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Axolotl mandible regeneration occurs through mechanical gap
closure and a shared regenerative program with the limb
Julia Kramer1,*, Rita Aires2,*,‡, Sean D. Keeley2, Tom Alexander Schröder1, Günter Lauer1 and
Tatiana Sandoval-Guzmán2,3,‡

ABSTRACT
The mandible plays an essential part in human life and, thus, defects
in this structure can dramatically impair the quality of life in patients.
Axolotls, unlike humans, are capable of regenerating their lower
jaws; however, the underlying mechanisms and their similarities to
those in limb regeneration are unknown. In this work, we used
morphological, histological and transcriptomic approaches to analyze
the regeneration of lateral resection defects in the axolotl mandible.
We found that this structure can regenerate all missing tissues in
90 days through gap minimization, blastema formation and, finally,
tissue growth, differentiation and integration. Moreover, transcriptomic
comparisons of regenerating mandibles and limbs showed that they
share molecular phases of regeneration, that these similarities peak
during blastema stages and that mandible regeneration occurs at a
slower pace. Altogether, our study demonstrates the existence of a
shared regenerative program used in two different regenerating body
structures with different embryonic origins in the axolotl and contributes
to our understanding of the minimum requirements for a successful
regeneration in vertebrates, bringing us closer to understand similar
lesions in human mandibles.
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INTRODUCTION
The jaws form the structural base of the mid and lower face and are
essential for basic human activities such as mastication and
communication, as well as having an aesthetic component with an
important role in social integration. Therefore, the loss of jaw tissue
due to injuries or cancer dramatically impairs the quality of human
life. Before the development of modern surgical techniques,
resection of the anterior mandibular body resulted in a missing
chin and lip, which caused severe functional limitations in eating

and speaking (Lilly et al., 2021). Indeed, the symphyseal (distal-
most), and parasymphyseal (immediately adjacent lateral) areas of
the mandible, in particular, are especially important from a medical
point of view, given their propensity to be affected by trauma or
invasion of malignant tumors (Atilgan et al., 2010; Eichberger et al.,
2022).

There are many procedures that are used to help repair jaw
injuries, such as preventing the ingrowth of soft tissue, introducing
missing cells or signals into the defect, and alloplastic replacement
with metallic implants created by computer-assisted design and
manufacturing (CAD/CAM) (Nauth et al., 2018; Reitemeier et al.,
2016). Yet, the current gold standard for the treatment of critical-size
segmental defects in the jaw is the grafting of suitable transplants from
autologous donor regions into the affected area (Disa and Cordeiro,
2000; Schemitsch, 2017). However, all these procedures are
technically challenging and the grafting of complex autogenous
tissue transplants creates an extra injury at the donor site.

In contrast to humans, certain vertebrate lineages, such as
salamanders and teleost fish, possess the ability to completely
reconstitute lost structures after amputation, including the lower jaw
(Simon and Tanaka, 2013; Tanaka, 2016). Therefore, a systematic
examination of jaw regeneration in highly regenerative model
organisms is a promising approach to discover innovative therapeutic
strategies.

Research in the newt Notophthalmus viridescens has illustrated
the general principles governing regeneration of the upper (maxilla)
and lower (mandible) jaws. In newts, both adult and larval
mandibles can regenerate following either full transections of the
entire distal region (Ghosh et al., 1994; Goss and Stagg, 1958) or
partial parasymphyseal resections (Graver, 1973, 1974, 1978), with
both amputation types triggering a similar sequence of events. In
adult newts, regeneration begins with the retraction of the severed
mandible muscles and the healing of the wound. This is followed
by the formation and thickening of the wound epidermis, the
appearance of a blastema, cartilage differentiation and, in the case
of transection amputations, the joining of the newly regenerated
Meckel’s cartilage in the medial symphysis of the midline.
Regeneration of the bony components starts via formation of the
dentary bone on the lateral sides of the regenerated cartilage and
the re-formation of teeth. After approximately 20 weeks, the
regenerated mandible resembles the unamputated jaws in both
shape and size. Interestingly, larvae regenerate faster than adult
newts and are able to reconstitute the prearticular bone and the
lingual side of the dentary bone, whereas these structures never
regenerate in the adult (Ghosh et al., 1994; Goss and Stagg, 1958).

Taking advantage of the recent development of many genetic
resources and tools (Echeverri et al., 2022), we used the axolotl
(Ambystoma mexicanum) to investigate jaw regeneration, especially
in the context of limb regeneration. The limb stands as the reference
example of blastema-dependent regeneration of a complex,

Handling Editor: Karen Liu
Received 14 February 2024; Accepted 20 August 2024

1Clinic of Oral and Maxillofacial Surgery, University Hospital Carl Gustav Carus
Dresden, TechnischeUniversität Dresden, 01307 Dresden, Germany. 2Department
of Internal Medicine III, Center for Healthy Aging, University Hospital Carl Gustav
Carus, Technische Universität Dresden, 01307 Dresden, Germany. 3Paul
Langerhans Institute Dresden, Helmholtz Centre Munich, University Hospital Carl
Gustav Carus, Technische Universität Dresden, 01307 Dresden, Germany.
*These authors contributed equally to this work

‡Authors for correspondence (tatiana.sandoval_guzman@tu-dresden.de;
rita.aires@tu-dresden.de)

J.K., 0000-0002-8257-2728; R.A., 0000-0002-3537-0453; S.D.K., 0000-0002-
2429-3253; T.A.S., 0009-0001-9689-3020; G.L., 0000-0001-7536-0885; T.S., 0000-
0003-1802-5145

This is an Open Access article distributed under the terms of the Creative Commons Attribution
License (https://creativecommons.org/licenses/by/4.0), which permits unrestricted use,
distribution and reproduction in any medium provided that the original work is properly attributed.

1

© 2024. Published by The Company of Biologists Ltd | Disease Models & Mechanisms (2024) 17, dmm050743. doi:10.1242/dmm.050743

D
is
ea

se
M
o
d
el
s
&
M
ec
h
an

is
m
s

mailto:tatiana.sandoval_guzman@tu-dresden.de
mailto:rita.aires@tu-dresden.de
http://orcid.org/0000-0002-8257-2728
http://orcid.org/0000-0002-3537-0453
http://orcid.org/0000-0002-2429-3253
http://orcid.org/0000-0002-2429-3253
http://orcid.org/0009-0001-9689-3020
http://orcid.org/0000-0001-7536-0885
http://orcid.org/0000-0003-1802-5145
http://orcid.org/0000-0003-1802-5145
https://creativecommons.org/licenses/by/4.0
https://creativecommons.org/licenses/by/4.0


multi-tissue structure, having been extensively studied throughout
the years (reviewed by Aires et al., 2020; Payzin-Dogru andWhited,
2018). This structure also shares morphological features with
newt jaw regeneration. Namely, limb regeneration begins with
wound closure by a specialized wound epithelium (WE), which
later proliferates into a multilayered apical epidermal cap (AEC).
This is followed by blastema formation, tissue patterning and
differentiation, during which cartilage and bone are formed, and,
finally, a growth phase into a fully regenerated limb. As the
molecular underpinnings of each of these processes are relatively
well known in the axolotl, limb regeneration is the ideal blueprint
for comparative studies between different regenerative structures in
the same animal. Moreover, studying axolotl mandible and limb
regeneration enables the comparison of regenerative processes of
two structures with different embryonic origins, as the jaws derive
from migrating neural crest cells, whereas limbs develop from the
lateral plate mesoderm of the embryo (Gilbert, 1997).
However, contrary to limb regeneration, studies of mandible

regeneration specifically in the axolotl are scarce, being so far
mostly focused on tooth regeneration (Makanae et al., 2020) or on
the analysis of punch biopsy lesions (Charbonneau et al., 2016,
2021). In this work, we focused on an injury type that resembles
defects in human patients that generally arise in the context of tumor
surgery as it is sometimes necessary to perform large resections
that often result in extensive full-thickness segmental defects.
Specifically, we used a full-thickness lateral resection model that
included skin, muscle, oral mucosa and the medial symphysis with
its laterally adjacent region. By analyzing the morphological,
histological and transcriptomic aspects of symphyseal and
parasymphyseal mandible regeneration in the axolotl, we were
able to examine the regenerative potential of both distal and
proximal skeletal stumps within a segmental defect, as well as
overall tissue integration. We found that the mandible is able to
regenerate most missing tissues through two phases of mechanical
gap minimization; formation of a blastema; and tissue growth,
differentiation and integration into the pre-existing structures.
Moreover, comparisons of gene expression profiles of
regenerating lower jaws and regenerating limbs showed that they
undergo similar molecular phases of regeneration, particularly
during blastemal stages. Yet, we found that regeneration in the lower
jaw appears to progress at a slower pace compared to that in the limb,
and that this pacing can even differ between the two skeletal stumps
of the regenerating mandible. Overall, our study uncovers the
molecular details involved in the regeneration of resection defects in
the axolotl mandible and highlights mechanistic differences and
similarities in the regenerative processes of different body structures
with different embryonic origins, which point to the existence of a
shared regenerative program in the axolotl.

RESULTS
Repair of lateral resection defects in the axolotl mandible
involves two phases of gap minimization
In order to study full-thickness lateral defects in the symphyseal and
parasymphyseal regions in the axolotl mandible, we resected a
5 mm fragment of the right hemimandible. This resulted in a gap
bordered by proximal and distal bony stumps, the latter still
containing the remnants of the medial symphysis of the contralateral
side (Fig. 1A). This defect amounted, on average, to approximately
43.3% of the perimeter of the hemimandible, or 20.7% when
considering the full mandible perimeter (Fig. 1B; Table S1). We
then examined the gross morphological progression of repair for
90 days (Fig. 1; Fig. S1).

Within the first day post injury (dpi), we observed that the wound
had stopped bleeding and that the overall defect region showed
some signs of tissue contraction, as evidenced by a reduction in the
depth of the defect and the smoothening of the surface of the injury
(Fig. 1A, white arrow; Fig. S1). The defect became less prominent at
14 dpi, was mostly gone at 35 dpi and, by 90 dpi, the jaw appeared
to have nearly regained its original shape (Fig. 1A). Quantification
of the defect area (Fig. 1C) supported these initial observations,
revealing that a significant defect minimization had already
occurred within 1 dpi (Fig. 1D). The area of the defect then
remained relatively unchanged until 5 dpi but, by 7 dpi, had
decreased again. By 14 dpi, the injury size was dramatically reduced
and, by 35 dpi, had disappeared entirely (Fig. 1A,D; Fig. S1).
However, the mandible had still not attained a proper shape in
resected animals at this time point as, contrary to the intact controls,
the lower dental arch appeared noticeably shorter (i.e. in a
retrognathic mandibular position), resulting in a clear overbite of
the upper jaw (Fig. 1A). We hypothesized that this shortening of the
lower jaw could be owing to movement of one or both mandibular
fragments. To investigate this, we quantified the angle of
displacement of the distal stump (Fig. 1C,E), which confirmed
that this structure had moved laterally towards the defect, reaching a
minimum angle (i.e. maximum displacement) at 35 dpi (Fig. 1A,
white arrows; Fig. 1E). Remarkably, the angle of displacement
increased afterwards, which suggested that the distal edge had
moved towards the midline by 90 dpi and that the injured mandible
was progressively regaining a normal shape. Indeed, by this time
point, resected lower jaws appeared to have recovered their
appropriate, orthognathic position in relation to the upper jaws
(Fig. 1A).We confirmed this by measuring the perimeter of resected
and intact mandibles, which showed that the initial mandible
perimeter had been restored at 35 dpi and was only 9.2% smaller
compared to that in intact control at 90 dpi (Fig. 1F). Overall, we did
not notice impaired growth in resected animals.

As such, our data demonstrate that, unlike humans but similar to
other salamanders, the axolotl is capable of repairing lower jaw defects
after a full-thickness lateral resection. We also found that mandible
repair involved mechanical gap minimization in two main phases: the
first occurring within the first day after injury and involving mainly
tissue contraction; and the second starting at 7 dpi and involving tissue
growth and displacement of the distal stump. Finally, we show that
resected mandibles essentially recover their intact shape and size after
3 months. This strongly hints at re-formation of most removed tissues
by 90 dpi, especially cartilage and bone.

Lateral defects in the mandible regenerate through tissue
growth, differentiation and integration of bone, cartilage and
muscle
To investigate mandible regeneration in more detail, we performed
histological stainings in intact (Fig. 2A,H) and resected animals at 5,
14, 35 and 90 dpi (Fig. 2B-G). The intact lower jaw of the axolotl
consists of two paired cartilaginous rods known as Meckel’s
cartilage, which extend through the entire length of the jaw in each
side of the mandible and join at their distal ends by a median
symphysis, in which the muscles of the floor of the mouth attach
(Fig. 2A,A′,H,H′, gray arrowheads).

Each Meckel’s cartilage rod is enclosed by several bones,
including the dentary bone on its ventral and vestibular (or lateral)
sides, the prearticular bone in the lingual side, and the coronoid
bone resting above each prearticular bone. Teeth develop from both
the dentary bone and the coronoid bone (Atkins et al., 2020;
Makanae et al., 2020). This anatomy remains constant as the axolotl
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matures, unlike in the newt in which the coronoid bone is lost during
metamorphosis (Davit–Béal et al., 2007).
At 5 dpi, the hard tissue stump on the proximal sidewas covered by a

thin multilayered epithelium (Fig. 2B,B′). Although the overall tissue
architecture was mostly unchanged, the extracellular matrix (ECM)
of the cartilage directly below the epithelium showed a significant
decrease in glycosaminoglycan content, as revealed by the lighter
Alcian Blue staining in the region, which suggested an active process of
histolysis. Histolysis also occurred in the medial stump (Fig. S2A,A′).
At 14 dpi, the gap caused by the resection was noticeably

smaller, which was consistent with our macroscopic observations
(Fig. 2C). Importantly, we found an accumulation of seemingly
undifferentiated mesenchymal cells resembling a blastema sitting atop
the injured stumps on both sides of the defect and spanning the full
length of the gap (Fig. 2C,C′; Fig. S2B). Thesewere entirely covered by
a multilayered epithelium that was morphologically highly reminiscent
of the AEC formed during limb regeneration, including the lack of a
basement membrane (Neufeld and Aulthouse, 1986) (Fig. 2C, white
arrowhead in Fig. 2C′; Fig. S2B, white arrowheads in Fig. S2B′,B″).
Remarkably, resected proximal and distal stumps appeared to be in
different regeneration stages. In the distal stump, a new cartilage
growth that was continuous with the intact Meckel’s cartilage had
already formed (Fig. 2C). This structure not only extended distally
past the amputation plane into the defect, but also grew dorsally to
surround the upward bend of the preexisting contralateral Meckel’s
cartilage (Fig. S2B,B″). This contrasted with the proximal stump, in
which no cartilage condensations were yet detected. However, we did
notice glycosaminoglycan filaments distal to its amputation plane,
likely the first signs of cartilaginous ECM deposition (Fig. 2C,C′).
At 35 dpi, the gap caused by the resection was fully closed

(Fig. 2D; Fig. S2C). The displacement of the distal stump towards

the defect side was particularly evident, especially when compared
to anatomical landmarks for the original lower jaw midline, such
as the median raphe of the paired oral floor and the tongue
muscles. The closing of the gap was accompanied by new
cartilaginous growth from both sides of the defect, forming a
continuous brace that traversed the length of the defect
and integrated with the existing Meckel’s cartilage (Fig. 2D,D′;
Fig. S2C,C′). The connection of these cartilage growths to each
other, however, was imperfect, as they merged in a disorganized
manner (Fig. 2D′). Interestingly, we found osteoid trabeculae with
several cells trapped within the collagen deposits originating from
the proximal stump (Fig. 2D′, black arrowheads; Fig. S2C′),
indicating that bone reformation had already started to occur by
intramembranous ossification.

Finally, by 90 dpi, the regenerated cartilage now robustly bridged
the defect, having fully integrated into the previously existing
Meckel’s cartilage in both sides of the defect and becoming the
insertion site of the regenerated ventral mandibular muscles
(Fig. 2E). Moreover, the formerly observed displacement of the
midline towards the defect side was partially compensated (Fig. 2E,F;
Fig. S2D). Additionally, the regenerated cartilage was thicker than
the original Meckel’s cartilage of the injured region and displayed
some pockets of cartilaginous tissue surrounded by bony matrix
(Fig. S2D,D′). We also noticed that, even though the newly
regenerated dentary bone did not cover the entirety of the cartilage
regenerate, it contained new teeth (Fig. 2G,G′). Similarly, we saw that
the prearticular and coronoid bones had extended past the amputation
level (Fig. 2F,F′,G,G′, gray arrowheads) and that the latter contained
both tooth buds and mature teeth, indicating that these structures had
regenerated by 90 dpi. Finally, we interestingly did not see the
reformation of themedial symphysis (Fig. 2E,F), with the regenerated

Fig. 1. Repair of lateral resection defects in the axolotl mandible involves two phases of gap minimization. (A) Time course of mandible regeneration
after a full-thickness lateral resection. The same animal is shown immediately prior to injury (intact), immediately following injury [0 days post injury (dpi)], and
at 5, 14, 35 and 90 dpi. ‘90d intact’ indicates a non-resected control axolotl obtained from the same clutch and assessed after 90 days. Arrows and
arrowheads indicate the distal stump of the injury. Scale bars: 5 mm; 2.5 mm (insets). (B) Quantification of defect size relative to the perimeter of the
hemimandible (Hemi) or the full mandible (Full) at 0 dpi. Bars show mean values. (C) Schematic representation of defect area (dotted region) and distal
stump angle quantifications. (D) Quantification of defect area. The line shows mean values over time. ***P<0.001; ****P<0.0001 (one-way ANOVA with
Dunnett’s post hoc test). (E) Angle of dislocation of the distal stump in resected (blue) and medial symphysis in intact (green) animals. The blue line shows
mean values over time. ***P<0.001 (one-way ANOVA with Tukey’s post hoc test). (F) Quantification of full mandible perimeter of intact and resected animals
immediately before (Int) and post (0 dpi) resection, and at 35 and 90 dpi.
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cartilage brace instead connecting directly to Meckel’s cartilage and
to the dentary bone of the contralateral hemimandible.
Taken together, our results indicate that after a full-thickness

lateral resection, the axolotl lower jaw can fully regenerate all
missing tissues via the formation of a mesenchymal blastema-like
structure, tissue growth and tissue differentiation. Remarkably, the
regenerate was also able to fully integrate into the previously
existing mature structures on both sides of the defect, in such a way
that the mandible shape was nearly restored after 90 days.

Transcriptomic analysis of mandible regeneration after
lateral resection uncovers significant similarities to
limb regeneration
Next, we sought to get a better molecular understanding of the
regeneration process in our mandible resection model by

exploring its transcriptomic profile. For that, we performed bulk
RNA sequencing (RNA-seq) in intact and regenerating mandible
tissues in early (5 dpi), middle (14 dpi) and late (35 dpi)
regeneration stages (Tables S2 and S3). To visualize gene
expression dynamics, the remaining genes were subjected to a
k-means clustering algorithm, which grouped them into 15 clusters
based on their expression over time (Fig. S3, Tables S4 and S5).
Finally, genes that did not fit well into any of these clusters
were removed, ultimately leaving us with a list of 2134 genes of
interest (Table S6). From the clusters containing these remaining
genes, ten of them fell into four broader categories of temporal
expression patterns: clusters containing genes with peak
expression at 5 dpi (‘5 dpi peak’), 14 dpi (‘14 dpi peak’), 35 dpi
(‘35 dpi peak’), and one that steadily rose over time (‘general
rise’) (Fig. 3A; Fig. S4).

Fig. 2. Lateral defects in the mandible regenerate through tissue growth, differentiation and tissue integration of bone, cartilage and muscle.
(A-H) Movat’s Pentachrome staining of longitudinal sections of intact mandibles at the beginning (A) and end (H) of the experiment, and resected
mandibles at 5 (B), 14 (C), 35 (D) and 90 (E-G) dpi. For 90 dpi, three sections corresponding to ventral (E), mid (F) and dorsal (G) levels are shown. Dark
gray arrowheads in A and H indicate the medial symphysis in intact animals; the white arrowhead in C′ shows a multilayered wound epithelium; black
arrowheads in D′ point at intramembranous ossifications of the dentary bone; and light gray arrowheads in F and G′ indicate the regenerated prearticular
and coronoid bones, respectively. Dotted lines represent the approximate site of resection. cg, cartilaginous growth; co, coronoid bone; db, dentary bone;
ling, lingual side; mc, Meckel’s cartilage; pa, prearticular bone; rc, regenerated cartilage; vest, vestibular side. Images represent one animal, except at
0 and 90 dpi, in which three animals are represented. Scale bars: 2 mm (A-H); 500 µm (A′-H′).
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Fig. 3. Regenerating mandibles after lateral resections exhibit transcriptomic similarities to regenerating limbs, but progress at a slower pace.
(A) Four representative k-means clusters depicting ‘5 dpi peak’, ‘14 dpi peak’, ‘35 dpi peak’ and ‘general rise’ phases of mandible regeneration after lateral
resection. (B) The top ten significantly enriched Gene Ontology (GO) terms for the ‘5 dpi peak’, ‘14 dpi peak’, ‘35 dpi peak’ and ‘general rise’ phases.
(C) Schematic representation of time points and datasets used for the comparisons between mandible and limb regeneration. The axolotl shown is R.A.’s and
S.D.K.’s 3-year-old pet axolotl, Normando. (D) Four representative k-means clusters depicting ‘early peak’ [3 h post amputation (hpa) to 3 days post amputation
(dpa), ‘mid peak’ (3-14 dpa), ‘late rise’ (14-28 dpa) and ‘general rise’ phases of limb regeneration. Data are from Stewart et al. (2013). (E) Heatmap exhibiting the
percentage of ‘shared genes’ within each mandible group that is expressed in each limb group. (F) Top ten significantly enriched GO terms of the specified
shared genes. Enriched GO terms are sorted by increasing P-value. EMT, epithelial-to-mesenchymal transition; UV-A, ultraviolet A radiation.
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We then subjected the genes in each of these four groupings to
Gene Ontology (GO) analysis to gain a better insight of the
biological processes occurring during these four phases of
regeneration (Fig. 3B; Tables S7-S10). This revealed that genes
belonging to the ‘5 dpi peak’ group were mostly enriched in terms
generally related to muscle contraction (expressing genes, such as
Tnni1, Tnni2, Myh1) and sarcomere organization (e.g. Tpm1,
Ankrd1, Myoz1) (Table S7). In contrast, terms enriched in the
‘14 dpi peak’ group were mostly related to processes such as cell
adhesion (Itgb2, Itga5, Thbs1, Thbs4), ECM disassembly (Mmp1,
Mmp9, Mmp10, Mmp13), cell migration (Tgfb1, Wnt5b, Mdk,
Snai1) and ECM organization (Kazald2, Adamts4, Col7a1,Matn2)
(Table S8). Remarkably, there were signs of an ongoing immune
response even 2 weeks after the injury, as GO terms associated with
defense against viruses (Rtp4, Ifitm1, RnaseL, Mx1) and the
innate immune response (Arg1,Mpeg1, Treml1,Marco,Csf1r) were
found to be enriched in the ‘14 dpi peak’ group. In the ‘35 dpi peak’
group, besides a continuing prevalence of terms related to ECM
organization, we also saw terms specifically associated with
collagen fibril organization (Lum, Fmod, Col2a1, Col9a1),
skeletal system development (Acan, Cnmd, Pth1r, Hapln1), and
regulation of bone mineralization and ossification (Phospho1,Omd,
Matn1, Col11a1), which corresponded to the cartilage formation
and intramembranous ossification detected at this time by
histological analysis (Table S9). Finally, most of the terms
enriched in the ‘general rise’ group were similar to those enriched
in the ‘35 dpi peak’ group, being predominantly related to cell
adhesion, collagen fibril organization, ECM organization and
ossification (Table S10). However, we noted that both
angiogenesis (Pdgfrb, Acvrl1, Sox18, Hspg2) and elastic fiber
assembly (Fbl5, Ltbp3, Ltbp4, Efemp2) were also enriched terms in
our dataset, suggesting the progressive regeneration of blood vessels
in the affected region.
We next asked how transcriptionally similar regeneration of the

laterally resected mandible was to the regenerating limb, one of the
most studied structures in the axolotl (Fig. 3C). To investigate this,
RNA-seq read data following long-term limb regeneration in
axolotls were obtained from published data (Stewart et al., 2013).
Data from the limb were handled in the same manner as the jaw and
were likewise subjected to a k-means clustering algorithm, which
grouped genes into 23 clusters based on their expression over time
(Fig. S5, Tables S4 and S5). Filtration of the genes following
clustering left us with 5163 genes of interest, more than double the
amount identified in the jaw. Interestingly, although the number of
genes of interest identified in both structures varied widely from
each other, almost 70% (1458 out of 2134 genes) of genes expressed
in the lower jaw were shared with those in the limb (Table S6).
As in the lower jaw, subsets of these clusters grouped together

into broader patterns of gene expression. For ease of comparison, 17
clusters were chosen that could be categorized into four groups
corresponding to broad regeneration phases: ‘early peak’,
comprising clusters with peaks in the early phases of regeneration
[3 hours post amputation (hpa) to 3 days post amputation (dpa)];
‘mid peak’, comprising clusters peaking during the intermediate
phases of limb regeneration (3-14 dpa); ‘late rise’, containing
clusters that peak at the later stages of limb regeneration (14-28 dpa);
and ‘general rise’, including clusters that demonstrated a steady
increase over time (Fig. 3D; Fig. S6, Table S5). We next examined
the transcriptomic similarities between the mandible and limb in
these four regeneration phases by assessing the amount of genes
within each lower jaw category that were present in each limb
grouping, which we designated as shared genes (Fig. 3E; Table S6).

This approach revealed that 64.50% of the total shared genes in the
‘5 dpi peak’ jaw group were found in the ‘early peak’ limb group.
This indicated that the expression of many genes within the first
days of regeneration was common to both mandible and limb
regeneration, and GO analysis found that these genes were mostly
associated with muscle contraction (Fig. 3F; Table S11). Notably,
59.76% of the shared genes between the ‘5 dpi peak’ jaw group and
the ‘early peak’ limb group actually peaked at 3 hpa in the limb, and
then returned to basal levels or lower by 1 dpa (Table S6). Thus,
their presence at 5 dpi in the mandible indicates that many genes
associated with the initial wound response are expressed for a longer
time in the lower jaw.

Interestingly, the ‘14 dpi peak’ mandible group displayed high
overlap with different limb groupings, as 44.39% and 38.79% of
shared genes in this set were present in the limb ‘early peak’ and
‘mid peak’ groups, respectively (Fig. 3E). GO analysis showed that,
in both cases, there was an enrichment in genes related to processes
of cell migration, cell adhesion, ECM disassembly and ECM
organization (Fig. 3F; Tables S11 and S12), all of which previously
associated with the formation of a blastema (reviewed by Aires
et al., 2020). Yet, there were noticeable differences in the
composition of the shared genes within the jaw group and each of
the two limb groups. Specifically, the shared genes between the jaw
‘14 dpi peak’ group and the limb ‘early peak’ group showcased a
higher diversity of matrix metalloproteinases (Mmp1, Mmp3,
Mmp9, Mmp10, Mmp13) compared to only two (Mmp11 and
Mmp13) in the limb ‘mid peak’ group. The former thus correlates
more closely with the earlier stages of limb regeneration, in which
histolysis mostly occurs (Vinarsky et al., 2005; Yang and Bryant,
1994). Additionally, this group of shared genes was also enriched in
factors related to the immune and inflammatory responses, which
are likewise typical of early limb regeneration. In contrast, the genes
in the jaw ‘14 dpi peak’ group that were shared with the limb ‘mid
peak’ group were particularly enriched in terms linked to mid-to-
later stages of limb regeneration, such as cell proliferation (Tgfb1,
Mdk, Thbs4), epithelial-to-mesenchymal transition (Snai1, Hgf,
Flna) and osteoblast differentiation (Vcan, Cbfb, Lox, Spp1, Tnc)
(Fig. 3F; Table S13). Moreover, we saw that Kazald2 [previously
identified as Kazald1 in Bryant et al. (2017), see Materials and
Methods] was present among these shared genes and is specifically
expressed in the limb blastema. Therefore, these observations
suggested two concurrent stages of regeneration taking place in the
14 dpi lower jaw: an earlier phase in which the immune response
and histolysis are still occurring, and a later phase characterized by
the presence of a blastema, as well as cartilage and bone formation.
Indeed, this was supported by our histological evidence at this time
point, as the distal stump already exhibited robust cartilage growth,
whereas none was yet observed in the proximal stump. It may also
suggest that regeneration in at least a part of the mandible is starting
to progress at a slower pace than in the limb.

This idea was further supported by the surprising find that
51.90% of shared genes in the ‘general rise’ mandible group were
present in the ‘mid peak’ limb group, instead of the expected ‘late
rise’ or ‘general rise’ groupings (Table S14). Additionally, the low
percentage of shared genes at late-stage jaw and limb time points
(‘35 dpi peak’ and ‘general rise’ jaw groups versus ‘late rise’ and
‘general rise’ limb groups) likely reflects the fact that, by this time,
the limb is becoming terminally differentiated and, thus, not
expressing genes that would be found in the mandible. Although the
lower jaw might also be expressing genes associated with
differentiated tissues, the high number of expressed genes that are
shared with those expressed in earlier phases in the limb implies that
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parts of the jaw are still actively regenerating at this time and, thus,
mandible regeneration is overall delayed compared to that of the limb.
Finally, we looked for enrichment of important signaling

pathways involved in regeneration and found that pathways such
as Fgf, Wnt/β-catenin, TGF-β, hedgehog and interleukin signaling
were enriched during mandible regeneration (Fig. S7).
Altogether, our results indicate that limb and laterally resected

lower jaw regeneration share significant transcriptional similarities,
especially in the early stages. Specifically, we could distinguish all
the major stages typical of the regeneration of a complex structure in
our model: earlier phases of muscle contraction-associated gene
expression, immune system response and tissue histolysis;
processes involved in blastema formation, such as cell migration,
proliferation and adhesion; and later stages of tissue differentiation,
such as cartilage and bone formation. However, our comparisons
with the limb revealed mandible regeneration to proceed at a slower
pace, especially during the mid-to-late stages, and that this rate can
be different even in different regions within the regenerating
structure.

Regeneration of lateralmandible defects is associated to the
formation of a WE/AEC and a blastema
Finally, we investigated whether factors previously demonstrated to
be important for blastema and WE/AEC formation during limb
regeneration are likewise present during lower jaw regeneration.
One marker particularly associated with the limb blastema is
Kazald2 (Bryant et al., 2017), which our analyses of limb RNA-seq
found to belong to cluster 15 and thus be part of the ‘mid peak’ limb
expression grouping (Fig. 3D). In the jaw, this gene fell into cluster
7, which was part of the ‘14 dpi peak’ grouping (Fig. 3A).
Furthermore, in situ hybridization (ISH) analysis revealed that this
gene was detected at 14 dpi, specifically in the mesenchymal cells
composing part of the blastema-like structure (Fig. 4B). This
similarity in expression pattern and timing confirmed that Kazald2
expression is restricted to blastemal stages in both the regenerating
limb and mandible.
Another gene of interest was Krt17, previously shown to be

differentially expressed in the WE/AER during limb regeneration
(Leigh et al., 2018). Expression analysis by ISH in regenerating
mandibles revealed that this gene was specifically detected in the
WE at 5 dpi and was later found in the multilayered epithelium at
14 dpi (Fig. 4B). This indicates that these two structures observed at
5 and 14 dpi most likely correspond to the limb WE and AEC,
respectively. Furthermore, similar to limb regeneration, in which
Krt17 was included in the ‘mid peak’ group (cluster 2, Figs S5 and
S6), Krt17 was included in the ‘14 dpi peak’ jaw group (cluster 7,
Fig. 3A), further emphasizing the similarities between regeneration
of the two structures.
Finally, we examined Prrx1 and Pcna. Prrx1 encodes a

transcription factor that is activated in dermal fibroblasts, which
are major contributors to limb blastema formation (Satoh et al.,
2007), whereas Pcna encodes a commonly used marker of cell
proliferation (Miyachi et al., 1978). Immunofluorescence for PCNA
revealed that intact lower jaws exhibited little overall proliferation,
and PRRX1 was present in a variety of tissues, including the
mandibular cartilage, mesenchyme and cells of the medial
symphysis (Fig. 4A, top and bottom rows; Fig. 4C). Following
resection, by 5 dpi, we observed an increase in proliferation,
specifically in the epithelium adjacent to the injury, in the
perichondrium, and in cells of Meckel’s cartilage proximal to the
resection plane. Approximately 20% of these cells were also
positive for PRRX1, particularly in the cartilage region that

exhibited erosion of its ECM (Fig. 4A, white arrowhead in
second row; Fig. 4C). At 14 dpi, cell proliferation and PRRX1
presence dramatically increased, especially in the mesenchymal
blastema-like structure, where we detected that 35% of cells were
double positive for PCNA and PRRX1 (Fig. 4A, white arrowhead in
third row; Fig. 4C). We also saw considerable proliferation in the
WE, which had developed an AEC-like appearance. By 35 dpi, both
factors were still widely detected, but their co-expression substantially
decreased. Proliferation was mostly observed in the connective tissue
and nascent cartilage, whereas PRRX1 was chiefly present in more
differentiated cartilage (Fig. 4A,C). Finally, at 90 dpi, PCNA and
PRRX1 had mostly returned to intact levels. These proliferative
changes agreed with the expression dynamics of marker genes shown
to be associated with cell proliferation in RNA-seq datasets (Huang
et al., 2022) in our regenerating mandible (Fig. 4D).

Importantly, the observed PRRX1 dynamics throughout jaw
regeneration were consistent with our RNA-seq data, which placed
this gene in cluster 9 of mandible regeneration, and thus part of its
‘general rise’ grouping (Fig. 3A). In contrast, in the limb, Prrx1 fell
into cluster 15, which was part of its ‘mid peak’ grouping (Fig. 3D).
This further supports the view that the lower jaw regenerates at a
slower pace than the limb, especially at later stages of regeneration.

In conclusion, morphological, histological and transcriptomic
data all suggest that, similar to the limb, laterally resected mandibles
regenerate through the formation of a blastema and a WE/AEC that
disappear in later stages of tissue differentiation. Moreover, expression
analysis of marker genes for the blastema andWE/AEC reinforces and
validates our previously found transcriptomic parallels between
mandible and limb regeneration in the axolotl. Specifically, the
robust cell proliferation and the presence of markers such as Kazald2,
Krt17 and PRRX1 point towards a common underlying blastemal
molecular signature in the mandible and limb, despite them being
formed in different regions in the bodywith distinct embryonic origins.

DISCUSSION
Symphyseal and parasymphyseal fractures of the mandible account
for about one-third of all mandibular fractures (Atilgan et al., 2010;
Rashid et al., 2013), as this region is particularly susceptible to
trauma. Apart from physical injuries, diseases such as cancer may
frequently require the partial removal of the mandible and adjacent
soft tissues to ensure the complete removal of the tumor (Eichberger
et al., 2022). Thus, understanding how jaw repair could be improved
has been the interest of much previous work.

Fundamental science has contributed to this field with several
seminal studies in salamander jaw regeneration. These mostly
described its progression and positional limits (Ghosh et al., 1994;
Goss and Stagg, 1958), the effects of fracture and cartilage
formation (Hall and Hanken, 1985), and how specific features
such as the regeneration of the dental lamina occur (Graver, 1973,
1974, 1978). In this study, we add to this body of work by analyzing
the regeneration of full-thickness lateral defects in the symphyseal
and parasymphyseal regions of the axolotl, which are similar to
defects in humans, and comparing their molecular profiles to that of
limb regeneration, as both structures are similar in their tissue
complexity. This allowed us to discover morphological, histological
and transcriptomic differences and similarities throughout the
regeneration of these two structures.

Two-phased gap minimization is a major event in lateral
mandibular regeneration in the axolotl
Macroscopic analysis revealed that one of the major events during
axolotl lower jaw regeneration following lateral resection was a
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Fig. 4. Regenerating mandibles express known markers involved in limb regeneration. (A) Immunofluorescence of PRRX1 and PCNA in intact
mandibles at the beginning (Intact) and end (90d Intact) of the experiment, and resected mandibles at 5, 14, 35 and 90 dpi. All Movat’s Pentachrome images
are from insets in Fig. 2 and Fig. S2, and are given here to provide tissue context. Dotted lines show the outline of cartilage and ossified tissue. Gray
arrowheads indicate the position of the medial symphysis in intact animals; white arrowheads highlight double-positive cells. (B) In situ hybridization of
Kazald2 and Krt17 in intact mandibles at the beginning (Intact) and end (90d Intact) of the experiment, and resected mandibles at 5, 14, 35 and 90 dpi. Dotted
lines show the outline of cartilage and ossified tissue; continuous lines indicate the border between the wound epithelium/apical epidermal cap and the underlying
mesenchyme. Scale bars: 250 µm. (C) Quantification of the percentage of PCNA+ and PRRX1+ cells in intact mandibles at the beginning (Intact) and end (90d
Intact) of the experiment, and in resected mandibles at 5, 14, 35 and 90 dpi. ‘90d intact’ indicates a non-resected control axolotl obtained from the same clutch and
assessed after 90 days. Bars show the mean±s.d. n=1 (animals per time point). (D) Temporal dynamics of proliferation marker gene expression in regenerating
mandibles. n=2 (animals per time point). Each symbol represents the mean values of expression.
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two-phased minimization of the defect: the first phase involved
rapid tissue contraction within 1 dpi, whereas the second phase
consisted of the displacement of the medial stump towards the
defect during the second week of regeneration. Interestingly,
displacement of the mandible stumps resulting in shifts of the
midline was observed in previous studies of newt mandible
regeneration, being reported either as a result of different rates of
cartilage formation in lateral resections (Graver, 1978) or as a
consequence of muscle retraction following distal transverse
amputations (Ghosh et al., 1994; Goss and Stagg, 1958). A
similar situation appears to also occur in humans following the
fracture or loss of complete segments of the mandible, in which the
direction of stump displacement depends on the localization of the
defect in relation to the masticatory muscles (Onodera et al., 2023).
In our study, the observed gap minimization may have likewise
resulted from the sudden mobility of the stumps due to severance of
muscles or, alternatively, from an active process directing these
mechanical tissue readjustments. In fact, by 5 dpi, we observed an
enrichment of GO terms associated with muscle contraction in the
‘5 dpi peak’ jaw group. This would not only contribute to the repair
of the mandibular muscles, but it could also drive the observed
second phase of gap minimization in the mandible from 7 dpi
onwards. Given the essential role of the mandible in feeding
behaviors (Lauder and Shaffer, 1985) minimization of the defect
through muscle contraction would function as a ‘quick-fix’ solution
for the animal by providing a semi-functional lower jaw to catch
prey as it undergoes regeneration. However, the importance of gap
minimization processes, as well as their contribution to the speed of
mandible regeneration, remains unknown.

The axolotl mandible regenerates large defects by tissue
growth and robust cartilage integration
The regenerative capabilities of the axolotl mandible after lateral
resections are even more remarkable given the large size of the
defect, which encompassed approximately 40% of one mandibular
side. It is currently not known what the maximum defect size that
can still trigger regeneration in the mandible is, or whether, like the
newt, the axolotl mandible can regenerate after a transversal
amputation encompassing both hemimandibles. Nevertheless,
segmental defects of this size in the axolotl limb skeletal elements
fail to regenerate, and the injury develops a fibrotic response, in
which the gap is instead filled with collagen fibers, connective
tissue and regenerating musculature (Chen et al., 2015).
Interestingly, even when these defects are small enough to elicit a
regenerative response, the ends of the fragments are frequently
misaligned, failing to integrate and heal adequately without external
intervention (Chen et al., 2015; Polikarpova et al., 2022). This is
similar to injury cases in humans, in which extensive jaw defects
also show tight connective tissue scarring in the area of the missing
mandibular segment (Lilly et al., 2021). One likely explanation for
this proficiency to regenerate large defects in the lower jaw is the
combination of gap minimization processes with formation of
cartilage from both the proximal and distal mandibular stumps.
Indeed, bilateral cartilage growth was also described in earlier work
focusing on lateral resections in the newt mandible (Graver, 1978).
Interestingly, this shows that, both in the axolotl and newt, cartilage
formation after lateral resections does not appear to follow the rule
of distal transformation (i.e. of regenerating identities only distal to
the amputation plane) as it does in the limb (Kragl et al., 2009). We
have also noticed that, in the axolotl, the regenerated cartilage was
continuous with the previously existing Meckel’s cartilage in the
proximal and distal stumps. This contrasted with adult newts, in

which early chondrification in the proximal stump was generally
initiated from and in direct contact with the prearticular bone
(Ghosh et al., 1994; Goss and Stagg, 1958; Graver, 1978). This
mode of cartilage regeneration would be another departure from that
of the limb, in which new cartilage arises from the dedifferentiation
and redifferentiation of fibroblasts into chondrocytes (Currie et al.,
2016; Kragl et al., 2009).

Another important difference between regeneration of the limb
and lower jaw is the process of bone formation, which follows their
respective developmental modes of ossification (Olsen et al., 2000;
Roberts and Hartsfield, 2004). In the mandible, we observed that the
dentary bone was re-forming by intramembranous ossification from
the proximal stump at 35 dpi, covering a significant portion of the
new cartilage at 90 dpi. In contrast, post-regenerative ossification in
the limb occurs through a cartilage intermediate, i.e. endochondral
ossification (Olsen et al., 2000). Interestingly, we also found that
both the coronoid and pre-articular bones had regenerated, as
observed by the presence of new coronoidal teeth and the extension
of new prearticular bone. Although the dentary bone is known to
fully regenerate in both larval and adult newts, the prearticular bone
is able to regrow only in the former (Goss and Stagg, 1958; Graver,
1978). To our knowledge, this is the first example of prearticular
bone regeneration in juvenile salamanders. Still, more work is
needed to explore not only the origin of blastema cells, but also the
modes of cartilage and bone regeneration in the mandible.

Finally, in our experiments, no medial symphysis was reformed
even 90 days after resection. Absence of medial symphysis
regeneration has also been sometimes reported after transverse
amputations in several species of salamanders (Graver, 1973, 1974;
Kurosaka et al., 2008), but other studies in newt have suggested that
it can be entirely reconstituted (Ghosh et al., 1994; Goss and Stagg,
1958). The medial symphysis is an important growth center of the
mandible, persisting in most vertebrates except in mammals, in
which it ossifies and becomes nearly undetectable (Biosse Duplan
et al., 2016; Roberts and Hartsfield, 2004). In mammals, including
humans, diseases or trauma injuring facial growth centers can lead
to severe growth retardation and deformities (Cheong and Lo, 2011;
Hofmann et al., 2023; Luo et al., 2016). Hence, the presence of the
symphyseal region of the contralateral hemimandible in our
resection models might have allowed cartilage formation to occur
from its distal stump but resulted in the absence of the medial
symphysis. However, the role of growth centers in axolotl lower jaw
regeneration is still unknown.

The mandible and limb share a common regenerative
program
Using the axolotl to study mandible regeneration allowed us to
compare this process to that of the limb. Limb regeneration is, by far,
the best-studied process in the axolotl, and its regenerative phases,
as well as the molecular players involved, are relatively well known.
Limb regeneration thus stands as the reference for the regeneration
of any complex structure in the axolotl. Hence, our transcriptomic
analysis enabled not only the characterization of the molecular
mechanisms involved in mandible regeneration for the first time, but
also an exploration of its similarities with the regenerating limb.

In general, the transcriptomic profile of the regenerating mandible
at 5, 14 and 35 dpi fundamentally aligned with our histological
observations. It also uncovered molecular signatures and signaling
pathways associated with the main stages of regeneration in the
lower jaw, such as the immune response, tissue histolysis, blastema
formation, chondrogenesis and ossification. Importantly, comparison
to the limb revealed that the transcriptomic profiles of both structures
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overlapped greatly, with approximately 70% of genes expressed in
mandible regeneration also being expressed during limb regeneration.
Of these, the highest overlap occurred specifically in the blastema-
forming stages, which strongly indicates that the laterally resected
mandible and limb share a common ‘blastema-forming’ molecular
program. Indeed, we were able to validate these results by assessing
the presence of three important limb regeneration markers: Kazald2,
Prrx1 and Krt17. We confirmed that Kazald2 and Prrx1 were
specifically found in our histologically identified blastema-like
structure, matching what occurs in the limb blastema (Bryant et al.,
2017; Satoh et al., 2007). Likewise, we detected Krt17 in theWE and
AEC-like stratified epithelium of the regenerating mandible, just as it
is during limb regeneration (Leigh et al., 2018).
Such similarities are somewhat remarkable, as these structures

differ not only in their location, but also in their embryonic origins.
However, the great parallels in tissue composition of these two
structures, namely, a significant proportion of skeletal elements
composed of cartilage and bone, might be a potential explanation.
Molecularly, this is reflected by the presence of Prrx1 in the
mesoderm and connective tissue during the development and
regeneration of both structures (Leussink et al., 1995; Satoh et al.,
2007). Another interesting possibility is that most of the shared
genes could be related to the process of dedifferentiation itself, as
studies in the limb showed that mature connective tissue cells, which
compose the majority of the blastema (Dunis and Namenwirth,
1977; Kragl et al., 2009; Muneoka et al., 1986), dedifferentiate to
revert to an embryonic limb bud-like phenotype during regeneration
(Gerber et al., 2018). Ultimately, distinguishing between these two
hypotheses will require more in-depth studies.

Mandible regeneration progresses at a slower pace than that
in the limb
RNA-seq analysis also suggested that mandible regeneration
occurred at a slower pace than that in the limb. In fact, we found
that although a considerable proportion of genes belonging to the
jaw ‘5 dpi peak’ were shared with the limb ‘early peak’ group, we
surprisingly observed that a majority of them were mostly found to
peak at 3 hpa in the limb and return to basal levels by 1 dpa. The
extended presence of these genes in the mandible could be due to a
variety of factors, such as the larger wound surface area, potential
reinjury upon mouth movement, or just inherent differences
between the tissues that make up the two structures. Regardless of
the cause, this delay was found to persist throughout the remainder
of mandible regeneration.
A clear example of this is in the lower jaw ‘14 dpi peak’ group.

Although there was a significant overlap of its blastema-associated
genes with the limb ‘mid peak’ group, which was confirmed by
expression of Kazald2 and Krt17 in regenerating jaws at 14 dpi, we
did detect differences in regenerative timing in different regions
of the regenerating mandible at this time point. Mainly, our
transcriptomic analysis detected that the ‘14 dpi peak’ lower jaw
group still contained many genes from the ‘early peak’ limb group.
Histologically, this was particularly evidenced by the fact that
cartilage formation was more advanced in the distal stump than in the
proximal stump at 14 dpi. The reasons for this timing discrepancy are
currently unknown. However, resections through the distal side
transversed the medial symphysis, which contained a significant
number of PRRX1+ connective tissue cells in intact conditions. This
raises the possibility that cells in the medial symphysis might remain
primed and could thus be recruited more quickly for regeneration-
associated growth than cells in the proximal stump, leading to
different speeds of regeneration across the mandible.

Finally, the delay was most clearly evident in the late stages of
regeneration, with many genes within the ‘mid peak’ limb group
found to still be rising in expression at 35 dpi in the lower jaw. This
was corroborated by the extensive presence of PRRX1 in
regenerating jaws at 35 dpi, especially in the cartilage, which
indicated that this factor had not yet returned to intact levels.
Moreover, a recent study in limb regeneration conducted in
similarly sized axolotls showed that all limb structures are fully re-
formed by 38 dpa (Wells et al., 2021), contrasting with the lower
jaw at this time point, which is still undergoing cartilage and bone
formation.

Overall, these examples across different phases of regeneration in
the mandible paint a picture of the mandible regenerating at a
slower pace than the limb, especially as regeneration progresses to
later stages, although identification of the exact reasons for this
delay will require more work. However, although the mandible may
regenerate slower than the limb, the regenerative program used is
clearly shared with that of the limb’s, which highlights the existence
of conserved underlying mechanisms to regenerate structures and
tissues in the axolotl.

Mandible regeneration after lateral resection is mostly
complete after 90 days
Ultimately, we observed that the axolotl had regenerated all
structures of the lower jaw by 90 dpi including, importantly, its
mandibular skeletal elements and teeth. This agrees with previous
studies showing that axolotls can fully regenerate their teeth 42 days
after dentectomy (Makanae et al., 2020) and with the progression of
mandible regeneration in the adult newt, in which mature teeth
appear 8-10 weeks after amputation in the regenerated dentary bone
(Goss and Stagg, 1958; Graver, 1978). This, in combination with
the regrowth of all mandibular skeletal elements, indicates that
overall regeneration of the axolotl mandible is mostly complete by
90 dpi, although the resected mandibles were still 9% smaller in
perimeter than their uninjured counterparts. However, the fact that
regenerating limbs in similarly sized axolotls can take up to
130 days to reach the size of the contralateral limb (Wells et al.,
2021) suggests that resected mandibles at 90 dpi could still be
undergoing a regenerative growth phase and that they could
eventually achieve the size of an uninjured mandible.

One limitation of our study is that only one biological sample was
used for histological, proliferation and ISH analyses at 5, 14 and
35 dpi. However, all conclusions obtained from these analyses were
further supported by our macroscopic and RNA-seq observations.

In conclusion, by laterally resecting the symphyseal and
parasymphyseal regions of the axolotl mandible, we demonstrate
that axolotl lower jaw regeneration occurs successfully through two
rounds of gap minimization, followed by blastema formation,
bilateral cartilage growth, complete defect bridging by integration of
the regenerated tissue into the pre-existing tissue, and robust bone
formation. Moreover, by investigating the gene expression profile of
regenerating lower jaws and performing comparative analysis
against that of the limb, we found that they both exhibit similar
phases of regeneration, but that mandible regeneration progresses
at a slower pace. Finally, the great similarities between mandible
and limb regeneration specifically in blastema stages hint at
the existence of a common blastemal program that transcends
differences in tissue locations and embryonic origins. These kinds
of comparative studies of diverse regenerating structures in the same
model organism are crucial to identify core mechanisms underlying
the re-formation of complex structures and will most certainly shed
light on the minimum requirements for a successful regeneration in
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vertebrates, as well as hint at the constraints limiting regeneration in
mammals and humans.

MATERIALS AND METHODS
Animal husbandry
Husbandry and experimental procedures were performed according to the
Animal Ethics Committee of the State of Saxony, Germany. Animals used
were selected by their size (snout-to-tail and snout-to-vent lengths). Axolotl
(Ambystoma mexicanum) husbandry was performed in the Center for
Regenerative Therapies Dresden axolotl facility using methodology adapted
fromKhattak et al. (2014) and according to the European Directive 2010/63/
EU, Annex III, Table 9.1. Axolotls were kept in 18-19°C water at a room
temperature (RT) of 20-22°C in a 12 h light/12 h dark cycle. Animals were
housed in individual tanks categorized by a water surface area and a
minimum water height. Axolotls with a snout-to-vent length of up to 5 cm
were maintained in tanks with a water surface area of 180 cm2 and minimum
water height of 4.5 cm. Axolotls with a snout-to-vent length of up to 9 cm
were maintained in tanks with a water surface area of 448 cm2 and minimum
water height of 8 cm.

Axolotl surgery
Resection was performed on a total of 12 juvenile d/d axolotls with a snout-
to-tail length of 12 cm. Axolotls were placed in agar dishes filled with
0.01% benzocaine solution. Once anesthetized, a 5 mm paper guide was
used to accurately place the resection site and remove themandible leftwards
from the midline. Intact animals (n=4) were anesthetized as before, but no
resection was performed. The amputation began in the medial symphysis
and comprised Meckel’s cartilage, the surrounding bone, epidermis, loose
connective tissue, muscle and gingiva. Following surgery, animals were
moved to a different Petri dish for imaging. Table S1 contains lower jaw
perimeter measurements and defect lengths at 0 dpi. Animals were checked
every day to assess their health status. In this work, we used the
nomenclature common in axolotl: distal for the proximity to the
mandibular midline and proximal for the proximity to the mandibular
joint. This differs from humans, in which the adjacent region to the midline
in the lower jaw is called mesial, whereas the area closer to the joint is called
distal.

Tissue collection
Tissue collection was performed by euthanizing animals by immersion in a
lethal dosage of anesthesia (0.1% benzocaine). For paraffin embedding
and sectioning, whole lower jaws were collected and fixed in 1× MEMFa
(0.1 M MOPS pH 7.4, 2 mM EGTA, 1 mM MgSO4·7H2O and 3.7%
formaldehyde) for at least 1 week at 4°C. For RNA-seq experiments,
resected fragments after the initial surgery were used as the intact condition.
These and the area of regenerated jaw corresponding to the initial surgery
region at 5, 14 and 35 dpi were immediately flash frozen in liquid nitrogen
and stored at −80°C until processing for RNA extraction.

RNA extraction, library preparation and sequencing
Sequencing was performed using two animals (biological replicates) per
time point with no pooling. RNA extraction was performed using the
RNAeasy Mini Kit (74104, Qiagen) according to the manufacturer’s
instructions. Samples were disrupted and homogenized using the NG010
Tissue Grinder Mixy Professional (NIPPON Genetics) in 600 µl of RLT
Buffer (74104, Qiagen) containing β-mercaptoethanol (M6250, Sigma-
Aldrich). Extracted RNA was stored at −80°C until it was processed for
sequencing.

RNA-seq libraries were prepared using NEBNext Ultra II Directional
RNA Lib Prep (Biomek i7) with estimated fragment sizes of 300-400 bp.
Poly-dT pull down enrichment of mRNAwas performed before sequencing
101 bp paired-end reads on an Illumina NovaSeq 6000 (Illumina),
generating between 37 and 57 million read pairs per sample. RNA-seq
raw data (FASTQ) have been deposited in the NCBI Gene Expression
Omnibus with the accession number GSE271056. Read data for axolotl limb
regeneration over the course of 28 days were downloaded from https://www.
axolomics.org/ (Axolotl Timecourse Filtered Reads) (Stewart et al., 2013).

Read mapping and transcript expression analysis
Both our generated lower jaw reads and the downloaded limb FASTQ files
were trimmed of adapter sequences and low-quality bases via the programs
cutadapt (Martin, 2011) and fastq_quality_filter from the FASTX-Toolkit
(https://github.com/agordon/fastx_toolkit), respectively. The reads were
then mapped against the current axolotl reference genome (https://www.
axolotl-omics.org/, AmexG_v6.0-DD) using HISAT2 v2.2.1 (Pertea et al.,
2015) with standard parameters and a known-splicesite-infile created from
the current axolotl annotation file (AmexT_v47-AmexG_v6.0-DD.gtf ) via
the hisat2_extract_splice_sites.py command. Reads were aligned with an
average mapping rate of 96.02% for the jaw and 78.06% for the limb.
Transcript quantification was then conducted using StringTie (Pertea et al.,
2015) with standard parameters and the option of assembling novel
transcripts. Finally, normalized counts per million (CPM) values for each
sample were calculated using the Bioconductor package edgeR (Robinson
et al., 2009) for R. Raw gene counts for mandible and limb can be found in
Table S2. Normalized gene counts (CPM) are provided in Table S3.

k-means, GO and signaling pathway analysis
Gene expression data over time in the limb were clustered into distinct
groups through the use of a k-means clustering algorithm (Hartigan and
Wong, 1979) available in R. To improve the generation of clusters, genes
with a very low mean expression value (CPM< 0.8) and very low variation
(sample variance <0.4) were filtered out. Subsequently, owing to the low
number of replicates per time point, a strict filtering process was applied.
First, genes that never achieved a maximum expression value greater than
20 CPM were removed. Subsequently, a scaling multiplier for each gene
based on its minimum expression value was calculated, and genes with a
maximum to minimum CPM value ratio that did not surpass this multiplier
were removed. Following this filtering, remaining gene CPM values over
time were converted into z-scores to standardize their changes in expression
(Table S4). The optimal numbers of clusters were determined to be 23 for
the limb and 15 for the jaw via calculation and assessment of the gap statistic
(Tibshirani et al., 2001). Finally, genes that possessed a good cluster score
(Pearson correlation coefficient >0.75) were selected as our genes of interest
(Table S5). Lists of the upregulated and downregulated genes of interest
were analyzed for significantly enriched GO terms via DAVID v6.8 (Huang
et al., 2009) and are available in Tables S7-S14. The presence of signaling
pathways was assessed by uploading the lists of the genes of interest
belonging to each group (‘5 dpi peak’, ‘14 dpi peak’, ‘35 dpi peak’ and
‘general rise’) to Ingenuity Pathway Analysis (Qiagen) and performing
comparative analysis.

Time-course imaging and defect area and angle measurements
Time-course experiments were conducted in six animals, except for 90 dpi
experiments, for which three animals were used. Imaging was performed
using a Zeiss Discovery.V20 stereomicroscope (Plan S 0.63). The images
were imported into ImageJ 1.53t (https://imagej.net/) using the Bio-Formats
plug-in 6.11.1 (https:/docs.openmicroscopy.org/bio-formats/6.11.1/users/
imagej/features.html). For the relative defect size measurements, the length
of the defect, full jaw perimeter and hemimandible perimeter were measured
using the segmental line tool, and the relative size was calculated. To
measure the area of the defect over time, the polygon selection tool was
used. To measure the observed fragment displacement, the angle tool was
used to calculate the angle between the proximal endpoints of the mandible
and the medial resection margin, according to the schematics in Fig. 1C. All
measurements were repeated three times per animal and the average of the
measured values was calculated.

For the quantification of defect area and angle of dislocation, six animals
were used for all time points, except for the 90 dpi time point, for which
three were used. The area of the defect was considered zero once tissue
continuity at the mandible edge was observed. For the quantification of full
mandible perimeter, three resected animals and one intact animal were used.

Statistical analysis was performed using Prism9 (GraphPad Software) for
macOS. To assess differences in the area of defect, a one-way ANOVA
using Dunnett’s correction for multiple comparisons was performed
between time points. To assess differences in distal stump displacement, a
one-way ANOVA using a post hoc Tukey’s multiple comparisons test was
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used to assess statistical significance. P-values <0.05 were considered
statistically significant.

Sectioning and histological stainings
Histological stainings were performed at 5, 14 and 35 dpi and at 90 days
with no injury (intact) using one animal per time point. For 0 and 90 dpi,
three animals were used. Axolotl lower jaws were fixed in MEMFa and
decalcified in 0.5 M EDTA for 3 weeks with daily changes of the solution.
Sample embedding, sectioning and staining were performed by the Center
for Molecular and Cellular Bioengineering (CMCB) Histology Facility,
Dresden. Briefly, samples were dehydrated in a series of ethanol in RNase-
free water until ethanol was 100%, and then embedded in paraffin.
Longitudinal sections of 4.5 µm were generated using a Microm HM 355S
microtome (Thermo Fisher). Movat’s Pentachrome (Morphisto, 12057)
staining was performed according to the manufacturer’s instructions.
Imaging was performed using an Olympus OVK automated slide scanner
system (UPLFLN 4×/0.13 or UPLSAPO 10×/0.40). Six sections per animal
and time point were used for histological analysis.

ISH in tissue sections
ISH was used to assess gene expression in sectioned tissues. Probes for
axolotl Kazald2 and Krt17 were generated as previously described
(Riquelme-Guzmán et al., 2022). Primer sequences for probe
amplification were taken from Leigh et al. (2018) for Krt17 and from
Bryant et al. (2017) for Kazald1. We reannotated the gene previously
identified as Kazald1 as Kazald2 by using phylogenetic analysis conducted
with aLeaves (Kuraku et al., 2013), which placed it within the clade
containing actinopterygian (including zebrafish) Kazald2, instead of the
clade containing mammalian Kazald1.

Briefly, slides were dewaxed in Roti-Histol (Carl Roth, 6640) and
rehydrated through a series of ethanol in RNase-free water. After one wash
in PBS, slides were fixed in 4% paraformaldehyde (PFA) with 0.2%
glutaraldehyde for 20 min, washed twice in PBS, and treated with proteinase
K (10 μg/ml in PBS) at 37°C for 10 min. Slides were washed again in PBS,
post-fixed in 4% PFA, and incubated with 0.1 N HCl for 15 min. After
being rinsed in 0.1 M triethanolamine at pH 7.5, slides were incubated in a
freshly prepared solution of 0.1 M triethanolamine and 0.1 M acetic
anhydride for 10 min. Next, slides were rinsed in PBS, then in RNase-free
water, and incubated in prewarmed hybridization solution [50% formamide,
5× SSC (3 M NaCl, 300 mM sodium citrate, pH 5.5), 0.1% Tween 20,
50 μg/ml yeast tRNA, 100 μg/ml heparin, 1× Denhardt’s solution, 0.1%
CHAPS and 5 mM EDTA] for 1 h. Slides were next incubated with
hybridization solution containing the RNA probe overnight at 65°C and then
washed at 65°C the following day twice with prewarmed 5× SSC, 2× SSC
and 0.2× SSC for 30 min each wash. Tissues were then washed at RT with
TNE buffer (10 mMTris-HCl pH 7.5, 500 mMNaCl, 1 mMEDTA), treated
with RNase (20 μg/ml in TNE buffer) for 10 min, and washed again with
TNE buffer. The tissue was equilibrated with MABT (100 mMmaleic acid,
150 mM NaCl, 0.1% Tween 20), blocked with MABT/block [MABT
containing 1% blocking reagent (Roche, 11096176001)] for 1 h at RT, and
incubated with a 1:5000 dilution of alkaline phosphatase-conjugated anti-
digoxigenin antibody (Roche, 11093274910) in MABT/block overnight at
4°C. After extensive washes with MABT at RT, slides were equilibrated in
NTMT (100 mM Tris-HCl pH 9.5, 50 mM MgCl2, 100 mM NaCl, 0.1%
Tween 20) and developed at RT in BM Purple (Roche, 11442074001).
Reactions were stopped with PBS and fixed with 4% PFA overnight.
Finally, slides were dehydrated in a series of ethanol in water, incubated
10 min in Roti-Histol, and mounted in Entellan (Sigma-Aldrich, 1.07961)
for imaging using an Olympus OVK automated slide scanner system
(UPLSAPO 10×/0.40). One animal per time point was analyzed. Each
staining was performed in three sections per animal.

Immunofluorescence in tissue sections
Sections were first deparaffinized by incubating the slides for 10 min in
Roti-Histol and rehydrated through a series of ethanol in RNase-free water.
After three washes in 1× PBS, sections were subjected to antigen retrieval
for 30 min at 95°C in sodium citrate buffer (10 mM sodium citrate, 0.005%
Tween 20, pH 6.0). Slides were then allowed to cool down for 30 min before

being washed three times with 1× PBS and blocked with blocking solution
(1× PBS, 0.3% Triton X-100, 10% goat serum) for 1 h. Primary antibody
incubation using rabbit anti-PRRX1 (Max Planck Institute of Molecular
Cell Biology and Genetics antibody facility and a kind gift from Prayag
Murawala, Mount Desert Island Biological Laboratory, Bar Harbor, ME)
and mouse anti-PCNA conjugated with Alexa Fluor 647 (Santa Cruz
Biotechnology, PC10, sc-56) was done in a blocking solution at 1:100
dilution overnight at 4°C. The following day, sections were washed three
times with 1× PBS for 10 min and incubated with the secondary antibody
goat anti-rabbit Alexa Fluor 568 (Invitrogen, A-11011, 1:1000) in blocking
solution for 3 h at RT. Finally, sections were washed three times in 1× PBS,
incubated with Hoechst 33258 (Abcam, ab228550, 1:1000) in 1× PBS for
10 min, rinsed in 1× PBS andmounted in VectaShield (Vector Laboratories,
H-1000-10). Imaging was performed using a Zeiss LSM 780 confocal laser
scanning microscope (Plan-apochromat 10×/0.45).

Image processing, analysis and quantification
All images were processed using Fiji (Schindelin et al., 2012). Processing
involved selecting regions of interest, merging or splitting channels.
Brightness and contrast were adjusted to the same levels in all images.
Immunofluorescence and ISH were performed on sister slides through the
same region of the same sample.

For quantification of proliferation (PCNA) and PRRX1+ cells, four areas
of 300×300 µm encompassing cartilage and mesenchymatous tissue were
analyzed using the Cell Count function in Fiji. One animal per time point
and three sections per animal were quantified.
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