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Abstract

The ability to regenerate damaged tissues would be of tremendous benefit for medicine
and dentistry. Unfortunately, humans are unable to regenerate tissues such teeth, fingers or to
repair injured spinal cord. With an aging population, health problems are more prominent and
dentistry is no exception as loss of bone tissue in the orofacial sphere from periodontal disease is
on the rise. Humans can repair oral soft tissues exceptionally well, however hard tissues, like
bone and teeth, are devoid of the ability to repair well or at all. Fortunately, Mother Nature has
solved nearly every problem that we would like to solve for our own benefit and tissue
regeneration is no exception. By studying animals that can regenerate, like Axolotls (Mexican
salamander), we hope to find ways to stimulate regeneration in humans. We will discuss the role
of the transforming growth factor beta cytokines as they are central to wound healing in humans
and regeneration in Axolotls. We will also compare wound healing in humans (skin and oral
mucosa) to Axolotl skin wound healing and limb regeneration. Finally, we will address the
problem of bone regeneration and present results in salamanders which indicate that in order to
regenerate bone you need to recruit non-bone cells. Fundamental research, such as the work
being done in animals that can regenerate, offers insight to help understand why some treatments

are successful while others fail when it comes to specific tissues such as bones.
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Introduction

Regenerative medicine has emerged in the last 25 years or so as a new field of medicine
that promises (or hopes) to cure most ailments resulting from tissue destruction/degeneration. As
one can imagine the list of ailments which would benefit from this is quite long. Most of the
images that come to mind when talking regeneration are associated with amputees or spinal cord
injuries, however, with an aging population it is becoming quite apparent that being able to
stimulate tissue regeneration would be, to say the least, very useful. Most of the age related
diseases are due to loss of function resulting from tissue degeneration (Alzheimer’s,
osteoporosis, arthritis, Parkinson’s, cardiac insufficiency etc.). Medicine is not the only health
related discipline that awaits the new applications promised by regeneration, dentistry is also
facing multiple similar challenges. Of course we would all like to be able to regenerate those lost
teeth due to our childhood sugar craves, but it is likely that this will have to wait for a few
decades at least. At the moment one of the biggest challenges in dentistry is the increased
prevalence of periodontal disease (Ebersole et al., 2016, Eke et al., 2015). Many labs are working
on finding solutions to the loss of bone and cementum but it remains a challenge to this day
(Ripamonti, 2016). Periodontal diseases and tooth loss are not the only aspect of dentistry that
would benefit from regeneration; oral cancers often result in surgical removal of large segments
of the tongue or jaw. Therefore, improved wound healing or regenerating complex tissue
sections would be beneficial. At the moment regenerative medicine is more a subject found in
research labs using model organisms than clinical applications.

Wound healing is an essential process that enables living organisms to recover from
injuries. This process leads to formation of scar tissues in human (and mammals in general) in

most cases (Martin, 1997). Although rapid healing of open wounds is important to reduce the
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risks of infection it is most often associated with scarring. Scarring is the deposition of
abnormally organized collagen fibers in the extra cellular matrix (ECM) that is responsible for
many problems from esthetic appearances to the loss of function. Understanding how humans
could heal with minimal scarring is a prominent part of the current skin research field. When
looking at wound healing in humans, one interesting exception to scarring is noticed in the
outstanding healing capacity of the oral mucosa (Denis et al., 2013). Following surgery/injury in
the mouth, the healing is operated with very little fibrosis. This lead to the idea that, even in
humans, the molecular pathways needed for near perfect healing (often referred to as
regeneration) are present, although restricted to a specific area.

For practical and obvious ethical reasons wound healing is studied in model organisms.
In some of these models, the wound healing process is far better, yielding perfect regeneration
and recovery of function of the affected organ instead of scarring. One of the best examples of a
model organism displaying scarless wound healing and regeneration is the Axolotl (Ambystoma
mexicanum) (figure 1a). It is capable of regenerating most of its organs and this, throughout its
life. This animal model can heal wounds without scarring (Levesque et al., 2007, Levesque et al.,
2010) and is capable of regenerating an entire limb following amputation (Roy & Lévesque,
2006). This latter process is perfect as all tissue types are correctly replaced and the size of the
regenerated limb matches the size of the animal. Recently, we demonstrated that this animal can
also heal large mandibular excisional punches through sections of the jaw and regenerate the lost
tissues without any scars (Charbonneau et al., 2016).

In these examples, the regeneration process begins with a wound closure phase which is
initiated with keratinocyte migration that is analogous to wound healing observed in humans. A

major difference between the two is that the cellular migration covering the wound in this
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regenerating animal is faster then what is observed in humans and other mammals (Han et al.,
2005). Inflammation is also less prominent and no scar tissue is formed following the wound
healing process (Levesque et al., 2010, Seifert et al., 2012). These differences are not due to the
presence of unique molecular pathways used in Axolotls that are absent in humans or vice versa.
In fact, it seems that they are linked to the way these pathways are modulated/recruited in
response to wounding (Roy & Lévesque, 2006).

Using animal models to study wound healing/regeneration is a necessity. It is presently
impossible to reproduce the complexity of the interactions between tissues, ECM, nerves and the
immune system response occurring during wound healing in in vitro settings. In addition, one
has to take in consideration that not every epidermis of the body heals the same. A good
example of this latter point is the oral mucosa in humans which heals to near perfection
(Szpaderska et al., 2003). It is important to compare what is found in experimental animal
models to what is known about human wound healing. As we understand more how perfect
healing is orchestrated in model organisms, we start to observe many similarities with what is
known about oral healing in humans (figure 1b). In addition to identify the similarities,
differences are also being observed which are important to help our understanding of what may
be the best approaches to stimulate perfect healing in humans.

This review will focus on underlining the similarities and differences between Axolotls
and humans keeping in mind what differentiates the “perfect” wound healing of Axolotls to what
happens in a human skin wound. The emphasis will be on a well characterized signaling
pathway, the transforming growth factor beta (zgf-$) pathway. It is an important signaling
pathway as it is linked to cellular proliferation and migration, inflammation and scarring

(Branton & Kopp, 1999, Heldin et al., 1997, Klass et al., 2009, Massagué, 1987). It has been
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described in human skin wound healing and oral wound healing as well as during the
regeneration process in Axolotls. How #gf-f3 signaling occurs in both models will be addressed
along with its importance in the regulation of the ECM, the immune response and implications in
perfect healing and regeneration. Finally, bone regeneration which represents one of the major
impediments in dentistry will also be discussed as it represents a tissue of exception in Axolotls.
The lack of bone regeneration in humans is accentuated in periodontal diseases which can lead to
tooth loss or in situations where critical gaps in bones occur and healing/repair becomes
impossible. Bone represents an interesting tissue and the Axolotl may offer important insight on
why our efforts to stimulate its regeneration have been paved with difficulties and clinical results

have not yet reached the desired outcome.

TGF-p

The transforming growth factor beta (zgf-f) superfamily comprises a large number of
structurally related polypeptide growth factors capable of regulating a multitude of cellular
processes including cell proliferation, lineage determination, differentiation, motility, adhesion
and death. Expressed in complex temporal and tissue-specific patterns, #gf- and related factors
play a prominent role in development, homeostasis, and repair of virtually all tissues in
organisms from fruitfly to human. Together, these factors account for a substantial portion of the
intercellular signals governing cell fate (Hoffmann, 1991, Hogan, 1996). Tgf-3 signaling has
been shown to be important during development, wound healing, bone fracture healing and in
compensatory liver hyperplasia following partial hepatectomy (Braun et al., 1988, Gabbiani,
2003, Massague, 2000, Zentella & Massague, 1992). Different 7gf- family members have been

associated with different aspects of wound healing: for example #gf-f#/ favours more rapid
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wound closure with the formation of scar tissue in mammals and 7gf-(3 favours a slower and less
fibrotic healing process (Branton & Kopp, 1999, Martin, 1997). Tgf-2 on the other hand is the
least modulated during mammalian wound healing and studies have shown that it is not a major
participant in the #gf-f3 signaling observed during wound healing (Frank et al., 1996).

The tgf-f signal is transduced by a pair of transmembrane serine/threonine kinases,
known as type I (TBR-I) and type II (TBR-II) receptors (Cheifetz et al., 1987, Massague, 1998).
According to the current model of fgf-f signaling, the binding of #gf-f to the TPR-II, a
constitutively active kinase, leads to the recruitment and phosphorylation of the TBR-I resulting
in its activation. The activated TPR-I then propagates the signal inside the cell by
phosphorylating Smad? and/or Smad3. Phosphorylated Smad2 and/or Smad3 are released from
the receptor and form a complex with Smad4. This heteromeric Smad complex then translocates
to the nucleus and interacts with DNA to regulate target gene expression by recruiting
transcriptional co-activators and co-repressors (Cheifetz et al., 1987, Wrana & Attisano, 2000,
Roberts, 1998).

Interestingly, in wound healing #gf-# has some positive effects in stimulating cellular
migration, but also has an important role in scar formation (Branton & Kopp, 1999, Leask &
Abraham, 2004). To make matters more complicated, recent work by us and others has shown
that zgf-f signaling is also essential for tissue regeneration in different organisms (Ho &

Whitman, 2008, Levesque et al., 2007).

TGF-p in oral wound healing
The role of #gf-f in wound healing has been described in detail in multiple publications

(Diegelmann & Evans, 2004, Martin, 1997). Dormant in the matrix, it is activated by an array of
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enzymes including matrix metalloproteases (MMPs) and fibrin. As previously mentioned, the
expression of tgf-f is linked to scar tissue formation. The closest to scarfree healing we find in
adult humans is oral wound healing. Interestingly, oral wound healing quality is preserved, even
at an advanced age (Denis et al., 2013). Although #gf-1 is associated with the formation of scar
tissue, it is present during oral wound healing. However, a second isoform (7gf-f3) is also
expressed. It has been reported that the ratio of 7gf-33 on 7gf-51 in oral wound healing is much
higher when compared to other types of wound healing (Eslami et al., 2009). Expression of #7gf-
J3, following oral injury, is rapidly increased but does not persist compared to what is observed in
other wounds. This could potentiate a different gene expression pattern, leading to better healing.
In addition, scar tissue formation is often associated with a strong immune response (Harty et al.,
2003, Stramer et al., 2007). In the case of oral wound healing, the inflammation response is low
compared to the response observed in cutaneous wounds corroborating the fact that these
wounds heal with low amounts of scarring could be partly due to the low immune response

(Szpaderska et al., 2003).

TGF-f in regeneration and scarless wound healing

Because of the important role of #zgf-f in wound healing, our lab has been interested for
many years in the role this cytokine could play in regeneration. We have shown that 7gf-f is
essential for regeneration: if it is inhibited with SB-431542 (#gf-/3 inhibitor) regeneration does not
occur (Levesque et al., 2007). In Axolotls, #gf-f is quickly activated following an amputation
similar to what has been reported in oral wounds as mentioned above (Levesque et al., 2007).
When looking at excisional skin wounds (punch wounds) the same thing is observed as in

regenerating limbs (Levesque et al., 2010). Even in the case of a punch wound through the
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mandibular area, the same thing is observed (Charbonneau et al., 2016). What’s interesting in
these cases is that the Axolotl does not form a scar following injuries even if 7gf~ is highly up
regulated. In a skin wound #gf-f is usually associated with scarring which is clearly not the case
in this regenerating animal model. In the Axolotl regenerative process, tgf-f#1 is the cytokine
driving the cells to replace the lost tissues since expression of #gf-3 isoform is hardly detectable
and the expression of 7gf-32 isoform is not regulated during regeneration (Roy’s lab unpublished
data). Expression of #gf-#/ in humans is critical for wound healing to occur, but its sustained
expression over multiple days leads to the formation of scar tissue. This is most likely due to the
fact that the collagen type I promotor contains a SBE motif (Smad binding element) and is a
known target of Smad3. Nevertheless, in oral wound healing, activation of #gf-( does not induce
significant fibrosis and little scar tissue can be observed (Larjava et al., 2011, Szpaderska et al.,
2003). We have been working over the last decade at understanding what causes that difference
in response to #gf-s during Axolotl tissue regeneration. Many hypotheses have been put forth to
explain this lack of scar tissue. In our regeneration model, we showed that following amputation,
Smad3 and pSmad3 is maintained at a very low level even when #gf-f is active. Therefore 7gf-f3
can signal through pSmad2 (which is not associated with fibrosis). Is there, in salamanders, a
response following injury that could maintain pSmad3 to a low level even with a high level of
tgf-p? There is also the possibility that the differences reside in the amount of #gf-f stored in the
matrix. The response to 7gf-f35, as for many other cytokines, can be modulated depending on the
quantity that is present in the ECM. It could be that Axolotls have lower amounts of residing #gf-
/3 which may modulate a response that is less pro-fibrotic. It is, at present, difficult to fully

compare human and Axolotl skin side by side to assess whether this is the case since the
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differences that could be noticed may be due, for example, to a lower affinity of the antibodies

for the Axolotl protein.

TGF-p target in ECM

The ECM plays a key role in wound healing and scarring. The “improper” remodeling of
the matrix results in scarring and a lack of flexibility (Degen & Gourdie, 2012). Molecules like
hyaluronic acid (HA) and fibronectin provide a favorable environment for migration and
remodelling while myofibroblasts, that express alpha-smooth muscle actin (a-SMA) and
collagens, are associated with scar formation (Gabbiani, 2003). Collagens produced during
wound healing are the main element present in the scar tissue (Degen & Gourdie, 2012). The
process of ECM remodelling is an important step in wound healing. The MMPs, known #gf-8
targets, are the major enzyme group involved in the remodelling process (Toriseva & Kabhari,
2009). This section will cover the importance and the differences between the ECM components
and enzymes responsible for its remodelling.

When tissues are injured, they produce new ECM at the wound site. The major
components include collagens and fibronectin (Degen & Gourdie, 2012). The expression of
collagen type I and collagen type III has been well studied in different wound healing models
(Seifert et al., 2012, Wong et al., 2009). In general, collagen type I is the main ECM component
that forms a mesh with good tensile strength but lower flexibility when compared to mesh
formed by collagen type III. Scar tissue is mostly composed of collagen type I that has not been
properly remodelled or set down. In oral wounds, little scar tissue is observed and this correlates

with a higher ratio of collagen type III to type I than what is observed in skin wound healing
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models (Larson et al., 2010). In the Axolotl skin wound healing process, collagen type III is
deposited first and is slowly replaced by collagen type I (Seifert et al., 2012).

Other important components of the ECM include HA and fibronectin. In oral wound
healing, HA and fibronectin are abundant creating a permissive environment for cellular
migration (Degen & Gourdie, 2012). This correlates with a better healing process than what is
observed in other wound healing models. During Axolotl regeneration, the presence of
fibronectin is also important (Christensen & Tassava, 2000). The aberrant presence of fibronectin
is also detected in animals injected with bleomycin, indicating that scar formation in Axolotl is
possible but is not linked to the deposition of collagen type I and they are not hypertrophic
(Levesque et al., 2010). These components of the ECM are produced mostly by fibroblasts that
are implicated in the formation of scar tissues. Some fibroblasts are capable of producing
considerable amounts of 7gf~f following injury and are also responsible of expressing collagens.
These specialized fibroblasts are often termed myofibroblasts because they express a-SMA and
are capable of contracting the wound (Gabbiani, 2003). In oral wound healing, few
myofibroblasts are detected (Shannon et al., 2006). Similarly, during Axolotl regeneration and
skin wound healing, no cells expressing a-SMA are observed (Levesque et al., 2007, Levesque et
al., 2010). Some a-SMA expressing cells can be observed when animals are depleted of
macrophages which leads to a loss of regenerative capacity and scar tissue deposition composed
of collagens (Godwin et al., 2013).

In addition to ECM proteins, some enzymes are essential for the wound healing process.
The protease family MMP and inhibitor TIMP (tissue inhibitor of MMP) are highly expressed
following wounding (Kahari & Saarialho-Kere, 1997). Depletion of some of these MMPs can

lead to abnormal wound healing (example in knock-out (KO) mice) (Cho et al., 2016). In oral
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wound healing high levels of numerous MMPs are observed (McKeown et al., 2007, Stephens et
al., 2001). This provides a migration permissive environment that promotes fibroblast and
immune cell invasion. In the Axolotl regeneration process and skin wound healing MMPs are
also observed (Ashcroft et al., 1999, Denis et al., 2016, Seifert et al., 2012, Yang & Bryant,
1994, Yang et al., 1999). Some of these enzyme are regulated by #gf-f (namely MMP2 and
MMP9) (Denis et al., 2016) and they are essential for this process since inhibition of MMP
activity leads to a loss of regenerative capacity (Vinarsky et al., 2005). These observations point
out that regulation of collagens and enzymes responsible for their remodelling are co-regulated.
Although #gf-f3 plays a central role, other signals are required to ensure proper deposition and
remodelling of ECM.

Tgf-f3 canonical signaling operates via two intracellular proteins, Smad2 and Smad3 as
mentioned above. These two proteins are known to be activated by the #gf-f receptors but their
role in wound healing is clearly different. In normal wound healing, activation of Smad3 in
mesenchymal cells is associated with the expression of ECM components such as collagens
which eventually leads to the formation of scar tissue (Flanders, 2004). On the other hand, the
activation of Smad?2 is associated with cellular migration and proliferation of mesenchymal cells
(Brown et al., 2007). In order to understand the role of these proteins, different KO mouse
models were produced targeting components of the zgf-f pathway. However, most of these
mutants were embryonic lethal (Song et al., 2009). The exception is the Smad3 KO which is
viable and fertile (Zhu et al., 1998). These mice also display an interesting wound healing
phenotype: they have faster re-epithelialization, less scar tissue formation and a weak immune
response following injury (Ashcroft & Roberts, 2000, Ashcroft et al., 1999). In palatal wound

healing, they show accelerated wound healing with a lower expression of #gf-$1 following injury

12
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(Jinno et al., 2009). When Smad? is overexpressed in keratinocytes, gingival wound closure is
slower and more scar tissue is formed (Tomikawa et al., 2012). In this case however, cells
overexpressing Smad?2 are eliminated by apoptosis which could explain the increase in scarring
and slower rate of wound closure (Fujita et al., 2012). Since limb regeneration in Axolotls occurs
without the formation of scar tissue, we have looked at the activation of these two Smad proteins
in these animals. During Axolotl limb regeneration, activation of Smad3 is rapid but weak and
short lived compared to the activation of Smad2. Smad? is activated when mesenchymal cells are
migrating and proliferating to give rise to the regenerative structure known as «blastema». We
also demonstrated that the activity of Smad3 is not essential for the regeneration process to occur
and we showed that overexpression of the protein leads to apoptosis (Denis et al., 2016). In
addition, the immune response is weak following amputation which is reminiscent of what is

observed in the Smad3 KO mouse (Mescher & Neff, 2006).

Bone regeneration

As discussed in the previous sections, the quality of oral wound healing in humans is very
good and is achieved with minimal scarring. Therefore, why should we try to improve oral
wound healing? Does anything relating to it need improvement? The biggest issue following an
injury of the oro-facial sphere is not soft tissue repair, it is related to the bone repair which has
been historically difficult to treat for every types of bone (Griffin et al., 2015). We can use the
example of periodontal diseases which has been related with age and inflammation (Ebersole et
al., 2016). A study in 2015 confirmed a high prevalence of periodontitis among adults in the
USA (Eke et al., 2015). The study showed that 46% of adults had periodontitis with 8.9%

suffering from a severe form. When they looked at attachment of the teeth, 19.3% of sites with

13



Oral Diseases Page 14 of 27

periodontitis showed signs of attachment loss (Eke et al., 2015). In addition to periodontal
disease, which ultimately leads to bone loss if untreated, other conditions can also lead to bone
loss. In many situations bone loss is a serious problem for human health, osteoporosis being the
most prominent example but other problems also exist (e.g. bone fracture or bone cancer). For
example, when a bone fracture or the excision of a tumor requires the removal of a fragment of
bone, it will often lead to the creation of a gap that is too large to heal on its own. Such gaps are
referred to as critical gaps which means they will not heal (Schmitz & Hollinger, 1986). Some
solutions have been developed but they have their limits. The use of bone graft and Emdogain®
are two examples of attempts to fix critical gaps (Esposito et al., 2009). However, although these
latter compounds present some success in the clinic, there are still many instances where the lack
of bone regeneration represents a major hurdle preventing the desired clinical outcome (Ghanbari
& Vakili-Ghartavol, 2016).

We know Axolotls and other salamanders are champions of regeneration. This
remarkable ability to regenerate represents the main reason for studying them in order to
understand the fundamentals of epimorphic tissue regeneration. What is particularly interesting
in the case of the Axolotl is that even though it can perfectly regenerate a full limb following an
amputation (removing all tissue types: soft and hard like bones), if you only remove a critical
size section of bone this section will not regenerate (Hutchison et al., 2007). Various examples
have been reported showing that a specific lack of bone regeneration exist in these animals when
only the bone is amputated. Richard Goss, a pioneer in the field of regeneration, showed a
specific lack of regeneration in bones (Goss, 1969). One experiment of particular interest that he
performed was a simple extirpation of the ulna in the forelimb of salamanders (Goss, 1956).

Following this extirpation the bone did not regenerate. However, when these forelimbs

14
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containing only one bone were amputated regeneration occurred normally in the section of
forearm that regenerated. The interesting thing is that the missing part of the ulna, proximal to
the amputation site, did not regenerate at all, nevertheless, the extirpated part of the bone distal to
the amputation site did regenerate normally just as if the bone had been there in the stump (figure
2a) (Goss, 1956). Another experiment of interest in the literature has also shown the lack of bone
participation in the regeneration process by using an entirely different approach. Studies
demonstrated that X-ray irradiation inhibits limb regeneration in salamanders (Maden &
Wallace, 1976). Dunis and Namenwirth devised an intricate experiment where after irradiation
with X-ray, they grafted a non-irradiated skin cuff around the circumference of part of the arm
(the graft came from a triploid Axolotl to allow tracing of grafted cells). Once the skin graft
healed they proceeded to amputate the irradiated limb through the non-irradiated skin graft and
the limb was able to regenerate normally except for muscles (Dunis & Namenwirth, 1977). This
experiment showed that the skin (epidermis and dermis) had everything essential to promote
perfect regeneration (including bones that were triploid in the regenerated section) except for
muscles (figure 2b). Recently, the group of Tanaka reproduced these results using transgenic
GFP animals which confirmed the work by Dunis and Namenwirth where regenerated bone can
be provided from cells derived from the dermis (Kragl et al., 2009).

Our lab has published, a few years ago, a paper on Axolotl bone healing. In this paper,
the surgical procedures were simple: first a simple fracture was inflicted with scissors on the ulna
without removing anything; and second, part of the ulna was removed leaving a critical gap
between the remaining parts (4mm)(figure 3). The results went in the same direction as the
aforementioned studies in that the bone did not regenerate on its own. The bone was not able to

regenerate and the separated parts did not rejoin even 6-7 months post-surgery (figure 3b)
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(Hutchison et al., 2007). In addition, it showed that healing of a non-stabilised bone fracture in
Axolotls healed just as in mammals (Hutchison et al., 2007).

All the above examples were done in salamander limb but what happens in the case of an
oral injury. Salamanders have amazing regenerating capacities, and their oral tissues are also
capable of regeneration. It was Goss and Stagg in 1958 that first surgically removed part of the
jaw in a Newt (Notophthalmus viridescens). Their observations showed that the mandible and
teeth could regenerate when the amputation had a rostro-caudal orientation. The second type of
injury they did was to remove the mouth floor without touching the mandible. Recently, our
group published a paper that also looked at oral tissue regeneration. In this paper, a 4mm punch
biopsy was used to make a full excision in the mandibular region. All tissues, including a part of
the tongue (which in Axolotls contains cartilage), were removed (Charbonneau et al., 2016). This
study presented an extensive time course (up to 180 days following injury) with an in depth
histological analysis of the regeneration process. All tissues were reformed but one; the tongue
cartilage could not regenerate, even 6 months after the punch was made (Charbonneau et al.,
2016) (figure 3c-f). This result is very similar to the critical gap in the forelimb observed by our
lab in 2007 (figure 3b)(Hutchison et al., 2007).

All these data combined point to one thing: bones do not regenerate well, if at all, when
they are specifically targeted. During the regeneration process, it seems like bones do not
participate to the appearance of new tissues. Mesenchymal cells, acting as progenitors, are
necessary to reform the new bone as demonstrated with the rescue of regeneration with the
triploid skin graft on irradiated limbs (Dunis & Namenwirth, 1977) and the use of transgenic
Axolotls by Tanaka’s group which confirmed these evidences in a very elegant way using GFP

marked cells (Kragl et al., 2009).
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Conclusion

Oral wound healing is an example of the capacity of humans to heal with low scarring.
This strongly suggests that all the necessary signals for near perfect healing are present in
humans. To achieve similar wound healing in other sites, we need a better understanding of how
this perfect healing is orchestrated at the cellular and molecular level. The Axolotl is an excellent
model to study since it has perfect healing capacities and shares many similarities with oral
wound healing. Another important reason to study different organisms is that we can discover
fundamental processes governing how, in our case, tissues are repaired or why they failed to
regenerate. For example, the difficulty researchers have had in inducing bone regeneration
maybe due to a fundamental resistance or complete lack of regenerative potential of bone itself.
Obviously, bone can repair fractures and it is constantly renewing itself through the action of
osteoblasts and osteoclasts. However, when a fracture reaches a critical size, it becomes very
difficult to induce its regeneration. From what has been observed in Axolotls, an animal that can
perfectly regenerate an entire limb, it seems that bones do not participate to the regeneration
process (at least not on their own). Looking at how Mother Nature has solved tissue regeneration
in different organisms could be useful in guiding where we should invest our research efforts.
Maybe what needs to be done in order to stimulate bone regeneration is to figure out which cells
are responsible for bone regeneration in animals such as Axolotls and try to identify whether
similar cells exist in humans in order to recruit them to the task. Research can sometimes seem

very fundamental and academic with limited applications, but often this type of work is what
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yields important discoveries about how biology works which can lead to applications in the

clinic.
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Legends

Figure 1. Comparison between Axolotl wound healing, limb regeneration and human oral
wound healing. (a) Picture of an albino Axolotl. Tail (T); Limb (L); Lower jaw (J) are capable
of regeneration following an amputation. (b) Comparison of gene expression and ECM elements
between Axolotl tail excisional wound (wound is circled), regenerating limb and human oral
injury. Blastema: an accumulation of dedifferentiated cells mostly composed from mesenchymal
and muscle cells which migrated under the wound epithelium and are proliferating to give rise to

the regenerated tissue.

Figure 2. Schematic representation of bone extirpation and limb irradiation in Axolotl. (a)
Ulna extirpation experiment. (a’) Following extirpation no bone regeneration is observed
(black arrow points to where the missing ulna should be). (a’”) After amputation the regenerated
part is perfect including the ulna (black arrow points to the ulna that is present only in the
regenerated portion of the limb). (b) Limb irradiation and skin graft experiment. (b’) X-ray
irradiation (red lightning) followed by amputation results in absence of regeneration. (b’”) X-ray
irradiation followed by a non-irradiated skin graft (green area). After amputation through the

skin graft the limb is perfectly regenerated except for muscles.

Figure 3. Forelimb bone gap and oral punch experiments. (a-b) Alizerin red/alcian blue
coloration of forelimb bone fractures. (a) Clear cut union fracture wound 7 months post-injury
showing bone healing and a callus formation (white oval). (b) 4mm bone gap 7 months post-

injury showing no healing (white oval). (c) Ventral view of Axolotl mandibular region. (d)
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Victoria blue staining (cartilage) of ventral mandibular region. Mandible (M) and tongue
cartilage (T) are visible. (e) Inside view of Axolotl mandibular region (tongue contour is
highlighted with dotted line). (f) Cartoon showing 180 days post-injury showing how tongue

cartilage was not reformed. Red circle shows punch wound area.
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*Rapid TGF-B expression
*High ratio CollIl/Coll
*Low or no myofibroblasts
*Low immune system response
eImportance of MMPs activity
*Problems in bone repair

Blastema

Figure 1: Comparison between Axolotl wound healing, limb regeneration and human oral wound healing.
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Figure 2:Schematic representation of bone extirpation and limb irradiation in Axolotl.
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Figure 3. Forelimb bone gap and oral punch experiments.
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