PA0D A8 | ARe.q 1 feul[UO//:SANY Wou) pepeojumod ‘g ‘9202 ‘08569 T



SULCOVA ET AL.

(@

85U8017 SUOWILLOD @A 1.0 3|qeo! [dde 8Ly Aq peueob 8 Sapie YO ‘8sh JO Sa|nJ 10y Aeiq18UlUO AB]IM UO (SUORIPUOD-PUR-SUBIALI0O" A3 1M ARIq 1 U1 UO//SdNL) SUORIPUOD pue swis 1 8y &8s *[920z/20/TE] Uo AriqiTauliuo A8|im ‘ABojouyoe ] JO AisieAlun ouig Ad 6500.B0TTTT OT/I0PA0D A8 | ARe.q 1 feul[UO//:SANY Wou) pepeojumod ‘g ‘9202 ‘08569 T



Lt ey- ANATQUICH. E TN

stage” (AS stage—stage 4 of TBI formation), and the merger of both
tissues was reinforced (Figure 3b,b”). Analysis of wall thickness
revealed thickened areas of bone just under the pedicles and in the
areas between the teeth, which are likely to strengthen the tissue
exposed to high pressure.

The area of fusion became more difficult to distinguish using
histology; however, the bone could be distinguished by the pres-
ence of trapped cells, which were not visible in the acellular dentine
(Figure 3b). At this stage, the internal part of the TBI was covered
by flattened cells (Figure 3c,c’), which is also typical of odontoblasts
after they finished secretory activity (Couve et al., 2013). These cells
also displayed other substantial differences compared to the elon-
gated odontoblasts located at the tip of the dental pulp (Figure 3d,e).
The flattened cells of the TBI area displayed only weak Na®/K*-
ATPase positivity (Figure 3c,c’), whereas the active and mineralized
matrix-producing odontoblasts exhibited a strong Na*/K*-ATPase
signal at the tip of the dental pulp (Figure 3c). TRAP- and TUNEL-
positive cells were no longer associated with the inner surface of
the TBI (Figure 3d,d”,e). A few apoptotic cells were identified but
restricted to the bone lacunae (Figure 3e,e”), which is expected as
some osteocytes would be removed during this period.

Using TEM, fully differentiated cells (osteoblasts, odontoblasts,
and ameloblasts) were located on the surface of the bone and den-
tine (Figure 3f-m, Figure Séa-h). Ameloblasts with discontinuous
basal lamina ended sharply at the TBI zone on the outer side of the
tooth germ (Figure 3g,h). The presence of organelles, the appearance
of the cytoplasm, and processes were used to clearly identify osteo-
blast versus odontoblast cells in the TBI zone (Figure 3k,m). While
osteoblasts had multiple thin processes extending from the cell body
(Figure 3m); odontoblasts had a single primary process (Tomes' fiber)
protruding from the cell body (Figure Séa,b). This primary protrusion
branched as it penetrated the dentine matrix (Figure Séc,d). A layer
of typical osteoblasts was evident from the TBI to the bone pedicle
(Figure 3h,i). On the inner side of each tooth germ facing the den-
tal papilla (Figure 3j-m), an exact border between odontoblasts and
osteoblasts was not evident when viewed under a light microscope.

SULCOVA ET AL.

However, electron micrographs revealed a boundary between these
cells at the TBI (Figure 3l). Osteoblasts with enlarged endoplasmic
reticulum were located deeply in the TBI toward the bone, with a
few osteoblasts overlapping the dentine area on the inner surface of
the TBI facing the dental papilla (Figure 31,m).

In summary, the TBI cells were flattened with many elongated
mitochondria displaying some odontoblastic features, and os-
teoblasts were observed covering these cells. Tall TBI cells (anky-
loblasts), observed at the stage before tooth-bone fusion, were no
longer apparent after fusion by histology or by TEM.

3.5 | The TBI extracellular matrix exhibits distinct
features even after tooth-bone fusion

Next, we asked if there were differences in the structure of the
tooth attachment tissue and dentine/bone ECM tissues. This could
further support a distinct origin of the tooth attachment tissue and
confirm which cell type contributed to its production. We used
TEM at a later developmental stage to assess the features of the
TBI hard tissues in the older stage when attachment was already
formed (Figure 4a-d, Figure S7a-d). Dentine and bone tissues in the
chameleon demonstrated many common features similar to those
of other animals (Figure 4b, Figure S7a-d). The difference between
dentine and bone was based on the thickness of the cytoplasmic cel-
lular processes embedded within the ECM. Moreover, the collagen
fibrils surrounding the osteoblasts were characteristically arranged
in a regular, unidirectional pattern beneath the osteoblasts, in con-
trast to more irregularly arranged fibrils observed adjacent to the
odontoblasts (compare Figure 4d and Figure S7c,d).

The tooth-bone interface displayed an uneven arrangement
with the transitional zone located more deeply on the inner side
facing the dental papilla. At the same time, on the outer side, the
dentine-bone interface was nested rather superficially toward the
oral cavity. Electron-dense extracellular matrix localized beneath

the cell (Figure 4b,d) exhibited the strongest mineralization at the

FIGURE 4 TEM of the tooth-bone interface after tissue fusion. (a) Low power magnification of the tooth-bone interface in animal after
full fusion of bone and tooth. (b) The border between odontoblast area (od) and TBI region (yellow arrow). Collagen fibrils are arranged
irregularly in the dentine area. (c) Mineralization of extracellular matrix is increased in the TBI area (yellow arrow) with the deeper layers
irregularly organized collagen fibres. (d) The border between TBI region (yellow arrow) and bone with osteoblasts (ob).
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tooth-bone interface (Figure 4c) with a distinct appearance com-
pared to the neighboring bone and dentine matrix. In the TBI, col-
lagen fibrils were arranged partly in a regular, bone-like pattern in
the superficial layer, but irregularly in the deeper layers; this fibrillar
organization was not observed in other regions of the bone pedicle
or dentine (Figure 4c, Figure S7c).

In conclusion, the extracellular matrix connecting the dentine
and bone pedicles demonstrated distinct features, including higher

mineralization and mixed features of organization of collagen fibrils.

3.6 | Late-stage maturation of the tooth-bone
interface in juvenile chameleons

At a posthatching stage (2-month-old juveniles), the “Maturated an-
kyloses stage” (MA stage—stage 5 of TBI formation), we observed
broadening of the hard tissues, indicating a continuation of hard-
tissue deposition in juvenile animals (Figure 5a,a”). The dentine-bone
boundary was progressively bridged by a mineralized extracellular
matrix (Figure S8a,b). This physically inseparable border displayed
distinct layers of dentine and bone overlaying each other, indicating
a nonuniform deposition of these two components (Figure 5b,b”).
TRAP-positive cells appeared dispersed within this zone, indicat-
ing constant rearrangement of mineralized tissues in the TBI area
(Figure 5b’,b").

To determine the hard matrix allocation dynamics in the TBI and
especially the formation of distinct hard-tissue layers, we injected
Calcein Green and Alizarin Red into juvenile chameleon animals
(Figure 5c-g, Figure S8a-k). These fluorescent dyes can be incor-
porated into forming mineralized tissue by binding to calcium ions
during mineralization. Therefore, they can serve as a tool for evalu-
ating the process of bone or dentine deposition (Pautke et al., 2005,
2007). Two different intervals were selected for the injection of the
dyes: 3- and 6-day intervals (Figure 5c-g, Figure S8).

The most distinct signal was located on the tip of the tooth,
indicating that odontoblasts were still actively contributing to the
process of dental pulp filling even after tooth eruption (Figure 5d,e,
Figure S8a,e). The fluorescent signal appeared distributed along the
labial and lingual surfaces of the dental pulp, confirming the activ-
ity of odontoblasts at the lateral areas of the tooth and their con-
tribution to dental pulp filling (Figure 5f-g, Figure S8a-c,e-h). As
expected, we did not find any Calcein Green or Alizarin Red dyes in-
corporated in the tooth's enamel layer, the ameloblasts having been
lost earlier during tooth eruption (Figure 5f-g, Figure S8a-h).

The signal for both dyes appeared distinct at the surface of the
inner and outer sides of the bone pedicles (Figure S8a,c,e,g). The
Alizarin Red signal was also evident on the superficial layer of the
bone lamella underlying the tooth on the side facing the dental pulp,
indicating filling of the dental pulp by osteoblasts from the bottom of
the tooth (Figure S8a,c). At both selected time intervals, the pattern
of hard-tissue deposition was similar (Figure S8a-d,e-h).

Inthe TBI area, we detected weak Calcein Green and Alizarin Red
signals (Figure 5f-g, Figure S8a,d,e-h) in contrast to the interdental
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area and underlying bony lamellae, where the signal was strong
(Figure 5h-j). Interestingly, on the lingual side of the TBI, the Calcein
Green and Alizarin Red signals were stronger along the outer side
of the jawbone as well as at locations adjacent to the dentine. This
suggests higher osteoblast activity on the lingual side (Figure 5g,
Figure S8d,h) in contrast to the labial side (Figure 5f), where no
similar activity was detected in either selected interval. This find-
ing confirmed the previously observed morphological differences
between the labial and lingual sides observed at earlier stages
(Figure 3b,b’,b”), where the labial part becomes almost naked during
development while the lingual part is well covered by soft tissues.

The cells located at the TBI zone displayed very weak Na‘'/
K*-ATPase and Calbindin1l expression (typically marking flattened
osteoblasts) (Figure 5k-1'). By contrast, the metabolically active odon-
toblasts under the tip of the tooth demonstrated overlapping and
strong expression of Na*/K*-ATPase and Calbindin1 (Figure 5k’,I").
These findings support the observation that osteoblasts superim-
pose the dentin produced in the early stages, and the bone matrix
overlaps the region of TBI during the posthatching stages.

4 | DISCUSSION

Differences in the arrangement of the tooth-bone interface have
previously been described in several extant and extinct verte-
brates (Budney et al., 2006; Caldwell, 2007; Caldwell et al., 2003;
Luan et al., 2009; Rieppel & Kearney, 2005; Zaher & Rieppel, 1999).
Despite the significant number of studies focusing on this topic,
how non-thecodont attachment tissue is produced during devel-
opment and by which cell types remains unclear. Thus, our study
aimed to identify the cell types contributing to the formation of ac-
rodont ankyloses and to characterize the molecular features of the
cells and the nature of the attachment tissue they produce. To this
end, we divided the attachment period into five stages (Figure 6):
(1) Initiation of interface formation stage - the early stage, when the
tooth and bone are at a distance however group of mesenchymal
cells was spanning the gap between tooth and bone; (2) Hard-tissue
rearrangement stage - when the dental and bone tissues start to in-
teract; typical by rearrangement of dental tissue and bone pedicle
formation; (3) Attachment tissue production stage with close inter-
action between the tooth and bone including the mineralization of
the tooth attachment matrix; (4) Ankylosis strengthening stage with
thickening of the tooth-bone interface area and finely by consolidat-

ing the connection during its maturation stage (5).

4.1 | RUNX2 marks early tooth-bone interface
cells with the potential for mineralized tissue
production

To determine the characteristics of cells contributing to TBI, we
followed RUNX2, one of the transcription factors previously
described as important for the differentiation of cells producing hard
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FIGURE 5 The TBI area is expanded by strengthening bone mass around the dentine by osteoblasts during posthatching odontogenesis.
(a-a”) At the juvenile stages, the bone and dentine were firmly fused to form one inseparable entity with the osteocyte-containing lacunae
covering the base of the teeth as visualized by Hematoxylin-Eosin staining (a-a”, arrowheads). (a/, a”) The border between the dentine and
bone, indicated here by the black dashed line, was less visible during the posthatching stages. (b-b”) Individual mineralized tissue layers

can be visualized (arrowheads). (b) The elongated odontoblasts were still present at the tip of the dental pulp where dentine was deposited,
while the TBI area was covered by flat cells (b’, b”). The TRAP-positive cells (red cells) were located mostly along the emerging bone lamellae
and inside the lacunae of the jawbone or dental papilla. (c-j) Vital dyes were used to visualize the dynamics of hard tissue deposition in the
TBI area as they naturally incorporate into the newly deposited mineralized tissue. (c) Calcein Green and Alizarin Red dyes were injected at
6-day intervals. (d-g) Mineralization occurs along the inner walls of the dental pulp and along both the inner and outer sides of the jawbone,
as visualized on transversal sections. (e) Vital dyes were incorporated in the dentine matrix (d) adjacent to differentiated odontoblasts. (f)

In the labial side, the matrix was deposited preferentially from the dental pulp (TBI area labeled by yellow arrow). On the outer side, there
was production visible just in deeper areas, which was in agreement with oral epithelium remission in this area in juvenile animals. (g) On
the lingual side, the production of matrix occurred both at the inner and outer surfaces. In contrast to the labial side, the bone matrix newly
deposited by osteoblasts extends superficially (white arrowhead) and overlaps TBI (yellow arrow) at the tooth's outer surface. (h-j) Whole
mount visualization of Calcein Green and Alizarin Red-labeled animals display deposition of hard tissues in the interdental area (ida) and TBI
area (yellow arrowhead) as well as along underlying bone lamellae (bl). (k, k') The strongest Na*,K*-ATPase positivity was manifested mostly
in odontoblasts (od). The TBI area (yellow arrowhead) exhibited only weak Na*,K*-ATPase signals. (I) Similarly, odontoblasts also strongly

express Calbindin (I), while the TBI area (yellow arrowhead) exhibited no calbindin positivity (I’). b, bone; bl, bone lamellae; bm, bone
marrow; bp, bone pedicle; d, dentine; dp, dental pulp; gi, gingiva; ida, interdental area; od, odontoblasts.

STAGE 1 STAGE 2 STAGE 3
Initiation Hard tissue Attachment tissue
of interface formation rearrangement production

STAGE 4 STAGE 5
Ankylosis Maturated
strenghtening ankylosis

1 surrounding mesenchyme
[ Dental epithelium
[ Bone with osteocytes

FIGURE 6 Schematic representation of ankylosis development.

tissues while also controlling their proliferation and maintenance
(Camilleri & McDonald, 2006). RUNX2 is primarily known for its
role in osteoblast differentiation and skeletal development, but
it also plays roles in epithelial-mesenchymal interactions during
craniofacial and tooth development. Previous studies have shown
that developing epithelium, including dental epithelium such as
ameloblasts and cells of the cervical loop, can express RUNX2
(Camilleri & McDonald, 2006; D'Souza et al., 1999). This expression
often occurs transiently and is involved in regulating signaling
pathways that influence mesenchymal cell fate. Other studies have
also observed RUNX2 in proliferative regions of the oral epithelium,
eveninnontooth-bearingareas(Tanetal.,2017). Consistent with this,
we also observed RUNX2 expression in the inner enamel epithelium
of chameleons, similar to findings in mice where RUNX2 is expressed

[T Dental pulp
[E==3 Bone marrow

[ Gingiva
[ Dentin
[# ] Ankyloblasts

in ectodermally derived ameloblasts during the maturation phase of
enamel formation (D'Souza et al., 1999; Jiang et al., 1999).

Moreover, Runx2 is upregulated in mouse preodontoblasts (Liu
et al., 2005) and later downregulated in differentiated odontoblasts.
Similar to the situation in the mouse (D'Souza et al., 1999), RUNX2
was expressed in the mesenchyme of the chameleon dental papilla
and in all osteoblasts and osteocytes. As the odontoblasts became
fully differentiated, RUNX2 expression became weaker, similar to
that previously described in mammalian model species (Bertonnier-
Brouty et al., 2021; Wu et al., 2020).

RUNX2 can contribute to maintaining the periodontal liga-
ment in mammals through regulation of osteogenesis in this area
(Camilleri & McDonald, 2006; Komori et al., 1997; Otto et al., 1997).
In chameleons, the cells linking the tooth and the bone formed a
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RUNX2-positive collar, suggesting that the identity of the TBI was
already established at these early stages and that these cells had
the potential to differentiate into cells contributing to hard tissue

production.

4.2 | Anintermediate cell type at the tooth-bone
interface

When we evaluated chameleon embryos from different develop-
mental stages just prior to the connection of the tooth and bone,
a morphologically distinct population of cells was evident in the
TBI area. These cells, located around the end of the cervical loop,
were elongated and distinct from the neighboring odontoblasts
and osteoblasts. The position and continuity with the odontoblast
layer suggest they may represent an intermediate stage in the dif-
ferentiation pathway, specifically adapted to support mineralized
tissue deposition at this critical junction. In keeping with this, these
elongated cells exhibited odontoblast-like properties at the ultras-
tructural level and expressed high levels of Na*/K*™-ATPase, which
was also detected in odontoblasts located at the tip of the tooth.
In contrast, the adjacent osteoblasts located along the bone lamella
and pedicles exhibited weak expression of Na*/K*-ATPase scattered
unevenly along their cell membranes. However, like osteoclasts, the
TBI cells did not express Calbindin1, which is highly expressed in od-
ontoblasts, suggesting that the TBI cells were distinct from mature
odontoblasts. Interestingly, the Calbindinl expression in chameleon
remained only in the tooth tip area and did not expand further even
after the tooth/dentine contacted the jawbone. A similar expres-
sion pattern restricted to the tip of the dental papilla was observed
for some calcium-binding proteins in zebrafish (Rosa et al., 2021).
Therefore, Calbindin1 may label only a specific subpopulation of od-
ontoblasts (Kawasaki, 2009).

Based on their distinct morphology, localization, and molecular
profile, we have termed these TBI cells “ankyloblasts” to describe
a transient cell population observed during the formation of dental
ankyloses. Here the term “ankyloblast” is intended as a descriptive
label rather than a designation of a fundamentally novel skeletal cell
type. These cells represent odontoblast-like cells in a temporally re-
stricted and active secretory phase specific to the process of anky-
losis initiation. Similar elongated cells lining the future or forming TBI
region were also observed in other reptile species prior to ankyloses
and have previously been observed in snakes (LeBlanc et al., 2023)
and even in catfish, where odontoblast-like cells were observed be-
tween the dentine and the attachment bone attached to both ma-
trices by cellular processes (Huysseune & Sire, 1997). This transient
cell type might, therefore, be conserved.

The disappearance or flattening of these TBI cells coincided with
the presence of TUNEL-positive cells and macrophages, suggesting
that this population might undergo apoptosis and/or be removed by
phagocytosis.

The TBl-associated cells exemplify a broader biological princi-
ple observed across vertebrate skeletal systems: the plasticity and
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functional overlap among mesenchymal-derived cell types involved
in mineralized tissue formation. Rather than representing an excep-
tion, these cells highlight the continuum between osteogenic and
odontogenic phenotypes, a concept well established in develop-
mental and evolutionary biology. Similar transitional or hybrid cell
states have been reported in various contexts, including the for-
mation of osteodentine, cementum, and bone of attachment. The
morphological and molecular features of the TBI-associated cells,
while distinctive in their spatial and temporal context, are consis-
tent with the known capacity of skeletal cells to adopt intermedi-
ate identities in response to local signals and functional demands
(Beresford, 1981; Cole & Hall, 2004; Hallett et al., 2021; Kodama
et al., 2022; Zhu et al., 2024). As such, these cells should be viewed
as part of this dynamic spectrum, offering further insight into the
mechanisms by which vertebrates generate structurally diverse min-

eralized interfaces.

4.3 | The character of the matrix of the tooth-bone
interface

The origin of tissue at the tooth-bone interface has been a topic
of extensive discussion for many years, most often studied in the
context of pleurodont implantation and tissue, where this tissue
connects the tooth and bone on the labial side (Westergaard &
Ferguson, 1986, 1987). The junction between the tooth base and
the bone has been described to be formed by cementum, bone, or
composed of mineralized periodontal ligaments, creating different
types of “bone of attachment” (Dosedélova et al., 2016; LeBlanc
et al, 2021; LeBlanc, Brink, et al., 2017; LeBlanc, Lamoureux, &
Caldwell, 2017; Zaher & Rieppel, 1999). We observed a distinct ar-
rangement of extracellular matrix components in the TBI area, sug-
gesting that this matrix does not originate directly from osteoblasts
or odontoblasts. In particular, we noted a difference in density of the
mineralized attachment tissue compared to the jawbone, which was
already evident from Hematoxylin-Eosin staining. We, therefore,
conclude that the ankylosis-associated cells were able to produce a
matrix distinct from that produced by osteoblasts and odontoblasts

and that this early matrix was the first to unite the tooth and bone.

4.4 | Remodeling of bone tissue for precise
ankylosis

The development of the tooth-bone interface in the chameleon was
a precisely coordinated process, allowing the shape of the tooth base
to match that of the bone pedicle. In the early stages, the tooth germ
and the bone pedicles displayed different morphologies; however,
remodeling of the bone tissue was evident from the osteoclasts.
Interestingly, we found only a few osteoclasts at the tooth-bone
interface. The presence of TRAP-positive cells is usually associated
with several processes during odontogenesis, including the control of
osteoclast activity for regulating the distance between the forming
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alveolar bone and the developing tooth germ in mice or odontoclast
activity during root resorption prior to the shedding of human
deciduous teeth (Alfageeh et al., 2013; Handrigan et al., 2010;
Handrigan & Richman, 2010; Sahara et al., 1998). In the mouse, the
approach of the outer enamel epithelium toward the bone triggers
the recruitment of osteoclasts, which act to prevent the dental
epithelium and bone from coming too close (Alfageeh et al., 2013).
This osteoclastic activity is essential to maintain a minimal separation
between the two structures and thereby prevent tooth-bone fusion
and the initiation of ankylosis (Alfageeh et al., 2013). In contrast,
reptilian teeth and bones need to join together to form pleurodont
or acrodont dentitions, so similar recruitment of osteoclasts or
odontoclasts at these stages would be detrimental. Although the
chameleonis monophyodont, with no tooth replacement, mostlizards
and snakes are polyphyodont, with constant tooth replacement. For
these species, clast cells play a significant role in physiological tooth
resorption allowing shedding of older tooth generations throughout
an animal's life (Handrigan et al., 2010; Handrigan & Richman, 2010;
Henriquez et al., 2025; Sahara et al., 1998). Numerous osteoclast
and odontoclast cells have been observed associated with the teeth
of the scincid lizard (Chalcides viridanus), and odontoclasts were also
found in the tree iguana Liolaemus gravenhorsti (Delgado et al., 2005;
Fuenzalida et al., 1999). In the scincid lizard, the difference between
the osteoclast and the odontoclast was based on the nature of the
tissue they resorbed (Delgado et al., 2005).

In chameleons, only a few TRAP-positive cells were observed at
the TBI during the early stages when the two tissues were getting
close to each other. However, once the bone and dentine had fused,
these cells were observed clustered around the developing bone
lamella. TRAP-positive cells in the chameleon thus are likely to be
important for the precise control of acrodont implantation, sculpting
the bony pedicles as they meet the dentin. In addition to large multi-
nucleated TRAP-positive cells, a few mononucleated TRAP-positive
cells were evident in the dental pulp, which in other reptiles have
been shown to be capable of becoming multinucleated odontoclasts
(LeBlanc et al., 2023; Sahara et al., 1998). Not all mononucleated
cells in resorptive zones represent precursors, since mononucleated
odontoclasts have also been identified as functional resorptive cells

in humans (Domon et al., 1994).

4.5 | Hard-tissue deposition as a dynamic process
exhibiting asymmetric features

To determine the dynamics of TBI formation and its rearrangement
during posthatching stages when animals could process food, we in-
jected two fluorescent dyes, Calcein Green and Alizarin Red, into
2-month-old chameleons. Both dyes were distinctly visible along
the inner side of the dental pulp, as well as in jawbones, indicating
intense hard-tissue deposition mediated by osteoblasts and odonto-
blasts at both analyzed time points. Interestingly, there was a signifi-
cant increase in bone deposition from the outer side in the lingual
area, which led to overgrowth of the TBI area. This indicated that
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the tooth-bone attachment was hardened by bone tissue, which
was already proposed previously based on the microscopic analy-
ses (Dosedélova et al., 2016). Moreover, such a phenomenon closely
resembles the subthecodont dentition, where the jawbone forms
a shallow socket that covers the dentine body of the tooth from
the outside (Bertin et al., 2018). However, in the chameleon, it ap-
pears that the bone does not form a proper socket-like structure but
rather is produced following elongation of the bone pedicles after
the tooth-bone fusion and not before this process, as was described
for subthecodont dentitions (Bertin et al., 2018). Our results also
confirm both bone and dentine as the origin of the tissues filling the
dental pulp, with the odontoblasts actively producing dentine along
the entire dental pulp while the bone extends upward from bony

protrusions to the pulp from the underlying lamella.

5 | CONCLUSION

In summary, our study has revealed the existence of a transient cell
population, the ankyloblasts, which produce the matrix to link the
tooth and bone during the formation of an acrodont attachment.
Ankyloblasts had distinct morphologies, with elongated shapes, and
expressed some but not all odontoblast markers, suggesting they are
more similar to odontoblasts than to osteoblasts. Ankyloblasts were
evident during the initial fusion of the tooth and bone but then were
removed by apoptosis and phagocytosis. After fusion, the connec-
tion between the tooth and bone was reinforced by the activity of
neighboring odontoblasts and osteoblasts. The ankyloblast popula-
tion does not seem to be unique to animals with an acrodont at-
tachment, and further analysis will be necessary to understand their

occurrence outside this group of reptiles.
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