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Abstract

Although regeneration of tissues occurs in all adult tetra-
pods, the ability to regenerate complex structures such as
limbs is limited to urodeles (newts and salamanders). Given
that many of the biological processes and the signaling
pathways that control these processes are highly conserved
among all tetrapods, it is likely that humans have the poten-
tial to regenerate structures in the same way as salamanders.
Thus the remarkable regenerative abilities of salamanders
demonstrate what we reasonably can expect in terms of en-
hancing our regenerative potential. Although most of what
is understood about regenerative mechanisms pertains to
the repair of acute injuries, we assume that these same
mechanisms could be utilized therapeutically to slow or
even reverse chronic damage associated with aging. The
axolotl model provides the opportunity to understand the
behavior of cells to give the desired outcome of controlled
growth and pattern formation leading to regeneration rath-
er than aging and cancer. In this paper we present an over-
view of several important aspects of regeneration biology
with an emphasis on the Mexican axolotl (Ambystoma mexi-
canum) as a model organism for identifying relevant signal-
ing pathways and factors regulating limb regeneration. We
also speculate about how these mechanisms could be uti-
lized to reverse the aging process. By understanding the

mechanisms of regeneration, we eventually will be able to
enhance our intrinsic regenerative abilities in order to slow
and even reverse the damage of aging.

Copyright © 2011 S. Karger AG, Basel

Introduction

Life requires the maintenance of a balance between the
processes that damage our tissues and the regenerative
mechanisms that repair that damage. As we age, degen-
erative processes such as acute and chronic injuries con-
tinue to occur while we gradually lose our regenerative
abilities. It is the combination of these 2 features over
time that results in the loss of vitality and the transition
to frailty that we call aging. It follows from the point of
view of a regeneration biologist that both enhancing what
we can regenerate and reversing the age-associated de-
cline in that ability is the road forward in terms of extend-
ing our life/health span. Therefore, understanding the
mechanisms of the regenerative abilities that we already
have, along with developing strategies to activate and en-
hance this potential, are essential to maintaining or re-
storing a more youthful balance.

In response to acute injury, we are able to repair tissues
such as bone, peripheral nerves and epithelial tissues. We
also are able to repair chronic damage, primarily to epi-
thelial tissues exposed to environmental insult, such as
excessive exposure to sunlight. In addition, the integrity
of many of our tissues over time is dependent on a con-
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tinuous renewal process involving replacement of lost
cells by adult stem cells, such as blood cells and the intes-
tinal epithelium (see [1]). This balance between loss and
replacement is critical to maintaining tissue structure and
function. The ability to replace cells within a specific tis-
sue, though impressive, is limited and, with few excep-
tions (e.g. finger tips [2]), we do not regenerate more com-
plex structures that integrate the structure and function
of multiple tissues. In contrast, one group of tetrapods, the
urodele amphibians (newts and salamanders) do have the
ability to regenerate complex structures such as limbs and
spinal cords. The remarkable regenerative abilities of sal-
amanders demonstrate what we reasonably can expect in
terms of enhancing our regenerative potential. While the
ability of these animals to regenerate entire organs seems
extraordinary, the mechanisms of regeneration involve
many basic biological processes regulated by conserved
signaling pathways [3]. Thus, we can expect to stimulate
regeneration in a human by the same mechanisms used
by the axolotl. In this review, we present an overview of
the Mexican axolotl (Ambystoma mexicanum) as a model
organism for identifying the relevant signaling pathways
and factors regulating limb regeneration, and speculate
about how to enhance our regenerative responses to both
acute injury and the accumulation of chronic damage to
slow or even reverse the loss of both tissue and organ func-
tion associated with aging.

Mechanisms of Regeneration in Response to Acute
Injury

Historically, studies of regeneration have focused on
either animals that can regenerate (e.g. axolotl) or those
that cannot (e.g. mouse). In the latter case, the strategy
typically has been to test factors and treatments to induce
regeneration, and in the former to describe the cellular
and molecular events associated with regeneration with
the goal of understanding the mechanisms regulating re-
generation. Neither approach has led to the anticipated
and desired breakthroughs in terms of inducing regen-
eration in humans. Given that successful regeneration
likely involves a complex sequence of events, it is not sur-
prising that attempts to induce regeneration in a nonre-
generating animal with a single factor or treatment have
been unsuccessful. Ironically, studying animals that can
regenerate also has failed to provide useful insights into
potential therapies. Because these animals always regen-
erate, it is possible to describe how regeneration happens,
but it is not possible to test whether or not a candidate
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factor can induce a regenerative response. Consequently,
experimental studies in animals such as salamanders and
tish have been designed as loss-of-function experiments
in which regeneration is first inhibited, and then candi-
date regeneration-inducting factors are tested to deter-
mine whether or not they can rescue regeneration. This
approach has identified factors and biological processes
that are required for regeneration to occur (e.g. cellular
proliferation), but have yet to identify signals that induce
regeneration in a normally nonregenerating wound.

Given the limitations of the loss-of-function approach
to studying regeneration, we have focused our efforts in
recent years to developing gain-of-function assays for re-
generation. One such approach has been to use the induc-
tion of ectopic blastemas (a population of undifferenti-
ated regeneration-competent cells) and limbs as an assay
for regeneration-inducing signaling pathways (The Ac-
cessory Limb Model [4]). This model is based on classic
studies demonstrating that an entire limb can be induced
to form on the side of the arm when appropriate signals
from nerves and connective tissue fibroblasts are provid-
ed (fig. 1). In the absence of these signals, the wound heals
but no ectopic structures are formed. This model thus
reduces the complexity associated with amputations in
which considerable damage is done to limb tissues, re-
sulting in injury responses that may or may not be associ-
ated with signaling that induces regeneration. Injury is
limited to the dermal connective tissue that is the source
of the early blastema cells (discussed below), and the sig-
nals required to induce regeneration are provided by the
deviated nerve and grafted skin (fig. 1). It thus is possible
to test whether candidate factors can induce blastema for-
mation and de novo limb formation.

The Accessory Limb Model emphasizes the progres-
sion of regeneration as a stepwise process that is initiated
by signals associated with injury leading eventually to
regeneration of a new limb. The initial event is re-epithe-
lialization to cover the wound surface, and the wound
heals. If additional signals from the nerve are provided,
dermal fibroblasts at the wound periphery are induced to
dedifferentiate, migrate toward the nerve and aggregate to
form the early blastema. Finally, if dermal cells from the
opposite side of the limb are grafted to the wound site, the
ectopic blastema continues to the next steps in the regen-
eration pathway and a new limb is formed. One important
point is that regeneration-competent cells will fail to form
a regenerate unless all of these criteria are met. The chal-
lenge is to identify each step and determine which steps are
the barriers to regenerative success [2]. In the context of
the decline in regenerative abilities with age, it is possible
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Fig. 1. The induction of ectopic blastemas
and limbs in the axolotl (Ambystoma me-
xicanum). A full-thickness skin wound on

the side of the arm heals without forming
ectopic structures. a If the brachial nerve
is dissected free and severed, the end can
be deviated surgically to the wound site on
the side of the arm (small square). About
5-7 days later, an ectopic blastema forms
(c), but it does not form a new limb. b If in
addition to the wound and deviated nerve,
a piece of skin from the opposite side of the
limb is grafted to the wound site (posterior
graft to anterior wound is illustrated), a
normally patterned ectopic limb is in-
duced to form (d). (After Bryant et al. [3].)

that not all the steps are vulnerable to the effects of aging
and that there is a progressive decline at only one or a few
critical steps. Thus identification of such barriers will
identify the targets for therapeutic interventions to en-
hance our regenerative abilities in both youth and old age.

Regeneration and Aging in Amphibians

Although much is known about the mechanisms of
regeneration in salamanders, essentially nothing is
known about aging in these animals. Therefore, an un-
answered question is whether regenerating animals such
as the axolotl age the same way as nonregenerating ani-
mals such as humans. For example, do axolotl tissues ac-
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cumulate damage and become progressively less func-
tional over the chronological age of the animal? As with
other animals, we can know the chronological age of an
axolotl, but since biomarkers for aging are limited, we
cannot determine the extent to which the animal has
aged, i.e. its biological age. A second key question is
whether regenerated tissues are the same biological age as
the rest of the animal or whether they become young
again during regeneration.

It appears that the ability to regenerate developing or-
gans such as limb buds and the spinal cord occurs in
many, if not all vertebrates while they are embryos (see
[5]). As the embryo develops, this impressive regenerative
ability is progressively lost, and by birth it is gone [5].
Adult salamanders are unique in that the ability to regen-
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erate an organ persists beyond the embryonic/larval pe-
riod. As an aside, it has been noted that axolotls are neo-
tenous and therefore never complete metamorphosis.
Although one might consider there to be a relationship
between the retention of some larval characteristics and
the ability to regenerate, that appears not to be the case.
Postmetamorphic axolotls that have completed meta-
morphosis (either spontaneously or by experimental
treatment with thyroid hormone) as well as postmeta-
morphic newts respond to injury and regenerate their
limbs like neotenous axolotls. Therefore neotenous axo-
lotls, like other salamanders, are postembryonic, the tis-
sues of their organs (e.g. limbs) are differentiated, and
their capacity to regenerate is a consequence of the abil-
ity to reaccess the regenerative program of the embryo.
Thus the ontogenetic decline and eventual loss of organ
regeneration in other vertebrates is presumed to be a con-
sequence of not being able to revert to the earlier state of
limb development [3]. Although the capability to regener-
ate persists in the axolotl, it is widely recognized that it
takes older animals longer to regenerate an arm than it
does younger animals. This phenomenon of a decrease
in the rate of regeneration with age has not been studied
critically, and no mechanistic hypotheses have been pro-
posed or tested to date. Finger tips in mammals, includ-
ing humans, regenerate postnatally. Though this ability
persists into adulthood, the rate and fidelity of regenera-
tion appear to decline with age (see [6]). Again, this phe-
nomenon has not been investigated quantitatively.

The ontogenetic decline and eventual loss in the ability
to regenerate limb buds as embryos is progressive and is
intrinsic to the cells of the limb bud [5]. Importantly, this
loss can be delayed experimentally, suggesting that the
loss of regenerative ability during aging may also be de-
layed or reversed. The loss of embryonic regenerative abil-
ity has been best studied in the larvae of the frog Xenopus
laevis, in which early limb buds regenerate perfectly when
amputated. Once the Xenopus limb has completed tissue
differentiation, limb amputations result in the formation
of a cartilaginous spike instead of a properly patterned
limb [7]. Atintermediate stages, regenerative ability is lost
in a proximal to distal progression such that an amputa-
tion at a more distal level will still regenerate even though
a more proximal level amputation fails to regenerate [7].

The loss of regenerative ability is intrinsic to the cells
of the Xenopuslimb bud such that a younglimb bud graft-
ed to an older larva regenerates, while a young larval host
does not rescue the regenerative ability of a limb bud
grafted from an older larva (see [5]). This intrinsic regen-
erative response can be enhanced by increased levels of
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fibroplast growth factor (FGF) signaling during the later
stages of regenerative decline, but once the cells lose the
ability to regenerate, FGF treatment is ineffective (see [5]).
Finally, the period of regeneration competence in Xenopus
can be extended by regeneration itself. A limb bud that is
repeatedly reamputated is maintained in a continuously
regenerating state long after the animal reaches the stage
when regenerative abilities are normally lost in an unam-
putated limb (see [5]). Thus it is possible to override the
signals that cause the loss of regenerative ability as the
larva ages, indicating the feasibility for therapeutic inter-
ventions to enhance our intrinsic regenerative abilities to
delay or even reverse damage associated with aging.

As to the question of whether regenerated tissues are
young or old, casual observations would suggest that re-
generated tissues are rejuvenated. It is evident that regen-
erated skin is morphologically distinct from old stump
skin that is thicker and has more dermal connective tis-
sue. Although the overall structure of the regenerated
skin is characteristic of the less complex skin of younger
animals, the cells within this tissue still may be the same
biological age as those in the adjacent, old skin. Again, the
issue of cellular aging in the axolotl has not been studied
systematically (e.g. telomere length), and none of the lim-
ited biomarkers for aging skin and extracellular matrix
(ECM) (e.g. advanced glycation endproducts) have been
looked at. We note that regenerated arms can be reampu-
tated multiple times, and that they continue to regenerate.
Therefore, even if regenerated tissues are not rejuvenated,
they nevertheless are capable of supporting regeneration.
Finally, as noted above, regenerating limbs appear to re-
vert to an embryonic-like developmental state followed by
the recapitulation of the limb development program. It
therefore is reasonable to hypothesize that regenerating
tissues are embryonic-like and give rise to postembryonic
tissues that are equivalent to the young tissues that origi-
nally developed at the end of embryogenesis.

Induced regeneration of cartilage in the axolotl [8] pro-
vides direct evidence that is consistent with the hypothe-
sis that regenerated tissues are more like young tissue than
old tissue. When a segment of the radius in the arm of an
axolotl is surgically removed, it is not regenerated even
though the entire arm will regenerate if amputated. The
persistence of this deletion (critical size defect) is compa-
rable to what happens in humans when the ends of the
injured skeleton undergo a limited regenerative response
and form a cartilaginous callus (see [8]). As in humans,
the response to injury to the cartilage is formation of fi-
brocartilage, which is equivalent to the scarring response
of injured connective tissue (discussed below). However,
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ifthe cells at the site of the injury in the axolotl are induced
to undergo dedifferentiation and blastema cell formation,
new hyaline cartilage forms and becomes integrated into
the cut end of the bone. This regenerative response is in-
duced by signaling between nerves and the wound epithe-
lium (WE) that forms to cover the critical size defect, and
is comparable to the response that is induced by amputa-
tion. Thus the endogenous response of the adult tissues
(callus formation) in an old environment can be overrid-
den by signaling from the nerve/WE to yield the outcome
of embryonic tissues in a young environment. It is un-
known whether the apparently rejuvenated tissues age at
anormal rate or if aging is accelerated by factors in the old
animal environment as reported for regeneration of mus-
cle tissue [9]. Regardless, the results from this and a num-
ber of studies of regeneration in salamanders emphasize
the importance of signaling from the nerve in the regula-
tion of the developmental state of adult cells.

Fibroblasts Are the Target for Regeneration and
Rejuvenation Therapies

One important understanding with regards to regen-
eration is that cells in the loose connective tissues are the
progenitors of the blastema cells that control growth and
pattern formation [3, 10, 11]. Although progenitor cells
for the other limb tissues eventually enter the growing
blastema and contribute to the other tissue types of the
regenerated limb, the earliest blastema cells are derived
from connective tissue fibroblasts. For the nonconnective
tissues, the progenitor cells are lineage restricted, al-
though the possibility of transdifferentiation during re-
generation has repeatedly been reported (see [12]). In gen-
eral, these limb tissue progenitor cells function as adult
stem cells. For example, Schwann cells arise from preex-
isting Schwann cells in the stump [10], and regenerated
muscle arises from preexisting muscle tissue in the stump
(see [10]). The origin of the myoprogenitor cells during
salamander limb regeneration is somewhat controversial
at this point, and there appear to be 2 sources of these
cells. As in muscle tissues of all other vertebrates, sala-
mander muscle has an adult stem cell, the satellite cell,
which has been widely studied in a number of injury
models as a source of cells for muscle regeneration (3, 9,
13, 14]. In addition to satellite cells, newt myotubes un-
dergo fragmentation to give rise to mononucleate cells
that also participate in muscle regeneration (see [10, 12,
14]). In contrast to the lineage-restricted cells of the other
limb tissues, cells from the dermis contribute to all of the
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connective tissue derivatives, including loose connective
tissue, ligaments, tendons and cartilage [3, 15]. Early
studies of cell contribution to the blastema demonstrated
that these cells make up on average 50% of the cells of the
early to medium bud blastema, and are the cells that con-
trol the pattern of the structures that are regenerated [3,
11]. Given the heterogeneity and the poorly defined phe-
notype of fibroblasts (discussed below), the challenge is
to identify the cell type within the loose connective tissue
that is the blastema cell progenitor.

As discussed above, signaling between the nerves and
the WE is critical for inducing and maintaining the blas-
tema, and it is the fibroblasts that are the target cells of
those signals. In response to injury, connective tissue fi-
broblasts within a few hundred micrometers of the wound
are induced to dedifferentiate and migrate to form the
blastema [16-18]. The fibroblast-derived blastema cells
are functionally equivalent to the mesenchymal cells of
the developing limb bud and control the eventual pattern
of the other cell types that migrate into the blastema from
the stump, e.g. myoprogenitor cells [3, 11, 15]. The ability
of dermal fibroblasts to reform the limb pattern has been
demonstrated most directly in X-irradiated limbs with
grafts of nonirradiated limb skin. These limbs do not
have muscle (contribution from myoprogenitor cells,
whether from satellite cells or fragmented myotubes, is
blocked by X-irradiation). Nevertheless, the skeletal pat-
tern of the limb is regenerated, along with the ligaments,
tendons and muscle fascia (the connective tissue compo-
nent of the muscle) in the appropriate pattern relative to
the regenerated skeleton. Thus these limbs regenerate a
normally-patterned limb derived entirely from the graft-
ed dermal fibroblasts in the absence of participation from
myoprogenitor cells [15].

In spite of the critical role of fibroblasts in the regula-
tion of regeneration, very little is known about the biology
of fibroblasts in general and salamander fibroblasts in par-
ticular. From studies of regeneration, it is evident that fi-
broblasts are not simple, spindle-shaped ‘glue’ cells, but
rather have detailed information about their position
within their tissue of origin (see [3]). Thus fibroblasts from
different parts of the body have different properties (e.g.
when head or flank skin fibroblasts are grafted to replace
the limb skin fibroblasts, limb regeneration is inhibited
[19]. Although limb skin fibroblasts can support limb re-
generation, cells from different positions around the limb
circumference are different in their positional identities.
In fact, regeneration of the entire limb requires the inter-
actions of fibroblast-derived blastema cells from opposite
sides of the limb (e.g. anterior and posterior) in order to
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regenerate the normal limb pattern [4]. We note that mi-
croarry studies have demonstrated that human fibroblasts
also differ in their patterns of gene expression between dif-
ferent tissues and organs, as well as between different posi-
tions within an organ such as the limb [20]. Thusitappears
that spatially complex positional identities is a property of
both salamander and human fibroblasts [3, 20].

Insight into the complex behavior of fibroblasts is
essential for understanding regeneration. Fibroblast-de-
rived blastema cells behave differently as a consequence
of signaling from the nerve/ WE. In the absence of these
signals, fibroblasts accumulate in the wound bed and
produce new ECM that is subsequently remodeled to re-
store the normal skin anatomy [4]. In contrast, these
same cells respond to signals from the WE/AEC (apical
epithelial cap) to dedifferentiate and proliferate as blas-
tema cells [4]. Signaling from the WE/AEC is mediated in
part by FGF (see [3, 21]), leading to sustained distal out-
growth, presumably by the same mechanism as in devel-
oping limb buds. Since this signaling is spatially restrict-
ed to the distal AEC [21], as the blastema elongates, cells
at more proximal levels are no longer under the influence
of the AEC, and begin to redifferentiate and regenerate
the dermis [22]. AEC signaling appears to maintain distal
blastema cells in an undifferentiated state, and once re-
leased from the influence of the AEC, cells begin to dif-
ferentiate and reform the connective tissue scaffolding
and associated tissues. Thus regeneration involves the
spatial and temporal regulation of the behavior of fibro-
blasts in order to balance the proliferation of undifferen-
tiated blastema cells with the differentiation of these cells
to reform the connective tissues of the limb. In contrast,
these cells that induce and regulate regeneration in the
salamander respond to injury with fibrosis and scar for-
mation in humans. The challenge is to understand and
regulate the behaviors of these complex cells.

Challenges for Advances in Aging Research

The lessons learned from axolotl regeneration are that
successful regeneration requires both structure (e.g. mus-
cle, bone and connective tissues) and information for re-
storing the appropriate patterns of the structures (pro-
vided by fibroblast progenitor cells). Therefore, presum-
ably fibroblasts also would be important in terms of in
situ regeneration to repair chronic injury associated with
aging. Studies of the signals that regulate fibroblast be-
havior in response to acute injury have identified the
nerve and WE as the source of the early signals leading to
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Table 1. The 15 leading causes of death in the USA in 2006

Diseases of the heart (heart disease)*

Malignant neoplasms (cancer)

Cerebrovascular diseases (stroke)

Chronic lower respiratory diseases*

Accidents (unintentional injuries)

Diabetes mellitus (diabetes)

Alzheimer’s disease

Influenza and pneumonia

Nephritis, nephrotic syndrome and nephrosis (kidney disease)*

Septicemia

Intentional self-harm (suicide)

Chronic liver disease and cirrhosis*

Essential hypertension and hypertensive renal disease
(hypertension)

Parkinson’s disease

Assault (homicide)

National Vital Statistics Reports, Vol. 57, No. 14, April 17, 2009.
* Chronic diseases that involve tissue fibrosis.

formation of the regeneration-competent blastema cells.
Therefore, studies to identify and characterize these sig-
naling pathways along with their downstream targets
should lead to strategies to induce in situ regeneration to
repair chronic damage.

Although little is known about the regulation of fibro-
blast behavior in vivo, it is clear that fibrosis is associated
with many age-related pathologies. Aside from cancer or
traumatic injuries, fibrotic diseases (indicated by an as-
terisk in table 1) are among the major causes of organ
failure and age-related mortality. Thus aside from entail-
ing the ability to induce regeneration, the ability to regu-
late fibroblast behavior would lead to therapies to slow the
progression of aging-related fibrotic diseases.

In addition to fibrosis, cancer progression is also dif-
ferentially regulated in animals that can regenerate. In a
series of classic studies involving the injection of carcino-
genic chemicals, it was discovered that salamanders de-
velop tumors at a much lower frequency than animals
that do not regenerate. Rather than tumor formation, the
typical response when an outgrowth is induced is the for-
mation of normally patterned, ectopic limbs similar to
what is observed in response to a deviated nerve [4, 23].
Given that activation of many of the same signaling path-
ways occurs in tumors as well as in developing and regen-
erating tissues, the microenvironment associated with
the ability to regenerate presumably is able to control the
behavior of the induced tumor cells so as to lead to dif-
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ferentiation of a normal limb pattern. Thus the axolotl
model provides the opportunity to understand the be-
havior of cells to give the desired outcome of controlled
growth and pattern formation leading to regeneration
rather than aging and cancer.

Conclusion and Outlook

With advances in genetics and molecular biology, we
anticipate a progressive increase in our understanding of
the convergence of mechanisms regulating development,
regeneration, cancer and aging. It is becoming increas-
ingly evident that the same signaling pathways are in-
volved in regulating each of these processes [24]. With
recent advances in genomic resources, the axolotl pro-
vides a unique opportunity to study and eventually un-
derstand the regulation of all these processes in the same

organism. Although much is known about the mecha-
nisms of regeneration in the axolotl, essentially nothing
is known about aging, and thus there is the opportunity
to pioneer and develop new concepts for rejuvenation and
anti-aging therapies. By understanding the mechanisms
of regeneration, we eventually will be able to enhance our
intrinsic regenerative abilities in order to slow and even
reverse the damage of aging.
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