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Advancements to the axolotl model for regeneration and aging.
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Abstract

Loss of regenerative capacity is a normal part of aging. However, some organisms, such as the
Mexican axolotl, retain striking regenerative capacity throughout their lives. Moreover, the
development of age-related diseases is rare in this organism. In this review we will explore how
axolotls are used as a model system to study regenerative processes, the exciting new
technological advancements now available for this model, and how we can apply the lessons we
learn from studying regeneration in the axolotl to understand, and potentially treat, age-related
decline in humans.
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Introduction:

Regeneration is a part of life. Having the ability to replace old and damaged cells in all
organ systems is essential not only for tissue homeostasis, but also for the prolonged survival
of the organism. The ability to repair wounds is a property conserved by all organisms, as
are many of the mechanisms to heal these injuries. However, the ability to regenerate more
complex structures, such as limbs, is greatly variable among tetrapod species. It has been
well-documented that these abilities to replace tissues during homeostasis and to heal acute
injuries is negatively affected by aging in most organisms. However, some species are better
at regenerating as adults than others.

It is thought that all tetrapods have the ability to regenerate complex structures such as
organs or limbs as embryos, but many of these species, including mammals, lose this
capacity as they develop into adult organisms. While others, including Urodele amphibians
(salamanders and newts), are capable of regenerating throughout adulthood The Mexican
axolotl (Ambystoma mexicanum) is an aquatic salamander that can regenerate multiple body
parts including its limbs and internal organs such as its heart, brain, and lungs. In this review
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we will focus on the recent advancements in the axolotl model system for regeneration and
discuss how aging effects regenerative processes in this model. We will also speculate how
the study of regeneration in this model can be applied to better understanding, and
potentially treating, aging pathologies in humans.

How aging affects the regenerative capacity in humans and the axolotl:

The aging process in humans and its impact on regeneration: Humans go
through multiple temporal stages throughout their lives, including embryogenesis and fetal
development, childhood, adolescence, adulthood, midlife, mature adulthood, and ultimately
death. Each stage is marked by important physiological changes. Some changes appear to be
programed, such as the ones that occur via endocrine signaling [1], while others are in
response to environmental factors such as nutrition [2] or normal cellular metabolism [3]. It
is hard to pinpoint exactly when aging begins in humans, probably because so many genetic
and environmental factors can affect this process (Reviewed in [4]). However multiple
characteristics, including the loss of reproductive capacity, decreased metabolism, depletion
of adult stem cell pools, increased cellular senescence, increased DNA damage, altered
immune responses, increased time to heal injuries, and increased precedence of age-related
diseases (cancer, heart disease, Alzheimer’s disease, etc.), have all been correlated with the
aging process (reviewed in [4]). Elucidating the mechanisms underlying age-related
pathologies will play a key role in developing therapies that improve our quality of life in the
later years.

It has been well-documented that regenerative capacity declines with age in humans, and
this decline can be linked to age-related pathologies in a variety of different organ systems.
One potential reason for this decline is the changes that happen in the adult stem cell pools
with age. For example, decreased intrinsic responsiveness of the stem cells or decreased
environmental signals, such as those that come from the niche, have been documented in
multiple somatic stem cell populations [5]. Additionally, decreased ability to self-renew, and
altered potential to differentiate into progenitor populations is also observed in aging
somatic stem cells [6]. Thus, this loss of somatic stem cell function not only leads to a
decreased ability to replace or repair damaged tissues but would also results in the
accumulation of potentially damaged or senescent cells that would also have a negative
effect on the tissue environment, and overall health of the human.

Another reason for regenerative decline may pertain to changes in fibroblast activity.
Although not well defined, fibroblasts are present in every organ system, and are particularly
rich in the connective tissues. One of the most well recognized roles of fibroblasts rests in
their ability to generate extracellular matrix molecules that constitutes the “glue” that holds
tissues and organs together. However, fibroblasts are also known to retain positional
memory, such that they remember where they are located relative to the different axes of the
body, and even within a particular structure, such as the limb (reviewed in [7]). Most other
cell types, termed pattern-following cells, in the body do not retain this memory; instead
they respond to position-specific cues from the fibroblasts. These cues regulate gene
expression in the pattern-following cells such that they respond in a location appropriate
manner (reviewed in [7]). Thus, fibroblasts appear essential for tissue homeostasis in every
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major organ system. Given this importance, it is not surprising that the altered activity of
fibroblasts during aging can have such a negative impact on the overall health in humans.
Aberrant fibrotic activity is responsible for scarring in response to acute injury, which
increases with age. Some of the major age-related chronic diseases, including heart disease,
chronic lower respiratory diseases, kidney disease, and chronic liver disease and cirrhosis
involve tissue fibrosis (reviewed in [8]). As we will describe in the following sections,
fibroblasts play multiple, essential roles in wound healing and regeneration in the axolotl
(reviewed in [8]). Thus, the axolotl is an excellent model to study the regulation of fibroblast
activity during regenerative responses in adults.

Aging in the axolotl: The axolotl life cycle occurs at a more rapid rate than humans.
Embryogenesis takes approximately two weeks after which time the larval animals will
hatch out from their eggs as free-swimming animals. These larvae will continue to develop
in the following months where they will pattern limbs, develop lungs, and rapidly grow in
size. At approximately 1 year after fertilization (9 months for males, 12 months for females),
the animals become sexually mature although they retain many larval traits, such as the
retention of gills and an aquatic habitat.

Just as in humans, axolotl fertility appears to diminish with age. Observations from our
laboratory indicate that sexually mature females are most successful at mating for the first
few years of life, while males retain fertility to a slightly older age. This pattern of
decreasing fertility with age is not conserved amongst all species, including other
amphibians, such as the red legged frog [9]. Interestingly however, in contrast to humans but
similar to other amphibians, axolotl females have egg stem cells [10]. Thus, their decline in
fertility appears to differ from the mechanisms that effect egg quality in aging humans.

Although no data exists pertaining to the mortality rate of these organisms, the maximum
life expectancy of an axolotl is estimated to be up to 25 years in captivity. Despite the lack of
age-related research in this species, there are observable changes in the body structure of the
animal with time. One of these changes is size; the axolotl is an indefinitely growing animal,
continuing to increase in size throughout its life (Figure 1). Another is in the composition of
its skeleton; during the larval stages of life, the axolotl skeleton is highly cartilaginous, and
this cartilage is replaced by bone as the animal ages. Changes in tissue composition are also
evident, such as the limb dermal layer thickening as the animal ages (Figure 2). Behavior
also changes with age. Young larval animals exhibit more frequent locomotion and feeding
compared to older animals, suggesting that their metabolism also decreases with age, as it
does with humans.

Although the above-mentioned phenotypic changes have been associated to animals no more
than 5 years old (mature adults), it is clear that axolotls age. Unfortunately, a precise
comparison between aging in humans and the axolotl cannot be conducted due to the limited
data relating to aging in the axolotl. However, as we will explore in the upcoming text, these
organisms exhibit a striking resistance to age-related diseases and pathologies. It has been
hypothesized that this resistance is due, in part, to their exceptional regenerative capacity [8].
Axolotl can regenerate a variety of different structures and organs and understanding the
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mechanisms of this regenerative capacity will likely help us better identify ways that aging
can be slowed in humans, and how age-related diseases could be prevented and/or treated.

Basics of limb regeneration: The process of limb regeneration has been the most
extensively studied and characterized regenerative process in the axolotl, thus we will focus
on limb regeneration here. The axolotl has the ability to regenerate complete limbs
regardless the site of injury along the limb axis [11]. Regeneration is initiated by wounding,
although not all wounds (such as a lateral limb wound) will result in the formation of a limb
regenerate [12]. Within hours (although this timing increases with the age of the animal), a
wound epithelium migrates and covers over the wound site. In the days following nerve
fibers innervate this wound epithelium [13], and signaling feedback loops between the nerve
and the wound epithelium establish a specialized signaling center known as the apical
epithelial cap. This center then generates multiple signaling molecules that result in the
dedifferentiation and proliferation of the underlying mature limb tissues into limb progenitor
cells known as blastema cells [14-18]. Interactions in the wound between cells from the
opposite axes of the limb establish the pattern of the missing limb structures [19]; and once
this pattern is established, the cells re-differentiate into the missing limb structures [20].

Multiple studies on the axolotl have indicated that there are three basic requirements for
regeneration of the limb; 1) the wound epithelium, 2) nerve signaling, and 3) the presence of
cells from the different limb axes. One such study established a regenerative assay, known as
the accessory limb model (ALM), which showed that the combination of these three
components were sufficient for the generation of a limb (Figure 3) [21]. In this study, ectopic
limbs were generated in lateral wounds on the side of the arm that had both a deviated nerve
bundle and a skin graft from the opposite side of the limb axis [21]. The ALM has become a
powerful regenerative assay that provides a platform to study each of these regeneration
specific requirements in a “gain-of function” manner. Thus, the ALM and other regenerative
assays will play an important role in our understanding of the basic biology of limb
regeneration.

Decline in regenerative ability with axolotl age: Axolotl retain remarkable
regenerative capacity throughout their lives. Despite their regenerative success diminishing
with age, they still demonstrate regenerative capabilities that far exceed that of humans and
other mammals. This age-related decline in regenerative ability in the axolotl could be
contributed to and/or affected by a number of factors. 1) The rate of regeneration slows as
the axolotl increases in age, from weeks in larval animals to months in sexually mature
adults. This may be a consequence of the animal’s size, with smaller animals having less
extremity girth and mass relative to adult animals leading to faster wound closure and tissue
restoration rates (Figure 1). 2) With age, the skin of the axolotl thickens and losses
flexibility, possibly making it more difficult to form a wound epithelium, as well as increase
the likelihood of generating insufficient positional interactions for the generation of a
complete limb structure at the site of injury [19]. Additional factors, such as circulating
factors and hormones could also play a role in the timing of regeneration in aging animals,
although this possibility has not yet been investigated.
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Additional factors including nerve signaling, repeated injuries, and metamorphosis effect the
regenerative capacity of the axolotl. We will explore nerve related effects more thoroughly in
the next section. In terms of repeated injuries, for many years it was thought that the axolotl
had unlimited potential to regenerate its limbs. However, recently it was shown that
regenerative capacity diminishes in almost half of the experimental axolotl after the repeated
removal of the complete limb axis if amputated at the same plane along the proximal-distal
limb axis (Figure 4) [22,23]. In this subset of animals, it was observed that repeated limb
removal results in an increased fibrotic response and alters the morphology of the wound
epithelium, which contributes to regenerative failure. What makes some axolotl resilient
after repeated removal of the limb while others lose regenerative capacity is an important
question that needs to be answered.

Metamorphosis can also have a negative effect on limb regeneration. In amphibians
metamorphosis is activated through thyroid hormone signaling [24]. In frog species, which
can regenerate as tadpoles, the ability to regenerate complete limbs diminishes when
metamorphosis occurs [25]. Natural metamorphosis is rare in the axolotl, however the
process can be induced using Thyroid hormone [26]. Although the axolotl maintains its
ability to regenerate after metamorphosis, they appear to be more susceptible to patterning
defects, commonly missing digits [27,28]. This issue is likely related to the changes in skin
morphology, and its effect on wound healing. Interestingly, the life span of the axolotl is
severely reduced after metamorphosis, where the metamorphosed animal commonly lives
for only a year or two after the process has completed. However, since metamorphosis is not
part on the normal life cycle of the axolotl, it will be hard to determine if impaired
regeneration in this context is potentially age-related or due to the altered (and abnormal)
physiology of metamorphosed axolotl.

Nerve function changes with age: Diminished sensory and motor function is a
hallmark of the aging process in humans and, as previously mentioned, nerve signaling is
required for axolotl limb regeneration and wound healing. If nerve signaling is removed
from an amputated limb stump, it will form scar tissue and fail to regenerate [29,30]. It has
been well established that a threshold number of nerves must be present at the wound
surface for limb regeneration to proceed [31].

The focus of current research has been to identify the neurotropic factors that are required
for regeneration. Using the ALM assay described above, researchers have identified specific
proteins that can substitute for nerve signaling and induce ectopic limb formation. Thus far,
a combination of fibroblast growth factor (FGFs) and bone morphogenetic proteins (BMPs),
or singularly Neuregulin-1 are sufficient to replace the nerve in the ALM and rescue
regeneration of denervated axolotl limbs [14,18,32]. A combination of FGF2, FGF8, and
BMP7 were also able to rescue some patterning during limb regeneration in the
metamorphosed frog (Xengpus laevis), which would normally only produce a cartilaginous
spike [33]. Such results could indicate that elevated levels of neurotropic factors are
produced at sites of amputation in the axolotl, relative to the frog, in order for complete limb
patterning to occur during regeneration.
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Interestingly, there is evidence that axolotl neurons are affected by age. It was found that
spinal cord extracts from older axolotls were diminished in their capacity to stimulate cell
proliferation compared to extracts from their younger counterparts, indicating that the nerves
are producing less of these neurotrophic factors over time [34]. Moreover, axolotl nerve
regeneration is vital for limb regeneration, and as with many vertebrates, the ability to
regrow neurons decreases with time. It was shown that repeated removal of limb buds
produced miniaturized limbs that were less innervated than control limbs, indicating that
when repeatedly challenged, nerve regeneration was reduced [22]. Therefore, the nervous
system itself, which is crucial for limb regeneration, appears to be negatively affected by
aging in the axolotl.

What can studying regeneration in the axolotl potentially tell us about minimizing aging
pathologies in humans?

The immune system: Chronic inflammation has been associated with the development of
age-related diseases and frailty in humans. Age-related decline of the immune system is
associated with a higher incidence of infections and decreased efficiency of immunizations.
In both mammalian and amphibian models, the development of the immune system is
correlated with a loss in regenerative ability [35].

Although the activity of the immune system in the aging axolotl has not been studied,
inflammatory responses can have both positive and negative effects on regeneration. For
example, the immune system appears to be suppressed in the regenerating limb, as allografts
from transgenic animals are associated with little to no rejection during a regenerative
response [20,36,37]. This might be due, in part, to a simpler adaptive immune system in the
axolotl compared to mammals. Despite anecdotal evidence suggesting a suppressed immune
response during regeneration, the presence of immune cells is also a requirement. For
example, macrophages are essential for regeneration in both the axolotl heart and limb
[38,39]. Macrophages could play multiple roles in the regenerate, potentially clearing out
tissue and cell debris in the injured tissue and removing senescent cells from the regenerated
tissue. Lastly, both pro- and anti-inflammatory signals are induced in the regenerating limb
environment [38]. Thus, the balance between inhibitory and necessary immune responses for
regeneration appears to be highly regulated and warrants further exploration.

Scar free healing: It has been well documented that the ability for humans to heal
cutaneous wounds diminishes with age. The process and end result of wound healing differs
substantially between axolotl and mammals (reviewed in [40]). Mammals develop scars
while axolotl have scar-free healing of cutaneous wounds throughout their lives. Healing
wounds is a multistep process that starts with the formation of a blood clot, followed by an
influx of inflammatory cells, re-epithelialization, migration and deposition of extracellular
matrix (ECM) by fibroblasts, removal of cell debris, cell proliferation, and finally skin
maturation [41].

Within this multistep framework of wound healing, several differences between humans and
the axolotl can be noted. First, the axolotl is much faster at wound closure, where juvenile
animals take only a few hours to cover a wound site with a migrating sheet of epidermis.
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Humans cover wounds by proliferating new epidermal cells, and this process can take days
or even weeks, depending on wound size. In humans, the rate of epithelialization of a 2 x 2
cm split-thickness wound is significantly slower in elderly (>65 year) compared to young
(18 to 55 year) patients [42]. A similar study has yet to be performed in the axolotl; however,
anecdotal observations on axolotl of different ages/sizes indicates that wound epithelium
formation is slower in older/larger animals. However, it is likely that the large difference in
the size of the wounds in these animals plays at least a partial role in this disparity.

Secondly, collagen matrix development during wound healing also differs between humans
and axolotl. Mammalian wounds start to express collagen, a major component of the skin, a
few days after injury; while in the axolotl this takes over a week. Moreover, axolotl cells
reorganize collagen fibers into a basket weave structure that is consistent with the structure
in uninjured skin [43]. Humans, on the other hand, have minimal collagen reorganization
and instead the collagen remains in thick linear bundles. Recent studies comparing
cutaneous wound healing in the axolotl and humans identified a protein, SALLA4, that was
significantly enriched in the axolotl wounds and regulates collagen expression and
deposition during scar-free healing [44]. These differences in ECM deposition and
reorganization by fibroblasts are likely pivotal factors in determining the probability of scar
formation in wounded tissue.

Low incidence of cancer: The number of diagnosed cases of cancer is continually
increasing in the human population [45]. As age is major risk factor for cancer development,
it is not surprising that the general increase in human life expectancy has contributed
significantly towards this phenomenon [45].

The mechanisms by which age contributes to the incidence of cancer in humans are
unknown but likely to be influenced by environmental and behavioral factors as well as
genetic predispositions. In the human genome for example, specific genes exhibit age-
related changes in DNA methylation, and alterations in this pattern of methylation has been
associated with a variety of cancers [46,47]. Unlike humans, axolotl exhibit an extremely
low incidence of spontaneous tumorigenesis, with limited reports of neoplasm formation
described in literature [48-52]. Interestingly, there does appear to be a positive correlation
between the occurrence of neoplasm and age of onset (Table 1), as in the human population.
Whether this, although infrequent, phenomena also correlates with age-related epigenetic
alterations in the axolotl genome still needs to be determined. However, these animals may
serve as a powerful model system in this context as well as providing insight into the factors
and mechanisms that can naturally limit spontaneous tumorigenesis.

The axolotl also appears to be resistant to carcinogens, with treatment of carcinogenic
polycyclic hydrocarbons inducing neoplasm only after extended periods post treatment in
30% of the population. The outgrowths of this study exhibited characteristics of papillomata;
although, they never progressed to carcinomata [54]. Age, however, did appear to correlate
with disease latency, with increasing animal age at the time of treatment positively
correlated with shorter latency times for neoplasm development in these animals. [54].
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The regeneration permissive microenvironment of the axolotl is composed of dynamic
acellular and cellular components that share striking similarities with tumors. Blastema cells,
for example, exhibit typical cancer cell phenotypes including, but not limited to, increased
proliferation [55], oncogene expression [56], activation of line-1 elements [57], and large
scale chromatin modifications [58] relative to mature stump tissue. These highly
proliferative, undifferentiated cells have short, unpolarized, disordered actin fibers
constituting their cytoskeletons and are surrounded by a disorganized ECM [55], a
characteristic feature of the tumor microenvironment (as reviewed by [59]). Similar to a
cancerous environment the composition of the blastema ECM is enriched for fibronectin
[60] and tenascin [55,60,61], which promote cell migration and proliferation (as reviewed by
[62]). This upregulation in fibronectin and tenascin expression is conserved in other
regenerating tissues as well, including the regenerating newt (Notophthalmus viridescens)
limb [63] and mammalian ear punch regenerate [64]. The dynamic remodeling and
degradation of the ECM in both oncogenic and regenerative microenvironments is associated
with the expression of a variety of matrix metalloproteinases (MMPSs) [65,66].

Interestingly, the above mentioned cellular and acellular changes documented in
oncogenesis correlate with enhanced tumor progression, metastasis and thus poor clinical
outcomes; while in regenerative growths they aid in the formation of a patterned, functional
structure and are stably resolved in the new tissue. The cellular mechanisms producing these
disparate outcomes from very similar microenvironments are unknown and are active areas
of research in the field.

Heterochronic parabiosis and tissue grafting—Heterochronic parabiosis, the
processes by which the circulatory systems of old and young animals are joined, has
provided valuable insight into biological aging. This heterochronic pairing facilitates
improved muscle and liver regenerative capacity in old mice, demonstrated by improved
activation of resident-aged progenitor muscle and hepatic cells respectively, when paired
with young mice; the young mice exhibit slightly reduced progenitor cell activation in this
experiment [67]. These findings indicate that age-related systemic factors have a greater
capacity to alter regenerative success than the autonomous capacity of progenitor cells
themselves. The identity of the systemic factors responsible for these changes are not
without controversy [68]; however, some evidence suggests that growth differentiation factor
11, at least in part, contributes positively to muscle regeneration and neurogenesis in aged
mice [69,70].

Embryonic parabiosis has been successfully achieved in the Mexican axolotl [71] as well as
the closely related species, the spotted salamander Ambystoma maculatum [72]; although,
not for age related studies. A major hindrance to heterochronic parabiosis in the axolotl is
the large size difference between young and old animals. However, if such a surgery could
be successfully achieved and the connection maintained between young and old animals, it
could provide valuable information about systemic factors that may influence both the
regenerative process and homeostatic tissue maintenance with age. Grafting experiments,
where by old or young tissue is grafted to oppositely aged counterparts, are far more
amenable currently. Such experiments with muscle tissue have been done in murine models
and demonstrated age related effects. Old muscle exhibited improved regenerative abilities
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when implanted into a young murine host, while the young graft was impaired in the old
recipient mice. These findings indicate that systemic factors have a stronger effect, relative
to tissue autonomous factors, in regulating muscle regenerative capacity [73]. It would be
interesting to determine if similar effects would be exhibited in a highly regenerative species
such as the axolotl. Muscle satellite cells are known to participate in limb regeneration [74]
and hence the capacity of these progenitor cells in differently aged axolotl hosts may provide
insights regarding their autonomous regenerative ability and the effect of systemic factors
with age.

Technological advancements on the axolotl system to study regeneration and aging:

Historically, the repertoire of molecular techniques available for use in the axolotl was
limited, with much emphasis being placed instead on phenomenological, embryonic and
biochemical studies. The absence of a fully sequence genome was a major contributing
factor to this limitation. However, over the last decade many technological advances in the
genome and genome manipulations have improved the molecular tool kit available for this
model organism.

One of the most pivotal advances in terms of such technologies has been the sequencing and
assembly of the entire axolotl genome, a daunting feat given the large size of the genome -
32 Gbh [75,76]. This data has already revealed that several coding and non-coding sequences
with potential roles in limb regeneration are species-specific, and are absent in amniotes
[75], and may aid in our understanding and evaluation of the genetic requirements for
regeneration and the evolutionary retention or loss of this capability.

Despite the absence of a fully sequenced genome prior to 2018, transcriptional analysis was
originally facilitated through large- and small-scale microarray studies (targeted towards
known RNA sequences) as well as RNA-sequencing (using human and Xenopus data sets as
reference libraries). Coupling micro-array and RNA-sequencing technologies with the now
available genomic sequence of the axolotl will facilitate a far more complete understanding
of gene expression during regeneration. This will be of vital importance in the context of
aging, where transcriptional profiling as a function of age may provide insight into changes
in regenerative capacity over time. As RNA-sequencing has been achieved at single cell
resolution [77], the transcriptional contribution of different cell types, such as fibroblasts and
immune cells, in the aging regenerative organ can also be evaluated.

In addition to single cell RNA sequencing, grafting experiments and/or transgenic animals
have aided in our understanding of cell-linage contributions during regeneration. Grafting
tissue in embryonic and post-embryonic staged axolotl can be done with ease, and
transgenic lines provide a reliable means to mark donor tissue (as reviewed by [78]).
Generation of transgenic animals has historically been performed via germ-line integration
of exogenous DNA, generally a plasmid, injected into the axolotl egg [79]. Although this
method is constrained by the long generation time of the axolotl, it has been used to
establish a number of stable lines [36,80-83]. One transgenic line of value in aging studies is
the Prrx1-driving tamoxifen inducible cre line which stably labels the connective tissue of
the axolotl [83]. As fibroblasts play a key role in scar formation, which impedes
regeneration, evaluating the specific functions of this cell population during regeneration
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may provide insights and explanations as to the changes in regenerative capacity with age,
and the divergent outcomes documented in wound healing between regenerative and non-
regenerative species.

More recently the transgenic system has been coupled with an induction system [82,84] and
tissue-specific promoters [85], which will allow us to gain insight into the regulation of gene
expression during regeneration. Furthermore, /7 vivo genome editing techniques have
greatly improved in the axolotl and will continue to do so given the now-sequenced genome.
Although transcriptional activator-like effector nucleases (TALENS) mediated genome
editing has been demonstrated to work in the axolotl, the CRISPR-Cas 9 system is far more
efficient [86] and has been successfully used to knock-in and -out genetic material within the
organism [87-89]. Viral-directed genome modifications have also been established and have
the advantage of allowing cell-type specific genome editing [16,90-93]. Any potential gene
candidates, or regulatory elements thereof, that appear to contribute to regenerative failure in
aging systems can be manipulated using the above-mentioned techniques in the axolotl, and
this will allow for direct determination of their role in this process.

Conclusion:

Recent technological advancements and the acquisition of extensive genomic information in
the Mexican axolotl makes it an exciting time to study the process of regeneration in this
model system. One important point that we hope to illustrate here is that although axolotls
demonstrate age related phenotypic changes, some of which are similar to those observed in
humans, they are unique in that they retain their ability to regenerate multiple types of
complex structures throughout their lives. Despite the regenerative ability of the axolotl
slowing with age, it still far exceeds such capacities in mammals. Thus, these organisms
appear to be resistant, to some degree, to the age-related mechanisms that drive regenerative
decline in humans. It is also possible that their unique regenerative abilities are linked to
their very low incidence of age-related pathologies. Although there is much to learn about
how regeneration occurs in the axolotl, it is clear that multiple aspects of this important
biological process will one day aid in the development of therapies for age-related
pathologies in humans.
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Figure 1: Axolotl continueto grow after sexual maturity.
Live images of a hatchling axolotl (~3 weeks old), young juvenile (~3 months old), late

juvenile (~5 months old), sexually mature adult (~1 year old), and a 3-year-old adult show
the dramatic increase in size over time.
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Figure 2: Changesin skin morphology in axolotl asthey age.
A) Live images of the forelimbs of a young juvenile (top) and a sexually mature adult

(bottom) staged animals. B) Histology staining of sections of the limbs in A showing the full
thickness skin where “1” indicates the dermal layer from the juvenile staged limb, and “2”
indicates the dermal layer on the adult staged limb.
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Figure 3: The Accessory Limb Model (ALM) isan assay to study limb regeneration.
A live image of an ectopic limb that has formed from making a wound site with a nerve on

the anterior side of the limb on the RFP+ host animal (red) that was grafted with a blastema
from a GFP+ donor animal (green).
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Figure 4: Decline of regener ative capacity in limbsrepeatedly amputated at the same location.
Example whole-mount skeletal preparations of the resulting regenerates form from limbs

that have been amputated in the same location 1, 2, 3, 4, or 5 times. Bryant et al. observed a

marked decrease in regenerative potential with increasing number of amputations

(republished with permission from [23]).
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Accounts of spontaneous tumorigenesis in the axolotl.

Table 1:

Age of onset

Neoplasm (months) Source
Melanoma 25 [48]
Cutaneous mastocytoma >132 [49]
Olfactory Neuroblastoma 12 [50]
Skin teratoma >12 [51]
Abdominal lymphangiosarcoma and lymphosarcoma 14 [53]
Tail muscle teratoma 30 [52]
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