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Abstract

The present review deals with the analysis of the cytological processes occurring
during tissue regeneration in the tail and limb of lizards. These reptiles are
considered as a model to understand the process of tissue regeneration in all
amniotes. The review begins with some evaluative considerations on the origin of
tail regeneration in comparison with the failure of limb regeneration, a unique
case among amniotes. The formation of the tail in the embryo and the possible
accumulation of stem cells in autotomy planes of the tail are discussed. The
histological and ultrastructural processes occurring during blastema formation
and tail regeneration and during limb cicatrization are presented. The compari-
son stresses the scarce to absent inflammatory reaction present in the tail in
contrast to the massive inflammatory response in the limb leading to scarring.
In fact the experimental inducement of a strong inflammation in the tail also leads
to scarring. The importance of the nervous system in stimulating tail regeneration
in lizards is emphasized. The presence of growth factors and extracellular matrix
proteins during wound healing of the tail and limb is introduced. The review
concludes by stressing the importance of the lizard model of tissue regeneration
for medical studies and applications.
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Foreword

The present review covers a very neglected field in regeneration studies, namely,
tissue and organ regeneration in reptiles, especially represented by the lizard
model of regeneration. The term “regeneration” is intended here as “the ability
of an adult organism to recover damaged or completely lost body parts or
organs.” The process of recovery is further termed “restitutive regeneration”
when the lost part is reformed and capable of performing the complete or partial
physiological activity performed by the original, lost body part. Lizards represent
the only amniotes that at the same time show successful organ regeneration, in the
tail, and organ failure, in the limb (Marcucci 1930a, b; Simpson 1961, 1970, 1983).
This condition offers a unique opportunity to study at the same time mechanisms
that in different regions of the same animal control the success or failure of
regeneration. The lizard model is usually neglected in the literature despite the
fact that the lizard is an amniote with a basic histological structure similar to that
of mammals, and it is therefore a better model than the salamander (an ana-
mniote) model to investigate regeneration issues.

The present review draws attention to the lizard model; the lizard represents
the best nonmammalian amniote to analyze the molecular factors involved in the
regeneration of various tissues in the tail (successful organ regeneration) com-
pared with the limb (failure of organ regeneration). The present account is
intended as an ultrastructural and cell biology continuation of the previous,
mainly anatomical and histological summary of this process in lizards (Bellairs
and Bryant 1985). Historical information on the studies that have been carried out
on the regeneration of the tail and limbs in lizards is reported in several old
articles (Fraisse 1885; Misuri 1910; Terni 1920; Woodland 1920). Among the
information missing from the literature about reptilian regeneration is the com-
prehensive visual documentation of the process of tissue regeneration at the
ultrastructural level, a very different situation from what is known in amphibians,
fish, and mammals (Schmidt 1967; Carlson 2007). The review also provides
summaries of published and unpublished images of the fine structure and cell
biology of regenerating tissues in the tail and limb in lizards of different species,



studied by the author over many years. Mainly owing to time and space limita-
tions, the present account reports some experimental data on tissue regeneration
in lizards and few biochemical data on enzymes and on the general metabolism
operating during tail regeneration. The scope of the review is to make a cytological
summary of the topic, indicate the future trends of this neglected field of investi-
gation, and draw the attention of the scientific community to the usefulness of
adopting the reptilian model for studies on tissue regeneration in the era of
molecular biology. This is particularly relevant after the publication by the
Broad Institute of MIT, in Boston, of the genome of the American green anolid
lizard Anolis carolinensis (UCSC genome browser at http://genome.ucsc.edu).

The first chapter of this review deals with the place that reptilian regeneration
occupies among vertebrate regeneration, and emphasizes the importance of
comparing different factors involved in regeneration in amniotes. This chapter
is an attempt to explain why lizards are gifted with a large power of tissue
regeneration in the tail but limited power of regeneration in other body regions.
Why and how this process has evolved in lizards among the other amniotes is also
analyzed. The main microscopic features of the process of regeneration in the tail
and limbs are introduced. The last section considers some different local or
systemic factors influencing lizard regeneration or failure, and concludes with
an analysis of the possible influence of the immune system on the process.

The second and third chapters deal with the ultrastructural and cellular analy-
sis of the process of regeneration of the tail compared with the process of
cicatrization of the limb. The two chapters allow one to appreciate some of the
differences in cell composition between the injured tail and limb, which will
determine the successful regeneration in the tail in contrast to the failure of
regeneration in the limb. In the latter, the cellular aspects of inflammation are
stressed in comparison with mammalian inflammation, granulation tissue forma-
tion, and repair. The third chapter finishes by introducing some immunological
analyses of growth factors, intercellular matrix proteins, and keratins expressed
during tissue regeneration in the lizard.

The fourth and final chapter briefly stresses the utility of lizards as a model
system for studies on tissue regeneration in amniotes and what lizard regenera-
tion can teach us in terms of the consequences for medical treatments of human
injuries, wound healing, and possible recovery.

x Foreword
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Chapter 1
Regeneration in Reptiles and Its Position Among Vertebrates

The analysis of the distribution of the regenerative power in Eumetazoa indi-
cates that many phyla include species where regeneration is present, sometimes
in species very similar to species that do not show any regenerative ability
(Reichman 1984; Goss 1987; Alvarado 2000; Brookes et al. 2001). This observation
suggests that when some conditions are present and receive a positive selective
pressure, an organism, even a complex one, can regenerate lost parts.

In vertebrates an uneven distribution of the regenerative power of tissues and
organs is present, but epimorphic regeneration (regeneration from localized body
regions) is very limited, mainly to fins in some fish, to many organs in aquatic
amphibians, and to the tail of lizards. Vertebrates possess a complex histological
composition, and dedifferentiation of some tissues appears to be the prevalent
mechanism capable of forming a regenerative blastema of mesenchymal cells in
contact with a wound epithelium (Han et al. 2005). Dedifferentiation is not
necessary or occurs only partially in tissues where stem cells are present and
contribute to the formation of the regenerative blastema (VanBekkum 2004). The
formation of a minimal mass of mesenchymal cells capable of proliferation and
successive differentiation into specialized and functional tissues is critical for
organ regeneration.

The process of regeneration is probably monitored by a number of regulatory
checkpoints that control dangerous and uncontrolled proliferation (Alvarado
2000). Whereas successful regeneration implies that all the regulative steps are
passed positively, failure of regeneration can derive from not fulfilling one or a
few of the requirements of these checkpoints. In particular, in amniotes there are
multiple regeneration barriers that prevent limb regeneration. These barriers are
represented by biological processes related to a variable inflammatory response
(Ferguson and O’Kane 2004), the neurotrophic influence (Singer 1978), and the
lack of an apical cap epidermis for sustaining organ growth (Han et al. 2005).

In general, in vertebrates the power of restitutive regeneration decreases from
urodele amphibians to larval anuran amphibians and fish, then to some adult
anuran amphibians and reptiles (lizards), and finally birds and mammals. Restitu-
tive regeneration is almost absent in birds and mammals (Schmidt 1967; Goss 1969,
1987; Bryant 1970; Reichman 1984; Tsonis 2002; Galis et al. 2003; Han et al. 2005;



Maginnis 2006; Carlson 2007). Also in the modern literature on regeneration
studies, the capability of tissue or organ regeneration in reptiles, even the note-
worthy regeneration of the tail in lizards, is named in few cases. The process of
reptilian tissue regeneration, for unclear reasons, has been almost completely
underestimated and neglected in the last 30 years.

1.1
Regeneration in the First Amniotes, the Reptiles

Reptiles are amniotes, and from reptilian ancestors both sauropsids (extant
reptiles, including birds) and mammals originated over time (Colbert et al.
2001). Anatomically and physiologically, extant reptiles differ in many aspects
from mammals but their histological features are quite similar, definitely more
than between mammals and amphibians, making them an attractive model to
study tissue and organ regeneration, in particular considering the outstanding
regeneration capability of lizards.

For unclear reasons, the study of lizard regeneration, and of reptiles in general,
has always been very limited in comparison with research performed on the other
vertebrates, and the ability of reptilian tissues to regenerate in particular has been
greatly neglected. Aside from the relative difficulty (perhaps unpleasantness) of
working with reptiles, another reason may be related to the idea that the lizard
model has been (erroneously) considered too distant from the human situation
(see the discussion in Simpson 1970, 1983; Simpson and Duffy 1994). Most
information about reptilian tissue regeneration derives from the study of the
regenerating tail of lizards, an organ that measures a few centimeters in length
in most of the species studied. A few other examples of organ regeneration among
reptiles include regeneration of the tail and jaws of crocodilians and the shell of
turtles (Bellairs and Bryant 1985; Carlson 2007).

Reptiles can be regarded as vertebrates with intermediate regenerative ability,
lower than that of cyclostomes, fish, and amphibians (anamniotes) but higher
than that of homeothermic amniotes (birds and mammals). In particular, lizards
can regenerate many tissues, including nerve cells, part of the lower mandibular
arch, and parts of the limb, and have a noteworthy ability to regenerate the tail
(Simpson 1961; Bryant 1970; Bellairs and Bryant 1985; Figs. 1.1, 1.2). Caudal
regeneration, however, varies in different species of lizards, from the restitution
of most of the original tail length to the production of short knobs (Fig. 1.1a–j).
The caudal spinal cord, but in general not more rostral parts of the cord (lumbar
or thoracic), can regenerate, producing a simple spinal cord (Simpson 1968, 1983;
Egar et al. 1970; Alibardi 1990–1991). The regeneration of the spinal cord in the
lumbar and thoracic regions, however, deserves more study in relation to still-
unexplained reports (see later).

Lizards can repair large amputations of the maxilla and mandibular arch with
the initial production of a cartilaginous tissue that can later calcify. The lens of the

2 Regeneration in the First Amniotes, the Reptiles



Fig. 1.1 Gross aspects of regenerating tails in different species (a–j), regenerating tails
(k–q), and growth curves for tail regeneration in different species (r–s). a A blastema of
about 45 days in a juvenile of the tuatara Sphenodon punctatus (the arrowhead indicates the
amputation point). Bar 1 mm. b Blastema of 15 days in the gecko Tarentola mauritanica
(the arrow indicates the fracture point). Bar 1 mm. c Elongating tail (the arrow indicates the
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eye can partially regenerate, and a good regeneration is present in the optic nerve,
capable of remaking anatomical (but not functional) connections with specific
regions of the optic tectum (Beazley et al. 1997; Dunlop et al. 2004). Also part of
the cerebral cortex and of the optic tectum of the mesencephalon can regenerate
(Minelli et al. 1978, 1980; Del Grande et al. 1981; Lopez-Garcia et al. 1992).

Bone fractures are efficiently repaired, more rapidly at higher temperatures
(32–37�C), and two different mechanisms are involved in the healing process. In
long bones, such as the femur and the humerus, the fracture results in the
formation of cartilage (secondary cartilage) from the periosteum (Pritchard and

Fig. 1.1 (continued) amputation level) and an induced regenerative cone (arrowhead) after
spinal cord implantation in the lacertid Podarcis muralis. Bar 2 mm. d Club-like regener-
ated tail of about 2.5 months in the agamid lizard Agama agama (the arrow indicates the
fracture point). Bar 1 mm. e Short regenerating cone of the limbless anguid lizard
Chalcided chalcides (the arrow indicates the breaking point). Bar 1 mm. f Elongating
cone of the scincid lizard Leiolopisma nigriplantare maccanni (the arrow points to the
breaking point). Bar 2 mm. g Broken tail of P. muralis showing that a second regenerative
blastema (arrowhead) is forming near the proximal broken tail in addition to the normal
regenerating cone (arrow). Bar 1 mm. h Supernumerary tail (double arrowhead) of about
4 weeks in P. muralis derived from an autotransplant of a small piece of cartilaginous tube
containing ependyma. An elongating cone (arrowhead) is regenerating on a previously
regenerated tail (arrow). Bar 2 mm. i Double tail (the arrow indicates the normal regener-
ated tail, the arrowhead points to the supernumerary tail) in S. puctatus. Bar 1 mm. j Long
supernumerary tail (arrowhead) of about 5 weeks in Podarcis sicula derived from an
autotransplant of the spinal cord. The arrow indicates the normal regenerated tail. Bar
2 mm. k Tail blastema with ependymal ampulla (double arrowhead), procartilaginous
aggregates (arrow), and promuscles (arrowhead). l Progressive stages of tail regeneration.
m The regenerating tail and the localization of the new adipomeres (fat bodies) and
muscles. n Organization of the regenerated, segmented muscles (arrows on the intermus-
cular planes). o Regenerating scales (bottom image). The detail (indicated by the white
arrowhead) shows the entire sequence of scale regeneration, from the initial epidermal peg
by the tip of the tail (arrowhead) to the deep peg with formation of the shedding line
(arrows). Beneath the shedding line a new b-layer is formed and neogenic scales are formed
with an outer and an inner surface underneath the shedding epidermis (dashes on the
right). p Top: the passage region (square) from normal and regenerating spinal cord. The
regenerating spinal cord (bottom image) is made of ependymal cells with a few neurons
(arrowheads). The cross section of the ependymal tube and the axonal channels (arrows) is
shown at the bottom left. q Regenerated nerves into the new tail (arrows) that are connected
to the last three hypertrophic spinal ganglia (compare their size with the size of the two
more proximal ganglia on the right). The apical part of the regenerating ependymal tube is
enlarged into the ependymal ampulla. r Variation in growth curves of regenerating tails in
lizards under different temperatures (P.m., P. sicula; L.d., Lampropholis delicata; L.n.m.,
L. nigriplantare maccanni; H.m., Hoplodactylus maculatum). s Growth curves of the
regenerating tail of S. punctatus at 22–24�C. b b-keratin layer, c cartilage/cartilaginous
tube, ep ependymal ampulla, h hinge region among scales, i inner scale surface, li lipid-
containing (fat) tissues, mu muscles, nt normal tail (stump), o outer scale surface, rsc
regenerating spinal cord, s scales, sc spinal cord, st stump of the normal tail, tr transition
zone between normal and regenerating spinal cord, v vertebrae, w wound epidermis
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Fig. 1.2 Gross view of hindlimb amputation in P. muralis (a–f) and S. punctatus (g),
histological aspects of regenerating limbs in P. muralis (h, i), and hindlimb regeneration
in P. muralis (j–r). a Stump covered by a scab (arrow) after 4–5 days from the amputation.
Bar 1 mm. b Twenty days after amputation a regenerative cone is formed (the arrow
indicates the amputation level). Bar 2 mm. c Twenty-five days after amputation an
elongating cone is present (the arrow indicates the level of amputation). Bar 2 mm.
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Ruzicka 1950). Also, vertebrae can reform hemal and neural arches through the
formation of cartilaginous bridges (Alibardi, personal observations; see the later
description). However, in dermal bones of the skull no secondary cartilage is
produced, and only osteoblasts repair the broken bone with new bone (Irwin and
Ferguson 1986).

Amphisbaenids (fossorial lizard-like reptiles) do not possess autotomy planes
(preformed breaking points) in the tail and do not regenerate a new tail (Bellairs
and Bryant 1985). Not much is known about regeneration power in snakes, which
do not seem to be able even to regenerate the tip of their tails (Alibardi, personal
observations), contrary to previous, occasional assertions (Fraisse 1885). Skin
recovery has been reported (Maderson 1971; Maderson et al. 1978; Smith and
Barker 1988) but no data on the regeneration of inner organs in snakes are
available in the main literature. Also the fracture of dermal bones of the skull is
rapidly repaired without production of secondary cartilage (as instead occurs in
mammals and birds) but through a direct reossification (Irwin and Ferguson 1986).

Also, the living fossil Sphenodon punctatus (sphenodontids, lepidosaurians), a
lizard-like reptile with a complete diapsid skull presently living on few offshore
islands of New Zealand, has regenerative power similar to that of agamid lizards
(Fig. 1.1a, d, i). The process of tail regeneration is very slow (compare Fig. 1.1s
with Fig. 1.1r), and needs over 1 year to reform a stiff and often blunt squamous
tail (Woodland 1920; Byerly 1925; Alibardi, personal observations). Inside the
regenerated tail, large masses of muscle myomeres, a cartilaginous tube longer

Fig. 1.2 (continued) d Twenty-five days after amputation in a case with a bending out-
growth (the arrow indicates the level of amputation). Bar 2 mm. e A 40-day regenerated
limb with a bent outgrowth forming and angle (arrowhead). The arrow indicates the level of
amputation. Bar 2 mm. f Thin and short outgrowth (arrowhead) over the stump at about
30 days after amputation (the arrow indicates the level of amputation). Bar 1 mm. g Scar
over the limb stump of a juvenile tuatara at 3 months after amputation (the arrow indicates
the amputation level). The limb was lost following accidental injury. Bar 2 mm. h Longitu-
dinal section of a regenerating limb of about 25 days showing muscle bundles (arrows)
among dense connective tissue. Bar 40 mm. i Short outgrowth of about 1 month (like in f)
showing connective tissue and large blood vessels (arrow), whereas most muscles remain in
the stump. The arrows indicate epidermal pegs of neogenic scales of the limb scar. Bar
40 mm. j–m The sequence of limb regeneration leading to scarring (j, k), short outgrowths
(l), or tail-like appendages in rare cases (m). n–p Regenerated limbs of different extension
and anatomical complexity produced after amputation. The cartilaginous, partly calcified
rod can occupy most of the outgrowth (arrow in n) or only the proximal part (arrows in o,
p), whereas the remaining organ consists of dense connective tissue and muscle bundles
(arrowheads in o–q). q The anatomical structure in cross section (arrows indicate bones,
arrows indicate muscles) and r the skeleton of a tail-like appendage found in nature. In r,
1 represents the distal extremity of the femur, 2 corresponds to the fibula and tibia, 3 to the
tarsal and metatarsal region, and 4 to the phalanx, possibly corresponding to the second
toe. b original bone (femur), bv blood vessels, e epidermis, rc regenerated cartilaginous rod,
rm regenerated muscle bundles, s scales, st stump. (n–pModified fromMarcucci 1930a; q, r
modified from Marcucci 1925)
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than 10 cm in larger individuals together a variety of tissues and a rudimentary
spinal cord are regenerated (Fig. 1.1k–q). The skin regenerates smaller scales with
a different morphological pattern of distribution with respect to those of the
original tail. However, the structure of the epidermis is similar to that of previous
scales (Alibardi 1999; Alibardi and Maderson 2003). Like in lizards, also the limb
in this species cannot regenerate (Alibardi, personal observations; Fig. 1.2g).

In chelonians (turtles and tortoises) part of the damaged shell can be repaired
and new osteoderms (dermal bones) are formed beneath the horny scutes, but the
new scales appear with irregular morphology in comparison with the original
scutes (Bellairs and Bryant 1985). The healing process takes over 1 year, depend-
ing on the extent of injury, and the recovered area of the shell is covered with
atypical scales. Tail regeneration generally does not occur in Pseudemis nelsonii
and Chrysemis picta (Alibardi, personal observations), but a possible regeneration
of the tail has been reported in the turtle Emydura sp., although no histological
details are available (Kuchling 2005).

Finally, occasional cases of tail regeneration have been observed in crocodi-
lians (crocodiles, alligator, caiman; Bellairs and Bryant 1985; Webb and Manolis
1989; Carlson 2007). The new tail can measure over 40 cm in length and the
segmented vertebrae of the amputated tail are replaced with a calcified rod of
cartilage. The histological aspects of this process are not known but it probably
occurs like the process that takes place in the lizard tail, but over a much longer
period. The frequency of this phenomenon in crocodilians is not precisely known,
but it seems to be very low. Also, in some cases of extensive but not lethal injury to
the maxilla, a large portion of the skeletal tissue is regenerated as cartilaginous
tissue over a period of 2–3 years (Brazaitis 1981).

1.2
Significance of Tail Regeneration in Lizards: Zoological Background

It is not clear why only lizards among reptiles (squamates, lepidosaurians) and
amniotes, in general, have such a remarkable capability to regenerate a large
organ such as the tail, made of many complex tissues. Most of the other reptilian
groups, chelonians and crocodilians, have a lesser ability to regenerate large
organs, like in birds and mammals, in general not even in the tail. What makes
the lizard tail such a remarkable organ for the process of regeneration?

We start to address this problem by citing recent studies on the evolution of the
scarring process in amniotes that have indicated the following considerations on
the biological significance of wounds (Ferguson and O’Kane 2004). Large wounds
such as limb loss are often fatal and therefore not subject to selective pressure for
regeneration. Small wounds are instead subjected to a strong selective pressure for
walling-off the penetration of microbes by a strong inflammatory reaction leading
to rapid healing and then to scarring. Wounds of intermediate size, e.g., large
stubs or partial loss of stromal tissue compatible with survival, are those more
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Fig. 1.3 Embryonic development of the tail and vertebral column in Lampropholis guiche-
noti at embyonic stage 29 (a, b) and in P. sicula at embryonic stage 30 (c) and embryonic
state 34 (d) according to Dufaure and Hubert (1961). e–h Autoradiography images of
Anolis lineatopus at stage 35, derived from a single injection (pulse) of tritiated thymidine
(c–h; see details in Alibardi 1996c). a Elongating tail with the terminal bud made of
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exposed to selective pressure. The latter condition applies for the tail loss of
lizards, an important but not always essential organ.

Lizards constitute about 3,300 species of tailed, medium-small diapsid-derived
reptiles, and represent the largest groups of modern reptiles, the Squamata,
together with snakes and amphisbaenids (Evans 2003). Lizard progenitors (fully
diapsid eosuchians) evolved from the Mid Triassic into different lineages, but
complete lizard characteristics are fully present in the fossil record only from the
early Jurassic. More or less elongated tails with numerous vertebrae have been a
constant characteristic for lizards since their early history (Bellairs and Bryant
1985; Evans 2003). It seems that a basic group of lizard-like eosuchians (Paligua-
nidae) from the Triassic, from which possibly various lizard families later evolved,
did not possess autotomy planes in their tail vertebrae. Autotomy planes are
prefracture planes, laminar regions of tissues along which the fracture of the tail
can occurs under various stimuli (grabbing, biting, or simply scaring the lizard
that behaviorally releases the tail). Osteological indications of autotomy planes,
however, have been detected in some fossils of lepidosaurians and mesosaurs
(large aquatic lizard-like reptiles), suggesting that autotomy evolved indepen-
dently in some lizard groups but was absent in other lizards of the Jurassic. The
lack of autotomy planes in some extant lizards supports this notion (Arnold
1984).

One reason for the successful tail regeneration in lizards might be linked to
the process of autotomy (Vitt 1983; Reichman 1984; Goss 1987; Arnold 1990;
Maginnis 2006), a preadaptative antipredatory device of tail release that can be
associated with the need to regenerate the tail. The tail is an organ derived from
the tail bud of the embryo, a growing organ with an unknown capability to
preserve a reservoir of stem cells left from the embryo. In fact, recent studies
seem to indicate that stem cells are indeed retained in the tail (Alibardi, personal
observations; see Fig. 1.3 and the later description).

Fig. 1.3 (continued) mesenchyme. Numerous tail somites (arrows) are present. Bar 100 mm.
b Detail of caudal sclerotomes of the autotomous region among which a fissure is present
(arrows) that will form the autotomy planes. Bar 25 mm. c Tip of the tail with the axial cord
and a condrifying intercentrum (arrows). Bar 25 mm. d Longitudinal section of developing,
cartilaginous vertebra showing a detail of the gaps in the neural arch (arrow) and the
vertebral centrum (arrowhead), from which the intravertebral slits will be formed. Bar
15 mm. e Thymidine-labeled cells localized along the dorsal intermuscular plane (arrows).
Labeled cells are also seen along the periosteum (arrowheads) along the vertebral body. Bar
40 mm. f Detail of thymidine-labeled cells (arrowheads) near the vertebral splitting (arrow).
Bar 10 mm. g Detail of the interadipose septum with thymidine-labeled cells (arrows) and
intermuscular labeled cells (double arrows). Bar 10 mm. h Detail of labeled cells (arrows)
within the intermuscular connective tissue of tail muscles. The arrowhead points to labeled
cells of the perichondrium of the neural arch. Bar 10 mm. ad adipose tissue, bm bone
marrow, c cord, ft fat tissue (adipomeres), mu muscles, na neural arch, ns neural spine
(cartilaginous), s scale, sc spinal cord, sl sclerocele (celome), st somite, TH thymidine
autoradiography, v vertebral bone

◂
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In some cases regeneration occurs from autotomy planes (intravertebral
regions) but also intervertebral fractures allow for tail regeneration. The process
of tail regeneration is even believed to have evolved from a primitive, intraver-
tebral autotomy plane (Arnold 1984, 1990). Some studies in geckos and lacertids
have reported that, even when the tail is sectioned at a different and nonautono-
mous level, the stump is soon ablated at the closest autotomy plane (Werner
1967b). The latter author showed that there is a latent period after tail injury and
before the formation of the blastema in which one quarter of the distal vertebra
close to the stump surface was ablated along an autotomy plane from which the
process of regeneration of the tail is started. In other lizard species, however, tail
regeneration can also start after sectioning the tail tissues outside autotomy
planes. Also, the possibility to regenerate a tail from a previously regenerated
tail (devoid of autotomy planes) demonstrates that tail regeneration does not only
have to begin from autotomy planes. In other species of lizards, intervertebral
regeneration is also possible. Autotomy planes have not been described in other
reptilian groups, such as in snakes, turtles, and crocodilians, which are unable to
regenerate (Bellairs and Bryant 1985).

Various indications suggest that a rapid regeneration is associated, to autotomy,
and probably evolved in small lizards, in conjunction with tail behavior and
autotomy for avoiding or escaping predation (Congdon et al. 1974; Arnold
1984, 1990). Tail regeneration is absent or rare in species of large size or where
autotomy does not take place (Werner 1968; Vitt 1983; Bellairs and Bryant
1985; Fitch 2003; Maginnis 2006). Although prevalent among lizards, tail
regeneration does not occur in all lizard species, and the final output can be
limited, producing sort tails, 20–30% of the original tail length, medium-sized
tails (50–60% of the original tail length), or long tails, nearly 80–90% of the
initial tail length. A systematic analysis has been presented (Arnold 1984;
Bellairs and Bryant 1985; Maginnis 2006), and it shows the numerous varia-
tions of regenerative potential in the different lizard families analyzed. In the
following discussion, we only cite some representative examples.

It is known that many agamid lizards and Sphenodon can regenerate short,
often stubby tails (Fig. 1.1d), anguids form short tails over a long period (more
than 1 year in the blindworm), and scincids and iguanids regenerate medium-long
tails (Fig. 1.1e, f). Also, teiid lizards regenerate short tails (Vitt 1983). Long
regenerated tails are formed in many geckonids and lacertids (Fig. 1.1c, g, h, j).
Numerous variations in the size and length of regenerated tails, however, also
occur among different genera within lizard families (Arnold 1984; Bellairs and
Bryant 1985; Maginnis 2006).

In general, large lizards such as varanids or specialized arboreal species such as
chameleontids show a limited or even absent regeneration capability. In scincids,
tail regeneration is completely absent in the Australian fence skink, Chryptoble-
pharus virgatus, which does not drop the tail, whereas it is common in the
sympatric garden skink, Lampropholis guichenoti, which can shed its tail if
provoked (Alibardi, unpublished observations).
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The iguanid lizard Crotaphytus collaris does not regenerate the tail after
amputation, whereas other species living in the same area but with different
ecological adaptations are capable of regenerating the tail (Fitch 2003). Another
case is the agamid Calotes versicolor, which cannot regenerate the tail in natural
conditions (Woodland 1920). A further case of an iguanid lizard with poor or
absent tail regeneration is Polychrus acutirostris (Vitt 1983). In all nonautotomous
species, the scaling pattern and tail muscles show a lack of preadaptation to
autotomy, and then likely to tail regeneration. Whereas in geckos and many
autotomous lizards tail scales are arranged in rings, scales are alternated in
nonautotomous lizards such as C. versicolor. Likewise, long, inner muscles are
present around the vertebral column in C. versicolor, impeding tail breakage and
no tail regeneration will follow. Conversely, short or even degenerated muscles are
present in geckos, allowing tail breakage, and these are anatomical preadaptations
to autotomy and, likely, to tail regeneration. The autotomy planes extend from the
vertebrae to intermuscular connective tissue, and even to the dermis (Quattrini
1952a, b, 1953a, b, 1954, 1955; Furieri 1956; Bellairs and Bryant 1985). In fact, not
only tail muscles and adipomeres, but also vertebrae until the spinal cord present
autotomy planes. The spinal cord in Podarcis sicula is thinner at the same level of
autotomy planes of the autotomous region of the tail (located after the fifth distal
vertebra), otherwise in nonautotomy planes (more proximal region of the tail) no
periodic thinning of the spinal cord is present. The blood vessels such as the
caudal artery and veins are broken after the valves so that bleeding is impeded
after autotomy.

The above zoological indications suggest that autotomy in lizards evolved as a
means to escape predators and then regeneration evolved to replace the autoto-
mous tail, and such a remarkable power of regeneration may have evolved later by
a positive selective pressure, maybe in the Jurassic or the Cretaceous (Bellairs and
Bryant 1985). If the premises are roughly correct, this means that tail regeneration
was a derived characteristic of lizards, and that the cellular mechanisms that allow
this broad regenerative capability are relatively recent in the history of lepido-
saurians (150 million to 180 million years ago).

Variability in regeneration is not exclusive to lizards, and has also been found
in the “champions” of regeneration, the salamanders (Scadding 1977). Out of
seven species analyzed, two species are not capable of limb regeneration and two
others are poor regenerators. Also, the tail has different capabilities, according to
the presence or absence of a basal constriction in the tail where the autotomy
plane can allow tail release (Wake and Dresner 1967; Mufti and Simpson 1972).
Therefore, also in amphibians there seems to be a correlation between tail
autotomy and regeneration, and in general larger species cannot lose and regen-
erate their tails (Scadding 1977; Reichman 1984). The limb in larger species takes
longer to regenerate (Gianpaoli et al. 2003).

Also, the selection of the social status given by the tail during lizard evolution
might have favored the selection of a rapid process of tail regeneration. Some
lizard species that drop the tail also lose their social rank but can regain it after tail
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regeneration, like in the lizard Uta stonsburiana (Fox and Rostker 1982). In the
agamid lizard Agama agama, where the tail is used for whipping other individuals
during agonistic events, tail loss results in the regeneration of a partial tail
terminating in a club-like fashion (Fig. 1.1d), very effective when the tail is
whipping other individuals (Schall et al. 1989). In the similar and sympatric
species Agama stellio, where whipping behavior is absent, the regenerated tail is
short and tends to taper without forming a club-like ending.

In lizards the tail also represent a storage organ for fats (sometimes more than
50% of the body fat), and this is even more so in a regenerated tail (Congdon et al.
1974; Daniels 1984). The evolution of a rapid process of tail regeneration has, in
general, permitted a better survival chance for lizards, and no doubt it represents
an adaptive mechanism for the survival of many species (Arnold 1990; Fitch 2003;
Clause and Capaldi 2006). The regeneration of the tail, although it is imperfect in
comparison with the original tail, represents a positive trait selected during
adaptation of some species to their specific environment. The understanding of
the events that have reactivated the remarkable morphogenetic process of tissue
regeneration in adult amniotes such as lizards would provide useful information
for the understanding of processes that can reactivate the regenerative capability
in mammals.

According to the above descriptions, it appears that in lizards capable of tail
regeneration, the remarkable process of regeneration of a nonvital organ has been
selected to favor metabolic survival, speed of movement, prehensility, reproduc-
tive behavior, social status, etc. The regenerated tail is a large organ relative to the
rest of the body of the animal, up to 40–45% of the body mass in some species. On
the bais of the above discussion, the following hypothesis on the evolution of tail
regeneration in lizards can be proposed.

Initially, basic eosuchian lepidosaurians were not capable of autotomy and
regeneration. In the case of attack by a predator, or interspecific competition or
accidental injury, these lizards either perished or survived by more or less
extensive loss of part of the tail (aside from other damage). Because the loss of
the tail was compatible with survival, the recovery of the tail needed a rapid
process of wound healing, probably leading to scarring, like in mammals. As
compatible with survival, the loss of the tail was subject to evolutionary pressure
acting on the selection of an autotomous organization of the tail, which led to the
selection of connective autotomy planes. The latter minimized injuries while
smaller or larger parts of the tail were lost.

The origin of the relatively fragile connective planes among tail fat tissue and
muscles (originating from myotomal connective tissue) occurred by the localiza-
tion of poor fibrogenic fibroblasts, not secreting a high number of collagen fibrils.
Among these cells, true stem cells with a mesenchymal-like aspect and some
pluripotentiality in their differentiation were probably present, as indicated
from recent studies (see the later discussion). The break of the tail along the
connective planes allowed extensive tissue damage to be avoided, especially in
the vertebrae and muscles, and resulted in little inflammation and minimized
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scarring. A mesenchymal population of cells present in the septa could also
accumulate on the surface of the autotomy plane under a wound epithelium
that rapidly covered the stump. When the mesenchymal population reached a
certain, critical, mass underneath the wound epithelium, the establishment of a
trophic dermal–epidermal interaction (a sort of Apical Epidermal Ridge, AER or
apical epidermal cup, AEC) was reached. This led to the distal growth of the
mesenchymal mass (the blastema) and then to tail regeneration.

The hypothesis presented above can explain why no limb regeneration could
evolve in lizards. Because the limb cannot be lost without having a great effect on
survival (lizards cannot escape fast and cannot run away with high speed without
a limb), injury to the limb is generally fatal in the wild for a lizard. If the animal
survives, the limb stump is rapidly turned into a scar. Whereas selection acted
positively in lizards with autotomy planes for tail regeneration, this was not the
case for the limb, a more essential and vital organ even than the nonautotomous
tail. Limbs therefore do not regenerate in all lizards, in particular the distalmost
part, the autopodium (arms and feet).

We can now compare the limb failure in lizards with limb regeneration in
aquatic amphibians (urodeles). In the latter, the loss of a limb is not so essential
for survival as the loss of the tail (often with autotomy planes), which is more
essential for swimming away than limbs (Scadding 1977; Reichman 1984). Differ-
ently from lizard limbs, the urodele limb (and the tail) had the chance to succumb
to an evolutionary pressure leading to limb regeneration. Among the main pre-
adaptations for the selection of limb regeneration in urodeles was the neotenic
state of adult urodeles (embryonic characteristics in sexually mature individuals),
which suggests the presence of numerous stem cells in the limb. Another factor is
the high innervation (mainly sensory) of the limbs in urodeles (higher than in
lizards; Zika and Singer 1965). In urodeles, limbs are perhaps more useful for the
sensorial exploration of the environment than for walking in water. Therefore,
limb loss in urodeles is not so vital as in lizards, and the limb can be subject to
evolution for regeneration. Also, limbs in urodele amphibians have a nervous
dependence for their regeneration (Singer 1978).

Another favorable characteristic for regeneration in amphibians is that the
wounded epidermis seals the stump in a few hours over the small stump surface of
these small vertebrates. In fact, reepithelialization takes 4–6 h in tadpoles, 12 h in
adult newts in contrast to 5–8 days for the lizard tail stump, and 15–20 days or
more to seal the stump of the lizard limb. The rapid reepithelialization of small
stumps of amphibians minimizes the penetration of microorganisms and the
consequent inflammation or infection, favoring the formation of a regenerative
blastema. Some of the largest amphibians cannot regenerate their limbs, another
indication that the size of an organ is also important in the selection of a
regenerative process (Scadding 1977). The above discussion has indicated the
basic biological requirements for an organ to evolve a process of regeneration.
However, the cell and molecular processes that govern organ regeneration, even in
urodeles, remain largely undiscovered (Mesher 1996; Odelberg 2005).
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1.3
Regeneration in Lizards: Growth Rates

The growth rate for tail regeneration varies according to environmental condi-
tions, and fluctuates with daily temperatures and different seasons. Under con-
trolled parameters (temperature and photoperiods), as obtained in laboratory
conditions, regeneration rates are more constant and optimal. Some growth
curves for tail regeneration in different species of lizards and in S. punctatus are
presented in Fig. 1.1r and s. Further information on the growth rates for tail
regeneration in other species are indicated in the following examples. The latter
are meant to give a general idea on the length and stages for tail regeneration in
lizards. More and systematic details on the rate of regeneration in several lizard
species are summarized in Bellairs and Bryant (1985).

Under temperate environmental conditions (around 30–32�C when basking to
15–17�C at night in summer), the gecko Hoplodactylus pacificus showed a growth
rate of 0.23–0.26 mm/day, and the skink Leiolopisma zelandica showed a growth
rate of 0.16–0.37 mm/day in different individuals (Brawich 1959). The eastern
dragon agamid, Physignatus leusueuri, under natural conditions showed a vari-
able increase in the length of the regenerating tail from 0.21 to 0.77 mm/day
(Hardy and Hardy 1977). Other rates of growth can be found in different accounts
(Werner 1966; Bellairs and Bryant 1985).

Growth rates also vary according to the level of amputation, and are higher in
tails lost in the proximal (autotomous) part of the tail (Bryant and Bellairs 1967a;
Tassava and Goss 1966; Baranowitz et al. 1979). Low temperatures (below 22�C)
delay the process of wounding and blastema formation. The growth is also faster
from the conic blastema stage (Fig. 1.1g) to the prescaling elongated tail phase
(Fig. 1.1c). In Anolis carolinensis under laboratory conditions, the fastest growth
rate occurs during the seventh and the eighth weeks after amputation. In P. sicula
the maximum rate of growth occurs between 2.5 and 3.5 weeks after amputation
under summer conditions (over 32�C in the sun and not less than 22�C during the
night; Alibardi, personal observations). Growth rates have been better quantified
under laboratory conditions for A. carolinensis (Maderson and Licht 1968). In this
species the growth rate is 1.5 mm/day from 14 to 28 days after amputation (the
fastest period of tail regeneration in this species) at constant 32�C, but falls to
0.15 mm/day at 21�C from 28 to 45 days after amputation, and even less after this
period.

The amputation of the tail at very rostral levels (preautotomous tail region
present in some species) is followed by the formation of smaller regenerates or no
regenerated tail at all, so the lizard remains with a scar or a short stub. Although
this was initially associated with the lack of the regenerative territory for the tail
(Guyenot 1928), more recent information suggests another explanation. As previ-
ously indicated for the lack of tail regeneration after tail amputation in embryonic
lizards, also in the case of the elimination of the tail it is likely that also the entire
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reservoir of stem cells contained in the tail is probably eliminated. This condition
may lead to the lack of regeneration, but further studies are needed on this point.

1.4
Embryos of Lizards Fail To Regenerate Limbs and Tail

In mammalian embryos, tissue regeneration and organ regeneration appear more
efficient than in adults (Adzick 1992; Nodler and Martin 1997). This is not the case
for lizard embryos, where not only the limbs but also the tail cannot regenerate
after amputation (Marcucci 1915a; Moffat and Bellairs 1964; Bryant and Bellairs
1967b, 1970).

The lack of tail regeneration in embryos occurs when the embryos are operated
on at relatively early embryonic stages according to Dufaure and Hubert (1961).
The amputation of the tail at stages 30–33 (palette stage, when digits are forming
and the tail bud is elongating) produces hatchlings without the tail. Also, ampu-
tation at later stages (stages 34–37, when digits are growing, the interdigital
membrane is resorbed, and the tail is elongating) results in tail loss in hatchlings
(no tail regeneration). Conversely, the partial amputation of the tail in the last
embryonic stages (stages 37–40 with a long tail and limbs largely scaled) often
leads to the regeneration of the tail (Moffat and Bellairs 1964; Bryant and Bellairs
1970). The lack of tail regeneration in the embryo has been associated with
mechanical inhibition of the extensive blood clot or with the injury produced
after the surgery that stimulates cicatrization (Marcucci 1914). Another interpre-
tation has indicated that the coverage or even the constriction of the amniotic
membranes over the tail stump of the embryo often results in autoamputation of
the tail and inhibition of tail regeneration (Bryant and Bellairs 1967b).

Knowledge of the modality of formation of vertebrae in the tail of lizards
during embryogenesis can give important clues to the process of tail regeneration,
especially in relation to the possible presence, proliferation, and accumulation of
stem cells in the tail during embryonic development. The anatomical planes of
autotomy are formed during late embryogenesis (from stages 33–36 according to
Dufaure and Hubert 1961) as myomeres, lipomeres, and sclerotomes are formed
with a segmental organization along the notochord (Quattrini 1954; Werner 1971;
Bellairs and Bryant 1985; Fig. 1.3a, b). The first authors to analyze the formation of
autonomous vertebrae in lizard embryos considered the origin of the vertebral
split as secondary and occurring during ossification of the cartilaginous vertebra
(Bellairs and Bryant 1985). According to these authors, the split originates from
the widening of the bone marrow contained in the center of vertebrae or from the
nonossification and resorption of the cartilage along the splitting line. Some
mesenchymal (stem?) cells present in the vertebral split may therefore derive
from bone marrow elements and migrate to the peridural space of vertebrae
(Quattrini 1954; Alibardi, unpublished observations). Some studies have indeed
reported that in samples of lizard embryos studied at the cartilaginous stage of
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vertebral morphogenesis, the intravertebral splitting line is not yet formed but
appears only after ossification of the vertebra (Bellairs and Bryant 1985).

More recent authors, however, have considered the presence of autotomy
planes within vertebrae (vertebral splits) as a primitive character of these verteb-
rae among most lizards. The splitting process has been lost in few families of
lizards and has been conserved in most families (Werner 1971; Bellairs and Bryant
1985). In fact, in some species (iguanids) the split is initially present but is
later lost when presclerotomes and postsclerotomes merge to form the mature
vertebra. According to the latter studies most trunk and nonautotomous tail
vertebrae derive from the fusion of the hemisclerotomes, so the postsclerotome
of one somite merges with the presclerotome of the following somite. However, in
the autotomous caudal region, the two hemisclerotomes remain separated by the
somite epithelium, and this split gives rise to the vertebral split after the cartilage
has become ossified (Fig. 1.3a, b). The interadipose and intermuscular autotomy
planes also derive from the fusion of the cutaneous lamina of two successive
somites (Quattrini 1954).

After the axial notochord has been replaced by cartilage, a discontinuity
remains in the cartilaginous verbal body and neural arch at the same level
where the autoitomous planes (Fig. 1.3c, d). Studies after administration of
tritiated thymidine or 5-bromodeoxyuridine (5BrdU) in lizard embryos during
late vertebral morphogenesis have indeed shown that the cells that retain the
labeling for a long time (12–20 days) are often present along the autotomy planes
of the dermis, intermuscular connective tissue, and around the vertebral split
(Fig. 1.3e–h). These cells are likely slow-cycling cells, a typical characteristic for
stem cells. Cells of other tissues where rapid cell proliferation takes place (epider-
mis, dermis, muscles, etc.) show most nuclei with diluted silver grain density or
are completely unlabeled after 12–20 days from the injection of the DNA pre-
cursors (Alibardi, unpublished observations).

At the end of development, the intravertebral plane split contains a loose
mesenchyme with some cartilaginous cells (Quattrini 1954; Werner 1967a, b,
1971). Vertebrae of the caudal autotomous regions are held together by the
cartilage and the elastic sheath of the cord, and by the cartilage rim surrounding
the body of the vertebrae. Between the two surfaces of the vertebral split, a loose
mesenchyme remains, and it is a continuation of the mesenchyme of the peridural
space, located between the periosteum and the dura mater (Quattrini 1954). It is
likely that this embryonic tissue contains stem cells, and it probably participates
in the formation of the regenerative blastema after tail loss, in particular supply-
ing cells that give rise to the cartilaginous tube of the regenerated tail.

Mesenchymal cells essentially remain in the dermal, intermuscular, and peri-
vertebral connective septa, and have also been noted between the anterior
and the posterior parts of each autotomous vertebra (Quattrini 1954). Among
these mesenchymal elements, stem cells are probably present as indicated by
long-retention studies utilizing thymidine autoradiography and 5BrdU immu-
nodetection (Alibardi, unpublished observations; Fig. 1.3). If these preliminary
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observations are confirmed in future analyses, a new explanation for the lack of
embryonic tail regeneration can be proposed. The presence of stem cells in
autotomy planes more than the inducement of cicatrization/mechanical constric-
tion from amniotic membranes may therefore explain the failure of tail regenera-
tion after amputation of the tail bud. In fact, the amputation of most of the tail at
early stages of development, when stem cells may still be localized in the apical
bud, completely depletes the tail region of its stem cell reserve, therefore making
tail regeneration no longer possible.

It is known that regeneration also does not occur when the adult tail is
amputated at its base, in the nonautotomous region (Misuri 1910; Woodland
1920; Guyenot 1928; Alibardi, unpublished observations). This phenomenon
was interpreted according to the “territories of regeneration” by the fact that the
basal amputation completely eliminates the tail territory. This phenomenon can
now be reinterpreted as due to the depletion of likely stem cells after the basal
amputation of the tail. This intervention may completely remove the reserve of
stem cells dislocated in the autotomy planes of the adult tail so that the formation
of a regenerative blastema is impeded. The first indications of the presence of
stem cells in the tail are still being analyzed, and more detailed studies are still
needed to confirm the hypothesis.

1.5
Histological and Histochemical Aspects of Tail Regeneration

The present account briefly describes the main histological and histochemical
events leading to tail regeneration. This information has been previously illu-
strated by detailed histological studies of different species representing many
lizard families (Fraisse 1885; Misuri 1910; Woodland 1920; White 1925; Guyenot
and Matthey 1928; Boring et al. 1948–1949; Hughes and New 1959; Simpson 1961;
Bryant and Bellairs 1967a, b; Werner 1967a, b; Shah and Chakko 1966; Cox 1969a;
Simpson 1965; Mufti and Iqbal 1975; Purvis 1979; Alibardi and Sala 1983; Alibardi
1986, 1993a, b, 1994a–c, 1995a–c, 1996a, b, 2009a; Alibardi et al. 1993a, b; Alibardi
and Toni 2005).

The histochemical and biochemical changes of proteins, nucleic acids, glyco-
gen, enzymes involved in glycidic or lipid metabolism, and small metabolites
during progressive stages of tail regeneration have been reported (Shah and
Chakko 1966, 1972; Radhakrishnan and Shah 1973; Shah and Hiradhar 1974,
1975; Magon 1977, 1978; Kinariwala et al. 1978; Chakko and Mariamma 1981).

The histological studies have been well summarized in a previous, extensive
review on reptilian regeneration (Bellairs and Bryant 1985), and will not be treated
in detail here. More cytological details of the process of tail and limb regeneration,
unreported in the available literature, will be given in the Chapters 2 and 3 on the
ultrastructural characteristics of wound healing and regeneration. In warm–hot
conditions (above 25�C) the rate of tail growth is optimal in most species, and the
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Fig. 1.4 Main histological features of tail wound healing and regeneration in P. sicula (a–j)
and Anolis carolinensis (k). a Detail of the superficial clot covering the stump at 1 day after
the amputation. Toluidine blue stain. Bar 20 mm. b Detail of sectioned and degenerating
stump muscles (arrowheads) and vertebra (arrow), at 2 days after cutting. Periodic acid–
Schiff stain (PAS) reaction. Bar 20 mm. c Detail of stump covered by the wound epithelium
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process of tail regeneration can be subdivided into four stages: (1) wound healing
(0–10 days of regeneration); (2) blastema-cone formation (10–15 days); (3) tail
growth (15–25 days); (4) maturing and scaling tail (25–60 days).

1.5.1
Wound Healing and Blastema Formation

During the wound healing stage following lizard tail amputation, a weak or limited
inflammatory response is elicited, a condition that in conjunction with other
factors, such as tissue dedifferentiation and stem cell availability, results in a
successful regeneration. Compared with autotomy, the amputation of the tail
using a cutting blade results in some bleeding and the stump is covered by a
blood clot in a few hours (Fig. 1.4a). The transected muscles show the degenera-
tion of the terminal part of their fibers in the first week after amputation (Fig. 1.4),
which, after debridement of the phagocytes, are repaired within 3–4 weeks after
amputation. The myofibers lose their glycogen content, as evidenced from the
disappearance of their periodic acid–Schiff stain positivity (Fig. 1.4b, c). In an
autotomized tail, the new muscles that will be formed in the regenerating tail are
independent (are not a continuation) of the old muscles of the stump (Brunetti
1948; Simpson 1970; Mufti and Iqbal 1975).

In some species, the amputation at an intervertebral level by a blade delays
regeneration in comparison with amputation along autotomy planes (Jamison
1964). This was explained by the scarce number of connective cells (mesenchy-
mal) present in amputated tails in contrast to the numerous connective cells

Fig. 1.4 (continued) at 5 days after injection. Whereas intact muscles fibers are PAS positive
(arrowheads), most lesioned muscle fibers (arrow) have lost PAS reactivity (glycogen). The
double arrow indicates the PAS-positive (glycogen) wound epithelium. Bar 10 mm. d Early
blastema at 10 days after amputation showing the wound epithelium with still elongating
(migrating) keratinocytes (arrows) and the mesenchymal blastema. A promuscle aggregate
is present. Arrowheads on melanophores. Hematoxylin–eosin stain. Bar 30 mm. e Detail of
mesenchymal cells of the blastema with granulocytes (arrows), macrophage (double arrow-
head), and a basophil/mast cell (arrowhead). Toluidine blue stain. Bar 10 mm. f Detail of
apical ependymal ampulla terminating near the apical peg (arrow) of the tail tip. Papani-
colaou stain. Bar 20 mm. g Conic blastema with an axial ependymal tube and a thick wound
epidermis. Toluidine blue stain. Bar 40 mm. hDetail of an ependymal ampulla (arrow on the
apical front) surrounded by the precartilaginous aggregates. Bar 25 mm. i Apical region of
an elongating tail featuring the ependyma (arrow) inside the cartilaginous tube, and the
external muscles (arrowheads). Bar 100 mm. j Detail of the cartilaginous tube with epen-
dyma (arrows) in the medial region of the regenerated tail. Bar 20 mm. k Detail of the
lateral part of the regenerating tail with tritiated thymidine labeled cells in the epidermis
(arrow; dashes outline the basal part of the epidermis) and muscles (arrowhead). Bar
10 mm. a adipose tissue, bl blastema, ca cartilaginous tube, cl clot, de dermis, e epidermis,
ep ependymal tubule, mu muscles, pca procartilaginous aggregates, pm promuscle aggre-
gates, w wound epidermis

◂

Histological and Histochemical Aspects of Tail Regeneration 19



present in the autotomy planes. These mesenchymal cells are believed by many
authors to be the main sites of the origin of cells contributing to formation of the
regenerative blastema (Quattrini 1954; see the résumé in Bellairs and Bryant
1985). Despite the location or extent of injury after tail amputation (by sectioning,
ripping, or autotomy), regeneration initiates and eventually results in the refor-
mation of a new tail in most lizards.

In P. sicula, Podarcis muralis, Lacerta viridis, and other species, cells of the
autotomy plane, from the dermis (with the exception of the inner compact dermal
layer) to the muscle myoseptum, participate in the formation of the blastema
(Brunetti 1948; Quattrini 1954; Simpson 1965, 1970). No injured muscles contrib-
ute to the blastema cell population, but only from cells of the intermuscular
septum. The periosteum of vertebrae and the adipose tissue also appear to give
rise to blastema cells, so these tissues are roughly a direct continuation of the
blastema where the new cartilage and fat will be reformed. Finally, the bone
marrow at the injured sites of vertebrae or near the intravertebral split can give
rise to low cycling cells (likely stem cells) that colonize the stump and may
participate in the formation of the regenerative blastema.

After the initial, preblastema or wound healing phase, in which each of these
tissues gives rise to dedifferentiated cells with the phenotypes of fibroblasts or
mesenchymal cells, each cell type is believed to redifferentiate into the same tissue
of origin. This has also been observed using autoradiography after tritiated
thymidine injection (Simpson 1965; Cox 1969a), and was later confirmed by
more detailed ultrastructural studies (Alibardi, unpublished observations, but
see later). The specific contribution of each injured tissue to the formation of
the blastema is, however, still undetermined, and it seems that each single tissue of
the tail stump contributes to the formation of the mesenchymal-like cell popula-
tion of the blastema (Alibardi and Sala 1988a, b).

During wound healing, vascularization is not very efficient and mesenchymal
cells draw their energy from glycogen degradation through phosphorylase activa-
tion, the derived glucose is metabolized through glycolysis, and the oxidative
metabolism through the Krebs cycle is lowered (Shah and Hiradhar 1974; Magon
1978). Blastema cells utilize glucose to produce other monosaccharides and
uronic acids through the pentose phosphate shunt, and these metabolites are
utilized to produce ribose, deoxyribose, and acid mucopolysaccharides of the
extracellular matrix (Shah and Chakko 1972; Shah and Hiradhar 1975). The
presence of lipids in blastema cells and the increase of some lipogenic enzymes
such as a-glycerophosphate dehydrogenase, b-hydroxybutyrate dehydrogenase,
and esterases indicate that lipids are also utilized to sustain the prevalent anaero-
bic metabolism of the blastema (Shah and Hiradhar 1975; Magon 1977; Kinariwala
et al. 1978; Chakko and Mariamma 1981).

The presence of acid phosphatase activity increases in wounded tissues and
remains high in the regenerating blastema and in more distal tissues of the
regenerating tail in comparison with normal or more proximal tissues of the
regenerating tail (Shah and Chakko 1966; Alibardi 1998). This suggests that

20 Histological and Histochemical Aspects of Tail Regeneration



degradation of the intercellular matrix of the stump takes place, a process that
together with the production of glycosaminoglycans such as hyaluronate favors
cell migration (Alibardi and Sala 1983).

Keratinocytes proliferate from the living layers of the epidermis of proximally
damaged scales, and migrate over the injured stump tissues, beneath the scab
(Fig. 1.4c, d; Alibardi and Toni 2005; Alibardi 2009a). Normally, the stump is
covered between 6 and 10 days after injury at temperatures above 25�C in many
species of lizards, and a mesenchymal tissue accumulates underneath, forming the
bulk of the future blastema (Fig. 1.4d, e). After migrating keratinocytes have
covered the central part of the stump, the epidermis becomes stratified and
thick, forming a wound epithelium. The latter, in the central region of the
stump, often shows an apical peg contacting the terminal ependymal ampulla of
the regenerating spinal cord (Fig. 1.4f, g).

The wound epithelium, especially at the apex of a regenerating tail, remains
essential for the continuous growth of the tail, and its destruction leads to failure
of tail regeneration (Bellairs and Bryant 1985; Alibardi, unpublished observa-
tions). When the scab has completely fallen off (10–12 days in P. sicula), a small
mound covered by a shiny and pigmented skin covers the stump: the regenerating
blastema (Fig. 1.1a, b, k). The latter elongates into a coniform blastema (Fig. 1.1e,
g, h) in the following 2–5 days, and the rapid lengthening continues in the
following 2 weeks until a smooth regenerating tail has formed (Fig. 1.1c, f). During
this period the tail regenerates most of the connective and adipose tissues,
numerous nerves, and blood vessels, but in particular axial organs that sustain
and address most of its growth. Axial organs are represented by muscle myomeres
with a simple but extensive organization, whereas the vertebral column is replaced
by a cartilaginous tube enclosing a simple spinal cord mostly made of an ependy-
mal tube (Figs. 1.1l–q, 1.4).

1.5.2
The Blastema Grows into a Cone

Whereas a mesenchymal cell population is present underneath the wound epider-
mis, the ependyma continues to growth in the central position of the blastema.
Mesenchymal cells forming the regenerative blastema belong to four main con-
centric layers, corresponding to the location of the old skeleton, the submuscular
fat, the muscles, and the dermis (Quattrini 1954). The cartilaginous tube derives
from the vertebral periosteum, from the mesenchyme of the intervertebral
splitting region, and from the subperiosteal space. The regenerated fat and
muscles derive from the mesenchyme of the interadipose and intermuscular
septa (autotomy planes). The new dermis derives from the dermis of the stump.

At about 100 mm from the wound epidermis, around the ependyma a mass
of mesenchymal cells becomes more fusiform, forming the precartilaginous
aggregation from which the cartilaginous tube will be formed (Fig. 1.4h–j).
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Chondrocytes of the hyaline type rapidly differentiate and completely surround
the regenerating spinal cord, forming a cartilaginous cylinder. The ependymal
tube therefore remains isolated inside the cartilage and a few holes are sometimes
formed along the mature cartilage, mainly containing blood vessels.

More externally, between the procartilaginous aggregates and the external
dermis, also promuscular aggregates are formed (Fig. 1.4g, i). The latter derive
from the aggregation of groups of myoblasts that give rise to myotubes organized
in segmental myomeres (Fig. 1.1n). When the regenerating tail is viewed in cross
section, it shows that the myomeres form a complete belt of muscles underneath
the regenerating dermis. Their number can vary in different species, but there are
generally 16 muscle bundles in P. sicula, Tarentola mauritanica, and Gonatodes
ocellatus (Terni 1920; Quattrini 1952b; Furieri 1956). Details of muscle differenti-
ation will be given later in the ultrastructural description (Section 2.2.3).

In the third stage (elongating cone to growing tail, 2–4 weeks after amputation
in P. sicula), the connective tissue located between the forming muscle bundles
and the cartilaginous tube contains a heterogeneous population of connective
cells, pigment cells, nerves, and small adipose cells. The latter increase their
amount of lipids in a few days, varying from species to species, and form the
new adipose layer. This is clearly segmented at the beginning of tail growth, but
the segmentation becomes less apparent after about 4 weeks of regeneration when
these cells increase in size, forming an apparently continuous submuscular adi-
pose mass (Alibardi 1995d; Fig. 1.1m).

The growth of the blastema into a cone and then rapidly into an elongating tail
depends on the proliferation of different tissues, especially the axial tissues
(cartilage, muscles, and spinal cord). Autoradiography studies (Simpson 1965;
Cox 1969a) have indicated that the initial blastemal population shows little pro-
liferative activity, whereas most proliferation occurs in promuscle aggregates,
precartilaginous and cartilaginous cells, and the ependymal tube formed from
the stump of the spinal cord. These axial tissues therefore are the main contribu-
tors of cells to the elongation of the new tail (Fig. 1.5). The detail of the blastema,
beneath the apical wound epidermis, shows few labeled cells (Fig. 1.5, inset), a
condition that differs from that of amphibians. In fact, the regenerative blastema
of amphibians is a collection of proliferating embryonic cells that have originated
through a dermal–epidermal interaction and that possess an intrinsic morphoge-
netic blueprint. Instead, the limited cell proliferation of apical mesenchymal cells
suggests that the lizard blastema is not a true blastema like that of amphibians
(Cox 1969a). The latter author considered the lizard blastema as an apical accu-
mulation of mesenchymal cells located in front of proliferating regions for the
growth of individual tissues such as the spinal cord, muscles, and cartilage.

As the vascularization of the growing cone improves, the metabolism of
differentiating tissues changes in comparison with that of the blastema and the
oxidative metabolism of glucose through the Krebs’s cycle gradually returns to
preamputation levels, and lipids become less important as an energy source (Shah
and Hiradhar 1975; Magon 1977). In fact, lipids and their key metabolic enzymes
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such as b-hydroxybutyrate, a-glycerophosphate dehydrogenase, and esterases
decrease in this phase, whereas lipids are turned into deposits, especially in fat
cells of the pericartilaginous connective tissue.

Fig. 1.5 Autoradiography (4 h after injection of tritiated thymidine) view of a regenerating
cone in A. carolinensis. Dark spots are mainly labeled cells (aside from in the dermis, where
melanophores can be confused with labeled cells at this low magnification). In particular,
note labeled cells in the central ependyma (arrows), in the axial cartilage (double arrow-
heads), and in the lateral muscles (double arrowhead). Bar 20 mm. The insert (bar 10 mm)
shows that a few labeled cells (arrowheads) are present in front of the ependymal ampulla
and beneath the apical wound epidermis. ca cartilaginous tube, de dermis, ep ependymal
tube, mu regenerating muscles, TH tritiated thymidine autoradiography, w wound
epidermis
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Fig. 1.6 Microscopic features of regenerating scales (a–g), cartilaginous tube (h, i), and
spinal cord (j–m) in growing cones (18–25 days of regeneration). a Tritiated thymidine
labeled cells (4 h after injection in A. carolinensis, arrows) in the basal and suprabasal layers
of the waved wound epidermis. Bar 10 mm. b Asymmetric epidermal pegs with a row of
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Also the apical wound epidermis shows relatively infrequent thymidine-labeled
cells, which increase in number in the basal layer of the more lateral, wound
epidermis (Alibardi 1994a; Figs. 1.5, 1.6a). Scale regeneration (or neogenesis; Liu
and Maneely 1969a; Maderson et al. 1978) is initiated in more proximal regions of
the wound epithelium, corresponding to the level where myomeres are forming
(Alibardi 1994a, b, 1995c; Fig. 1.1m–o). The epidermis forms pegs, initially sym-
metric but that rapidly become asymmetric and penetrate deeply into the dermis
forming variably long epithelial tongues (Fig. 1.6b–d). Labeling studies have
shown that the initial symmetric epidermal peg later becomes asymmetric as
most proliferating cells are localized in the rostral side of the elongating peg,
under which numerous melanosomes are present (Fig. 1.6b). Keratinocytes pro-
duce mostly acidic keratins and they actively incorporate tritiated histidine and
proline, the latter mainly in the forming b-keratin layer that is formed in the

Fig. 1.6 (continued) labeled cells (arrows) in the rostral (outer) side of the peg 3 h after
injection of 5-bromodeoxyuridine in Podarcis muralis. The shorter caudal (inner) side
(arrowhead) of the peg has few labeled cells. Bar 20 mm. c Immunofluorescent asymmetric peg
for AE1 (acidic) keratin in P. sicula. Bar 20 mm. d Elongated pegs showing autoradiographic
labeling along the forming, inner b-layer (arrows) 3 h after injection of tritiated proline in
L. delicata. Bar 10 mm. e Terminal dUTP nick end labeling reaction to detect apoptosis
in forming scale of P. muralis. The dark signal (arrows) stains nuclei and some cytoplasm
remnants along the shedding line. Bar 10 mm. f In situ hybridization using a complementary
DNA probe for b-keratin messenger RNA on a peg in P. sicula. The fluorescent signal is
localized in cells of the forming b-layer (arrows). Bar 10 mm. g Regenerated (neogenic) scale
after loss of the capping wound epidermis along the newly formed b-layer (arrowhead) in A.
carolinensis. The arrow indicates the pigmented cells located underneath the epidermis of
the outer scale surface. Toluidine blue stain.Bar 20 mm. h Proximal region of regenerated tail
in P. sicula featuring the transition between the cartilaginous tube and the proximal
vertebra. Toluidine blue stained chondrocytes. Bar 40 mm. i Detail of toluidine blue stained
proximal chondrocytes and outer perichondrion (arrow) in P. sicula. Bar 10 mm. jDetail of a
tritiated thymidine autoradiography (4 h after injection) section of regenerating ependyma
with labeled cells (arrowheads) in A. carolinensis. Arrows indicate labeled chondrocytes in
the surrounding cartilaginous tube. Bar 10 mm. k Detail of dividing cells (arrowheads)
contacting the lumen of the ependyma in P. muralis. The arrow indicates the region
occupied by descending axons. Bar 10 mm. l Autoradiographic detail of labeled cerebrospi-
nal fluid contacting neurons (CSFCNs) (arrowheads) and axons (arrows) 3 h after injection
of tritiated GABA in Scincella lateralis. Bar 10 mm. m Other autoradiographic detail of
labeled CSFCNs (arrowhead) 3 h after the injection of tritiated proline in L. delicata. The
arrow indicates the region of descending axons. Bar 10 mm. aK a-keratin immunolabeling,
bv blood vessel, ca cartilaginous tube, de dermis, 5BrdU 5-bromodeoxyuridine immunola-
beling, e ependyma, g spinal ganglion, GABA tritiated GABA autoradiography, h hinge
region between scales, i inner (ventral) scale surface (side) of the following scale, IS in situ
hybridization, iv intervertebral cartilage (intercentrum), l ependymal lumen, o outer
(dorsal) scale surface (side) of the previous scale, PR tritiated proline autoradiography,
rc proximal regenerated cartilage, s scale; TH tritiated thymidine autoradiography, TU
terminal dUTP nick end labeling reaction, v vertebra, w wound epidermis
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middle of the peg (Alibardi 1994a, b, 2000, 2001; Alibardi et al. 2000; Fig. 1.6d).
Among keratins produced in keratinocytes, some low molecular mass forms (40–
44 kDa) of embryonic type are produced, and also keratin markers of mammalian
epidermal regeneration such as keratins6, 16, and 17 (Alibardi et al. 2000; Alibardi
and Toni 2005, 2006).

Both immunocytochemistry and in situ hybridization using b-keratin comple-
mentary DNA as well as complementary RNA probes have indicated that proline-
rich b-keratins are formed along the medial area of regenerating scales (Alibardi
and Toni 2006). These hard keratins restore the mechanical resistance of neogenic
scales after their complete morphogenesis and maturation. Neogenic scales even-
tually derive from the split in the middle region of the initial epidermal pegs,
where both acid phosphatase and terminal dUTP nick end labeling positive
(apoptotic) cells are detected (Alibardi 1998; Alibardi and Toni 2006; Fig. 1.6e, g).
Also, specialized scales, utilized for sensory or scansorial activity (adhesive pads),
are regenerated in the tail of some geckos (Maderson 1971; Bauer 1998).

1.5.3
Tail Growth and Tissue Differentiation

As the new tail grows over 2 mm in length, the axial cartilaginous tube forms a
homogeneous ring (as observed in cross sections of regenerating tails) that is
made of fusiform chondroblasts with little intercellular matrix (Figs. 1.4i, j, 1.6h,
i). Many thymidine-labeled cells are seen in the procartilage aggregations and in
more proximal areas of the cartilaginous tube during the elongation phase.
Labeled cells are located inside the inner cartilaginous ring (internal growth)
and also in the ring of external chondrocytes (external growth). Cells in these
proximal regions of the cartilaginous cylinder become hypertrophic in the central
part of the cartilage but remain flat in the outer and inner surfaces of the
cartilaginous tube. These regions assume the role of a perichondrium for the con-
tinuous diameter growth of the cartilage, especially after the new tail has reached
its definitive length (Alibardi and Sala 1981; Alibardi 1995b). In the proximal
region of the regenerating tail, the cartilaginous tube merges with the lamellar
bone of the last vertebra of the stump (Fig. 1.6h).

Inside the cartilaginous tube the regenerating spinal cord is growing and many
proliferating cells are present in the ependymal tube, which mainly consists of
epithelial (ependymal) cells (Fig. 1.6j). Most mitoses are seen in cells contacting
the central canal and, aside from ependymal cells, some neuronal and glial
elements are also produced (Charvat and Kral 1969; Egar et al. 1970; Alibardi
and Sala 1988a, b; Alibardi and Meyer-Rochow 1988; Fig. 1.6k). These regenerated
neurons appear as larger and pale cells incorporating tritiated GABA or tritiated
proline, and they are contacted by labeled axons or produce few axons (Fig. 1.6l, m).
Further analysis has identified these scanty neurons generated among ependymal
cells as cerebrospinal fluid contacting neurons as they contact the central canal
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and the Reissner fibers with their numerous stereocilia (Alibardi 1992, 1993a, b;
Alibardi 1993a, b, 1995a–e; Fig. 1.7a). The light microscope has shown that some
100–200 or more axons are present around or between ependymal cells, as
indicated by Bodian staining (Fig. 1.7b). Some of these fibers contain cholinester-
ase early in regeneration, but it becomes rare in older regenerates (Shah and
Chakko 1971). The finer resolution of the electron microscope reveals more
detail and an increased number of amyelinic axons (over 1,000 per cross section)
in the regenerated spinal cord (see Sect. 2.2.5; Simpson 1968, 1970; Simpson and
Duffy 1994).

Other cell types present in variable number within the regenerating spinal cord
correspond to macrophages, especially seen inside the central canal during early
stages of regeneration (Fig. 1.7c). Cell death among cells of the ependyma and also
likely apoptotic cells (pycnotic, Fig. 1.7d) is also present in conjunction with the
limited neurogenesis within the apical and more proximal ependyma during 2–
3 weeks of tail regeneration (Alibardi 1986). This degeneration may explain the
decreases of the number of these neurons in the mature, regenerated spinal cord
(Marotta 1946; Zannone 1953; Alibardi 1990–1991). Retrograde labeling using
horseradish peroxidase or fluorescent tracers injected into the spinal cord of the
stump allows staining of the few axons and the nerve cells of the regenerating
spinal cord. The tract-tracing technique has indicated that these cells make
connections with other regions of the stump spinal cord (Duffy et al. 1990, 1992;
Fig. 1.7e, but see the later description on the ultrastructure of the regenerating
spinal cord). Immunolabeling of axons with the anti-NF 200 antibody (heavy
neurofilament protein) further confirms that these axons surround the growing
ependymal tube and contact the few local neurons (Fig. 1.7f, g).

Numerous motor, sensory, and autonomous nerves grow inside the regenerat-
ing tail (Terni 1920, 1922; Cox 1969b; Figs. 1.1q, 1.7h–j). Most of the nerves
initially regenerate from the transected nerve roots of the spinal cord and grow
distally into the blastema following the elongation of the new tail. The large
regenerating nerves mainly enter the pericartilaginous connective tissue that
will later become the pericartilaginous adipose tissue of the regenerated tail.
Also Schwann cells, apparently mixed with other mesenchymal cells of the blas-
tema, surround the growing nerves and enwrap their axons, beginning a process
of myelination (Terni 1920; Hughes and New 1959; Charvat and Kral 1969;
Cox 1969a, b; Alibardi 1990–1991; Alibardi 1995a–e). Most peripheral nerves
become myelinated with the progression of regeneration (more than 1–2 months
from the amputation).

In cross section of the proximal regions of the regenerating tail, the regenerat-
ing nerves appear as nine to 12 bundles in the right quadrant and nine to 12
bundles in the left quadrant of the tail (in the lizard G. ocellatus; Terni 1920). The
number of regenerated nerves is reduced to four symmetric pairs (left and right)
in more apical regions of the regenerated tail. This reduction is seen after the
nerves surrounded by Schwann cells have innervated the large, proximal regen-
erated muscles and have formed neuromuscular junctions (Hughes and New 1959)
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Fig. 1.7 Microscopic features of regenerated spinal cord (a–g), peripheral nerves (h–j), and
cartilage (l, m) in elongated regenerated tail (3–7 weeks of regeneration). a Numerous
CSFCNs (arrows) are present in the regenerated spinal cord of a GABA-treated lizard (P.
sicula). Toluidine blue stain. Bar 15 mm. b Bodian stain of neurons (arrow) and axons
(arrowheads) in the regenerating cord of P. muralis. Bar 10 mm. c Detail of macrophages
(arrows) inside the ependymal lumen in T. mauritanica. Paraldehyde fuchsin stain. Bar
10 mm. d Detail of pycnotic cells (arrows) among ependyma where also a neuron is present
(arrowhead) in P. muralis at 3 weeks of tail regeneration. Bar 10 mm. e Horseradish
peroxidase retrograde labeled CSFCNs (arrows) in ependymal tube of A. carolinensis. Bar
20 mm. f Immunostaining for neurofilament 200 kDa (NF) showing immunoreactive axons
and few neuronal cells (arrows) in L. delicata. Bar 15 mm. g Detail of NF-immunolabeled
neurons (arrow) among ependymal cells in L. delicata. Bar 10 mm. h Regenerating nerves
(arrowheads) among blastema cells (arrows) of P. sicula. Toluidine blue stain. Bar 15 mm.
i Cross-sectioned nerve bundle within the blastema with amyelinic axons (arrows) in
T. mauritanica. Toluidine blue stain. Bar 15 mm. j Longitudinal section of the proximal
part of a myelinic nerve (arrows) in P. sicula. Toluidine blue stain. Bar 10 mm. k Detail of a
proximal cartilaginous tube of P. sicula at about 2 months of regeneration featuring the
external regions of calcification (arrows). Hematoxylin stain. Bar 25 mm. l Cross-sectioned
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or sensory terminations (muscle spindles; Liu and Maneely 1969b). Because
neither motor neurons nor ganglia are reformed in the new tail, the entire sensory
and motor innervation of the regenerating tail derives from the proximal segment
of the spinal cord and from the last three spinal ganglia (Terni 1920; Fig. 1.1q).
Both motor and sensory neurons become hypertrophic because their field of
innervation is increased to the previous area of competence and the regenerated
tissues (Zannone 1953; Pannese 1963; Duffy et al. 1990, 1992; Geuna et al. 1992).

Aside from the motor and sensory axons, also the two large autonomous nerves
(sympatic) grow into the regenerating tail in the form of two amyelinic bundles,
each located lateral to the regenerated ventral artery present ventrally to the
cartilaginous tube (Terni 1922). These nerves are amyelinic and reach the most
apical regions of the regenerating tail. The main blood vessels, the caudal artery
and two veins, regenerate as a continuation of the preexisting vessels, although no
valves appear to be reformed in the new veins (Quattrini 1954).

1.5.4
Tail Scalation and Maturation

In the fourth, maturing stage of tail regeneration, the regenerated tissues continue
their differentiation (Hughes and New, 1959; Simpson, 1965; Shah and Chakko
1966; Cox, 1969a; Mufty and Iqbal, 1975; Alibardi and Sala, 1983) in the more
distal regions of the new tail, within 1–2 mm from the tip. A small amount of
tissue continues to be formed by the small apex at the tip of the regenerated tail
where a tiny mass of mesenchymal cells is still seen beneath the wound epidermis.

At this stage (after 5 weeks of tail regeneration in P. sicula), most of the new tail
appears covered with well-cornified scales, although their dimension is smaller than
that of those of the original tail. Regenerated scales form a simpler pattern of
scalation with respect to that present in the normal tail (Woodland 1920: Quattrini
1952a, 1953a, b, 1954). Often at this stage most regenerated scales have undergone
one shedding cycle, the cyclical epidermal regeneration with the production of a
molt, andmost of their histological features are exactly the same as in normal scales.

The full maturation of muscles and their innervation is completed but the
diameter of the regenerated myofibrocells remains definitely smaller and more

Fig. 1.7 (continued) cartilaginous tube as in k with outer and inner calcifying rings
(arrows). The arrowhead indicates a ventral nerve bundle. Bar 40 mm. m Transitional
region between normal spinal cord (right) and the regenerated cord (ependymal tube) in
an old regenerated tail. The vertebral bone is a continuation of the periosteum (arrow-
heads) surrounding the cartilage. The arrows indicate peripheral nerves. Bar 50 mm. ax
axons, ca cartilaginous tube, cc central canal of the spinal cord, e ependymal cells, me
mesenchymal cells, mx meninx, n nerve bundles, psc proximal spinal cord of the stump, rs
regenerated spinal cord, vb vertebral body
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uniform than that of the original myofibers. At 2 months after amputation,
numerous nuclei still remain in the central position within the myofiber and do
not move to the periphery along the sarcolemma as in normal myofibers. It is not
known whether different physiological forms of muscle myofibres are regener-
ated, although most of them are probably of the fast contraction type rich in
glycogen (Radhakrishnan and Shah 1973).

Among late changes of inner regenerated tissues in various species of lizards,
the calcification of the peripheral regions of the cartilaginous tube occurs after
2 months of tail regeneration (Calori 1858; Quattrini 1954; Alibardi and Sala 1981;
Alibardi and Meyer-Rochow 1989; Fig. 1.7k, l). The cartilaginous tube remains,
however, nonsegmented and stiff in most species. It is likely that the perichon-
drion becomes osteogenic sometimes after calcification (later than 2 months after
amputation), and therefore a true periosteum as a continuation of the periosteum
of the proximal vertebra of the stump is formed (Fig. 1.7m). The proximal part of
the cartilaginous tube (1–3 mm or more in length) forms a thin ring of bone which
is a continuation of that of the body of the proximal vertebra in the tail stump.

The regenerated spinal cord after 2 months from amputation consists of an
ependymal epithelium made of thin ependymal cells, often differentiated into
typical tanycytes, with a tapering basal region terminating at the external base-
ment membrane (Simpson 1968). Few and hypotrophic cerebrospinal fluid con-
tacting neurons are seen, less than 3% of the entire cell population of the
regenerated cord. During these late stages, also an intense myelination of periph-
eral nerves and of the axons in the regenerated spinal cord as a continuation of the
spinal cord of the stump takes place (Fig. 1.7j, m). The central myelination of
some larger axons within the regenerated spinal cord occurs by the differentiation
of oligodendrocytes from ependymal tanycytes or/and by the penetration of
Schwann cells into the regenerated spinal cord (Alibardi 1990–1991; Alibardi
and Meyer-Rochow 1990).

In conclusion, the fully regenerated tail resembles the original tail in gross
aspect, but the axial skeleton, spinal cord, and musculature (axial organs) are
greatly simplified in comparison with the same tissues of the original tail.

1.6
Histological Aspects of Limb Regeneration and Cicatrization

Some phenomena of limb regeneration in lizards have been reported for lacertids
(Lacerta sp., Podarcis sp., Marcucci 1925, 1930a, b; Guyenot and Matthey 1928),
iguanids (Liolaemus sp., Hellmich 1951; and Sceloporus sp., Mather 1978), and
under experimental manipulation (A. carolinensis, Singer 1961). Other cases were
reported for scincids (skinks) under experimental manipulation (Ablepharus
deserti, Kudokotsev 1960; and Lygosoma laterale, Simpson 1961), and in xantu-
sids under experimental stimulation after autoimplantation of ependyma (Xantu-
sia vigilis, Bryant and Wozny 1974).
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Much less is known and has been documented about the progressive histologi-
cal stages of the unsuccessful or limited limb regeneration in lizards (Marcucci
1925, 1930a, b; Kudokotsev 1960; Bellairs and Bryant 1985). Although numerous
connective tissues, muscle tissues, and nerves are regenerated, the limb remains
small and never forms autopodial elements such as fingers or toes. In the limb, the
extensive tissue damage and the slow removal of the axial bones (humerus or
femur) results in the infiltration of white cells and the inflammatory reaction is
therefore enhanced, leading to scarring. Also the wound epidermis is rapidly
turned into a typical differentiating epidermis (Alibardi and Toni 2005). However,
when the hindlimb is amputated half way along the femur and also the tail is
amputated in P. sicula or P.muralis, a variably long (2–5-mm) stump is formed in
numerous cases within 1 month, even in 60% of cases in some experiments
(Alibardi, unpublished observations). During this period the tail has broadly
regenerated over 2 cm in length. In other species of lizards, the power of limb
regeneration may be less, as is also the case for the variability previously reported
for tail regeneration among different lizard families (see Sects. 1.2, 1.3).

The amputation of a limb leads to some bleeding, which stops after about 5–
10min, leaving a clot on the stump surface (Fig. 1.2a). The clot evolves into a scab in
1–2 days, but a protruding bone is generally present unless the bone is trimmed with
scissors. The scab remains present in the following 1–2 weeks after amputation. In
amputated P. sicula and P.muralis kept at 27–30�C, the amputation of the hindlimb
at proximal levels produces a large stump where the skin flaps remain confined to
the lateral borders of the stump. Therefore, in this case little tissue shrinkage takes
place on the surface of the stump, like in the tail stump. Under these conditions,
60–70% of outgrowth formation (2–4 mm long) is obtained within 35–40 days after
amputation in P. sicula or P. muralis (Alibardi, personal observations; Fig. 1.2b–d).
Initially, from 2–3 weeks after amputation, the limb stump resembles the blastema
of the tail and it has domelike shape (mound), is soft, and is covered by smooth
epidermis. However, most of these outgrowths in the following week become paler,
indicating that the vascularization is decreasing and a scarring process is taking
place beneath the wound epithelium. The growth of the initial outgrowths is
consequently blocked and they rapidly form intensely cornified scales.

In a few cases (5–10% in P. sicula or P. muralis), the outgrowths can elongate to
produce filiform (tail-like) regenerates, linear or articulated over 5 mm in length,
that also rapidly become scaled at 40–50 days after amputation (Fig. 1.2e). Despite
the length of the outgrowth, the formation of an autopodium with digits is never
observed in amputated lizard limbs. Some regeneration can also take place from
these tail-like outgrowths, but no autopodium is, however, reformed (Marcucci
1925, 1930a, b).

The histological examination of some cases of regenerating limb outgrowth
shows that 1–2 days after limb amputation the surface of the stump is reduced by
the contraction of the sectioned tissues and is covered with a blood clot (Barber
1944; Kudokotsev 1960). Injured muscles and the bone (humerus or femur)
appear to be degenerating and infiltrated with numerous leukocytes (Fig. 1.8a, b).
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Fig. 1.8 Microscopic features of the early tissue reaction in the limb stump in P. sicula
(toluidine blue stain). a Detail of injured connective and muscle tissues at 2–3 days after
amputation (location indicated by the arrowhead in the inset). Numerous leukocytes
(arrows) are seen among injured tissues, including larger eosinophil phagocytes, probably
macrophages (arrowhead). Bar 25 mm. b Detail of the leukocyte population (arrowheads)
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Muscle degeneration extends in the following few days to proximal regions of
the limb stump. This strong inflammatory cellular response persists for over
10–14 days after amputation at 27–30�C in P. sicula, or for over 20–30 days
after amputation when the femur or the humerus is protruding from the stump
surface, impeding the complete reepithelialization of the stump (Kudokotsev
1960; Alibardi 2009a). Among leukocytes present in the stump tissues, most are
represented by heterophil granulocytes in the first 10 days after lesion, whereas
macrophages become more abundant later (Fig. 1.8c, d). Granulocytes often
form granulomes surrounded by fibroblasts or macrophages (see the later ultra-
structural description), and some degenerative spaces containing cell debris or
exudates are formed giving rise to cavities underneath the scab.

Epidermal cells from the living epidermis of proximal scales of the stump
migrate toward the center of the stump, but the complete reepithelialization
depends on the extent of tissue damage, and in particular on the presence of a
protruding femur or humerus on the stump surface. The reepithelialization takes
12–18 days in the case of bone protrusion (Alibardi 2009a) or even longer
(Kudokotsev 1960). Osteoclasts erode the protruding bone that is eventually
excised from the stump surface. Beneath the wound epithelium in those stumps
where the bone does not protrude, mesenchymal cells (irregularly shaped cells) or
fibroblasts (more-fusiform-shaped cells) accumulate after 7–10 days after ampu-
tation and at 15–16 days a blastema-like mound is formed (Fig. 1.8e, f). In typical
1–2-mm-long mounds, the cell population is made of loose fibroblasts and
irregular mesenchymal cells, among which numerous blood vessels are seen
(Fig. 1.8g). Most mesenchymal cells, however, disappear at 18–20 days after
amputation, and are replaced by typical fibroblasts (elongated and flat cells)
surrounded by a dense extracellular matrix, and from leukocytes and macrophages.

Fig. 1.8 (continued) among injured tissues 4 days after amputation, which includes larger
macrophages (arrowhead). Bar 20 mm. c Detail at 6 days after injury. Arrowheads indicate
phagocytes with numerous lysosomes (metachromatically stained in red). Bar 30 mm. d
Area beneath the scab at 7 days after amputation. Clusters of leukocytes (mononucleates,
double arrowheads) and single leukocytes (arrowheads) are seen near dilated capillaries
(double arrow). Larger granulocytes are also present (arrows) among mesenchymal cells.
Bar 20 mm. e Detail of the lateral area near the stump epidermis (the arrow points to the
pigmented layer of the dermis) at 12 days after amputation. Numerous dark leukocytes are
still present among the granulation tissue. Bar 30 mm. f Detail of the healing tissue beneath
the wound epidermis at 16 days after injury. Numerous fibroblasts (arrows) are present
with sparse phagocytes/macrophages (arrowheads). Beneath the wound epidermis fibro-
cytes are depositing blue-stained collagen bundles. Bar 20 mm. g Aspect of the fibroblast
population beneath the wound epidermis of a regenerating mound (indicated in the inset)
at 18 days after amputation (similar to Fig. 1.2b). The arrow indicates a large capillary.
Arrowheads show melanophores. Bar 40 mm. dmu degenerating muscles, fb fibroblasts, gr
granulation tissue, li lipocytes; mc mesenchymal cells; mu muscles; ne nerve; w wound
epidermis
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In the skinkA. deserti, an epidermal cup has been reported to be initially formed
in the center of the wound epidermis (Kudokotsev 1960). However, in both A.
carolinensis and P. sicula or P. muralis, the wound epidermis becomes thicker but
no AEC is, however, formed (Barber 1944; Alibardi 2009a). In these lizards,
beneath the wound epidermis some mesenchymal-like cells accumulate during
the first 15–20 days after the amputation, forming a blastema-like outgrowth.

Scale regeneration (neogenesis) occurs as in the tail, by the initial formation of
epidermal pegs (see the previous descriptions for the tail; Fig. 1.2i).

Some myotubes and later muscle bundles are formed in the proximal regions of
the elongating limb mound, from 10 to 20 days after amputation. At 20–30 days
after amputation, new muscle bundles are formed in limb outgrowths, as a
continuation of or completely separated from the bundles of muscles present in
the stump (Fig. 1.2h, i). In small outgrowths no muscles and bone are regenerated,
but only connective tissue, blood vessels, and probably nerves are present
(Fig. 1.2f, i). The bone remains underneath the keratinized epidermis, and is
repaired by a callus of cartilaginous and fibrous tissue at 35–40 days after
amputation. Although mesenchymal cells persist in the tail, the small number of
mesenchymal cells initially accumulated over the limb stump do not persist and
the cells are transformed into fibroblasts (Barber 1944; Alibardi 2009a). Whereas
in the tail apical mesenchymal cells stimulate the AEC to proliferate and the AEC
probably maintains the distal mesenchymal population (like in the amphibian
blastema, see Han et al. 2005), this does not occur in the limb of lizards. The
analysis of the ultrastructural details of the apex of the mounds helps us to better
understand the failure of distal growth in the limb (see later).

The study of 1–2-cm-long regenerated limbs resembling tails shows that in the
proximal region of the limb a regular scaling pattern is formed, but the scales
become more irregularly arranged in the distal, thinner part of the limb (Marcucci
1925, 1930a). The proximal stump of the femur is repaired by a cartilaginous and
fibrous callus, and extends as a cartilaginous rod for most of the length of the
regenerated limb (Fig. 1.2n–r).

From numerous observations (Marcucci 1915a, b, 1930a, b; Alibardi, unpub-
lished studies) it appears that the increase of the stump surface and the reduc-
tion of the contraction of the skin over the stump surface stimulate limb
regeneration. In fact, when the old skin is folded over the stump of the limb
and also of the tail, regeneration is inhibited. In the most remarkable cases of
limb regeneration described so far (Marcucci 1925, 1930a, b; Guyenot and
Matthey 1928), a noteworthy formation of muscles and even long bones was
observed. Numerous nerves and blood vessels were also present in the proximal
part of the limb. Nine muscle fascicles were present in some of the tail-shaped
limbs in Lacerta (presently Podarcis) muralis, and they were wrapped by the
epimysium to form four groups of limb muscles. In some cases, aside from the
dense connective tissue, also a large mass of fat tissue was regenerated inside
these tail-like outgrowths. The muscle bundles extended distally and were
inserted into various segments of the regenerated bones (Marcucci 1930a;
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Fig. 1.2n–q). The larger, proximal part of the limb bones corresponded to the
femur and was interconnected with the two intermediate bones, indicated as
regenerated tibia and fibula. The small distal bones corresponded to the tarsus,
metatarsus, and possibly the phalanges of one digit (the second according to
Marcucci 1925; Fig. 1.2q, r).

The contraction of muscles of these long regenerated limbs, which might have
represented the flexor muscles of the limb, could lead to some limited movement
of the tail-shaped regenerated limb. Muscles and the other tissues within the
regenerated limb appeared vascularized by two arteries and one large vein,
which derived from the femoral artery. Two to three large nerves also extended
down into the exceptionally long, tail-like limbs that further showed the potential
regenerative capability of the limb in lizards. The number of axons innervating the
forelimb in lizards is about half that in the limb of the newt and it is believed that
nerves have little neurotrophic influence on limb regeneration (Zika and Singer
1965). Other studies have indicated that only the regenerating ependyma, when
implanted in the limb stump, can actually stimulate limb regeneration, whereas
nerves alone with no ependyma appear to have little influence on the process
(Bryant and Wozny 1974; Cox 1969b). This is also the case for the tail, where it is
the lack of ependyma, not nerves, that influences tail regeneration (Cox 1969b). In
conclusion, it appears that the lack of an AEC, the lack of a critical mass of
blastema cells, and the lack of autotomy planes are the main limiting factors for
limb regeneration in lizards.

1.7
Single Tissue Regeneration in the Lizard Tail

The previously reported studies on the tail and limb have indicated that in lizards
tissues can regenerate by an autonomous or by an epimorphic modality. The first
modality refers to the possibility of an independent regeneration of each lesioned
tissue, muscular, nervous, dermis, and is treated here in some detail. The second
modality, epimorphosis, indicates a morphogenetic process that starts from an
apical, undifferentiated mass of mesenchymal cells, which reorganize new tissues
that grow to reform a new organ (limb or tail). The two processes appear to
operate during tail regeneration, when an apical mesenchyme interacts with the
apical wound epidermis (AEC).

Previous studies have indicated a high degree of tissue regeneration in lizards
(Werber 1905; Marcucci 1930a, b, 1932; Brunetti 1948; Pritchard and Ruzicka 1950;
Quattrini, 1953a, b, 1954; Furieri 1957; Mufty and Mahmood 1970; Maderson and
Roth 1972; Maderson et al. 1978). The analysis of the pattern of cell proliferation
in the lizard blastema (Simpson 1965; Cox 1969a) and the heterogeneous ultra-
structure of blastema cells (Alibardi and Sala 1988a, b, 1989; Alibardi 1994b, 1999)
have suggested that the lizard blastema is a collection of mesenchymal cells of
different origin. These cells contact a wound epithelium with a discontinuous
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Fig. 1.9 Experimental intervention to test single tissue regeneration (see the text). a The area
removed (shadowed) in longitudinal (left) and cross (right) view. b The removal of the
cartilage-ependyma in the intermediate region of a regenerated tail (the arrowhead indi-
cates the gap). c The removal of the cartilage-ependyma on the stump surface of a tail (the
arrowhead indicates the gap). d The removal of two vertebrae in a normal tail to produce a
gap (arrowheads indicate the gap). e The cauterization of the spinal cord (dots) inside the
last two to three vertebrae of the stump. f The cauterization of the ependymal tube (dots)
inside the regenerated cartilage of the stump. g The cauterization of stump tissues, aside
from the spinal cord. h The result of the autoimplantation of the cartilage-ependyma into
the stump (arrowed square in 1), the following cauterization of the normal spinal cord (dots
in 2), and the following regeneration of the ependymal tube (in 3). i The formation of
supernumerary tails (3) after autoimplantation (square) of the distal spinal cord of the tail
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basement membrane through which an exchange of trophic material (among
which is fibroblast growth factor 2, see later) that maintains an apical growing
site may take place. Most cells in the blastema redifferentiate into the same type
from which they were derived, so the meninx, ependyma, cartilage, adipose
connective tissues, nerves, and muscle tissues grow by the apical addition of
cells of the same type, like in the root apex of a plant. In lizard blastema, cell
transdifferentiation is probably either absent or limited (e.g., mesenchymal cells
of the intermuscular septa give rise to new myoblasts). The reorganization and
patterning of blastema cells into a new organ, typical for the amphibian blastema,
is absent in the blastema of the lizard limb. This is also the case for the blastema of
the tail, which has a more limited organogenesis capability than the bud blastema
of the embryonic tail (Woodland 1920; Bellairs and Bryant 1985; see Sect. 1.4).

Several experiments, summarized in Fig. 1.9, have further indicated that the
lizard tail has an intrinsic regenerative capability in single tissues, such as mus-
cles, cartilage, bone, and the spinal cord (Alibardi et al. 1988; Alibardi, unpub-
lished observations). It is probably this individual tissue regeneration that,
together with the formation of an apical blastema-like growing front, allows the
regeneration of long tails.

To test the autonomous muscle regeneration, the normal tail of some geckos
(T. mauritanica) and wall lizards (P. muralis) underwent a massive removal of
tissue, mainly represented by muscles (5–8 mm � 3–5 mm; Fig. 1.9a). Between
2 and 7 days after the operation, about half of the animals also lost the tail distal to
the lesion, and the remaining stump with the tissue gap became covered by a clot,
and later by a scab. In the remaining half of the experimental lizards, the distal
part of the tail instead remained, and the gap was also covered by a clot and then
by a scab. After 25–30 days after removal at 27–32�C, the scab eventually dropped
of, leaving underneath new skin covering a bulk of muscle tissue mixed with
connective and adipose tissue (Fig. 1.10a). Muscles fibers of different diameter
were present in the area removed, occupying most of the regenerated volume in
some cases (Fig. 1.10b). However, in other cases dense connective tissue and
adipose cells were prevalent over regenerated muscle fibers. Interestingly, regen-
erated muscles formed myotomes like in the regenerating tail (Fig. 1.10c, d). Two
months after amputation, the regenerated fibers were still thinner than the fibers
of the original tail and they were organized in circular bundles, like in a regener-
ated tail (Fig. 1.10a, b, e).

Fig. 1.9 (continued) into the dorsal part of the tail stump (1), or of the cartilage-ependyma
from the regenerated tail (3). bl regenerative blastema, ce cartilage-ependyma, dnt distal
normal tail (is lost), drt distal regenerated tail (is lost), et ependymal tube, gt growing
(regenerating) tail, nt normal tail, pnt proximal normal tail (remains as stump), rt regen-
erated tail, sc spinal cord, st supernumerary tail
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Fig. 1.10 Regeneration of muscles (a–e) (see Fig. 1.9a) and cartilage (f–j) (see Fig. 1.9b) in P.
muralis (hematoxylin–eosin stain in all cases, except in g, for which toluidine blue stain was
used). a Cross section 35 days after the lesion showing large bundles of regenerated muscles
around the adipose and inner dense connective tissues. Bar 200 mm. b Detail of the
regenerated muscles, the fiber diameter of which is still much less than that of some muscle
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Another experiment on geckos (T. mauritanica) and wall lizard (P. sicula),
designed to detect the autonomous capability of cartilage regeneration, is shown
schematically in Fig. 1.9b. An intermediate segment of 2–3 mm of cartilage
containing the regenerated ependymal tube was removed from the central axis
of a regenerated tail. In about half of the cases studied, the gap between the
proximal and the distal cartilaginous segments was filled with a compact rod of
cartilaginous tissue in 30–40 days (Fig. 1.10f, g). Often, the regenerated cartilage
did not form a cylinder like in the regenerated tail. In the remaining 50% of cases,
the two cartilaginous stumps were reconnected by the proliferation of a bridge of
dense fibrous tissue, in which cartilaginous cells were scarce (Fig. 1.10h, i). The
ependymal tubes within the two cartilaginous stumps appeared to be trapped by
the dense connective tissue (Fig. 1.10i, j), and the more advanced cartilaginous
bridge did not surround any ependymal tube. Therefore, unless the ependymal
tube had degenerated before the histological analysis, cartilage regeneration
seems to be independent of the influence of the ependymal tube (Simpson
1964). This independence of chondrogenesis from the presence of the regenerat-
ing ependyma is also indicated by the results obtained in the experiments
described next.

The following experiment, also performed to detect cartilage regeneration, is
shown schematically in Fig. 1.9c. Regenerated tails of P. muralis were amputated
and about 2–3 mm of the cartilaginous cylinder containing the ependymal tube
was removed from the stump surface. Generally the tail did not regenerate, and
only a coniform scar was produced in most cases after this operation. The
histological analysis at 3–4 weeks after amputation showed that the ependymal
tube had regenerated for a small distance but was apparently trapped inside the
fibrous, scar tissue produced on the stump surface (data not shown). An irregular

Fig. 1.10 (continued) fibers of the original muscle group (bottom). Bar 50 mm. c Longitudi-
nal section showing the segmental organization of the regenerated muscles at about 30 days
after amputation (arrows). Bar 40 mm. d A case with long regenerated myofibers that are
inserted into the perivertebral connective tissue. Bar 50 mm. e Detail comparing the thinner
regenerated myofibers (arrows) with the original fibers (arrowheads). Bar 50 mm. f Carti-
laginous bridge formed between the two cartilaginous stumps (the original gap is indicated
by arrowheads). The ependymal tube (arrow) has partially grown near an incorporated
epidermal cyst (double arrowhead). Bar 40 mm. g Detail of regenerated cartilage filling the
initial gap between the two cartilaginous stumps (arrows). Bar 50 mm. h In this case mainly
fibrous tissue has formed between the two cartilaginous stumps, which are sealed by
fibrocartilaginous tissue (arrowheads). The ependyma has remained inside the cartilagi-
nous tubes. Bar 100 mm. i A case where dense connective tissue has bridged the two
cartilaginous stumps (arrows). Bar 50 mm. j A case where the bridge tissue is made of
cartilage surrounded by dense fibrous connective tissue. The arrow points to a peripheral
nerve. Bar 50 mm. cr regenerated cartilaginous tissue, ct1, ct2 cartilaginous stumps, dc dense
connective tissue (scar), li lipid tissue, nm normal muscles, rm regenerated muscles, sc
spinal cord, sr scar tissue, v vertebra
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cartilaginous rod of cartilage (1–2 mm long) surrounded by fibrous tissues regrew
apically in the absence of an ependymal outgrowth (Fig. 1.11a). Also in this case,
unless the ependyma had initially regenerated and then degenerated before the
histological analysis, this experiment also suggests that there is no influence of the
ependyma on cartilage regeneration.

The experiments indicated in Fig. 1.9d tested the regenerative potential of the
vertebrae in the tail. Two vertebrae in the proximal region of the tail were
removed, including the inner spinal cord, as indicated in the drawing. Two to
3 days after surgery, about 60% of the animals also lost the distal part of the tail,
which was probably dropped by autotomy, leaving the damaged vertebrae initially
in contact with the stump and later with a regenerating blastema. In the remaining
animals, the distal tail remained in place, so vertebral recovery was observed.
Broad parts of the missing bone of the vertebrae were repaired by cartilage at
25–30 days after injury (Fig. 1.11b–e). The cartilage was either a continuation of
the periosteum of the vertebral body or of cartilaginous cells of the intervertebral
cartilage (intercentra). Fibrous connective tissue was also seen, and this connec-
tive tissue was mixed or surrounding the cartilaginous tissue. In the case of the
continuity of the vertebrae with the regenerating tail, the cartilage tended to form
a tube, so vertebrae were replaced with an irregular cartilaginous tube, like in the
regenerating tail (data not shown).

Further experiments were conducted on geckos (T. mauritanica and Hemi-
dactylus turcicus) and lizards (P. sicula). These studies aimed to test the capability
of the tail to regenerate after cauterization and destruction of the spinal cord
remaining in the stump of a normal tail, using a hot needle (Fig. 1.9e). Other
experiments involved the cauterization of the ependymal tube present in the
stump of a previously regenerated tail (Fig. 1.9f). The histological analysis of
both cases showed that 13 days after injury, the normal spinal cord (or the
regenerated ependymal tube) was totally or partially missing inside the last
vertebrae or the cartilaginous tube (Fig. 1.11f). In the normal spinal cord, most
neurons degenerated, and numerous phagocytes invaded the surrounding
meninges or even the nervous tissue.

Following this operation, the process of wound healing was retarded and a scar
or an outgrowth resembling a blastema was formed much later, after 15–20 days
instead of 8–10 days as in normal controls. In some cases the initial outgrowth
formed short, stubby scaled tails at 35–40 days after trauma (Figs. 1.11g, h). These
short, scarred tails (1–3 mm in length) were invaded with fibrous connective
tissue (Fig. 1.11i). In a few cases however, long regenerated tails were also
produced. The histological examination of the latter regenerated tails showed
that they contained numerous muscle bundles and large nerves (Fig. 1.11j). In
some short scars, the surface of the stump contained a dense and fibrotic connec-
tive tissue instead of a mesenchymal blastema (Fig. 1.12a). Eosinophilic granulo-
cytes and some large areas of eosinophilic fibrils (collagenous, keloid-like
material) were sparse among fibrocytes in these flat scars or in the short scarred
tails.
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Fig. 1.11 Autonomous regeneration of cartilage (a) (see Fig. 1.9c), bone (b–e) (see Fig. 1.9d),
connective tissues, fat, and nerves after cauterization of the spinal cord (f–j) (see Fig. 1.9e).
a–i P. sicula. j T. mauritanica. a A rod of cartilage is seen among connective tissue and fat
cells in front of the level of amputation (arrow). Bar 50 mm. b Frontal section of a damaged
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The results of the experiments after normal spinal cord cauterization (Fig. 1.9e)
are summarized as follows. In many cases (about 63%), tail regeneration was
abolished, producing 0.05–0.2-cm-long, scaled scars after 45–50 days after injury.
These scars were mainly constituted by fibrous connective tissues with few blood
vessels, nerves, and traces of muscles. In about 28% of cases, shorter but irregular
tails (0.3–0.9 cm in length) were produced. Some of these short regenerated tails
possessed an axial cartilaginous rod without an ependymal tube (Fig. 1.12b–d). In
other cases there was a single or even a double ependymal tube associated with or
completely surrounded by a cartilaginous rod (Fig. 1.12e). In a few other cases, the
outgrowth did not contain any cartilaginous tube at all, but instead fibrous
connective tissue that was surrounded by muscle bundles with the typical circular
pattern, and by connective and adipose tissue (Fig. 1.12f, g). Nerves were often
large and abundant in these outgrowths, whereas muscles appeared organized in
myotomes.

Finally, only 9% of cauterized animals in the experiments reported in Fig. 1.9e
and f possessed longer regenerated tails at 50 days after amputation (0.6–1.9 cm
long), and contained a cartilaginous tube surrounding a central ependymal tube,
like in normally regenerated tails. Also, the cauterization of the regenerated spinal
cord (essentially an ependymal tube; Fig. 1.9f) resulted in the formation of scars or
short tails, like those illustrated in Fig. 1.11g and h.

These types of variation in the anatomical structure of regenerated tails, namely,
tails containing an ependymal tube that was not completely surrounded by carti-
lage, or tails lacking a cartilaginous axis and ependyma, or tails with a single rod of

Fig. 1.11 (continued) vertebra (arrowheads) which has been largely replaced by cartilage
after about 1 month after injury. Bar 50 mm. c Cross section of damaged vertebra with
proliferated cartilaginous tissue (arrowheads). Bar 40 mm. d Longitudinal section showing
that most vertebral bone is replaced by cartilage. Bar 40 mm. e Detail of damaged vertebra
with formation of a cartilaginous neural arch (arrowhead). Bar 50 mm. f Detail showing the
completely degenerated spinal cord inside the vertebral canal about 20 days after cauteri-
zation. The arrow indicates the reactive ependymal ampulla contacting the distal fibrous
scar. Bar 40 mm. g Cicatrix outgrowth of about 40 days after spinal cauterization (arrow-
heads indicate the level of tail amputation). Bar 1 mm. h Another curved scar outgrowth at
50 days after cauterization of the spinal cord (arrowheads indicate the point of amputa-
tion). Bar 1 mm. i Longitudinal section of a short cicatrix at 25 days after cauterization.
Beneath the epithelium, scar tissue is present which is contacted (arrow) by a nerve derived
from an intact ganglion. The latter contacts the degenerated spinal cord through a nerve
root (arrowhead) after cauterization. Bar 50 mm. j Long and scaled outgrowth produced
about 35 days after cauterization of the ependyma at the point of amputation (double
arrowhead, see Fig. 1.9f). Numerous nerves (arrows) and large blood vessels (arrowheads)
are present together with segmented muscle bundles but no axial cartilaginous tube or
bones are present. Bar 200 mm. ca cartilage, dc dense connective tissue, dn degenerated
nervous tissue replaced by a fibrous scar, dsc degenerated spinal cord (scar), e epidermis,
ep ependyma, ft fat tissue,mumuscles, sc spinal cord, tp transverse process of the vertebra,
v vertebral bone, vb vertebral body, vc cartilaginous vertebra
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Fig. 1.12 Effects on tail regeneration after cauterization of the spinal cord (a–g) (see
Fig. 1.9e) or after the cauterization of the stump with the exception of the spinal cord (h,
i) (see Fig. 1.9g). a, c–i P. sicula. bH. turcicus. a Scar with almost no regeneration (the arrow
points to a spinal ganglion). Bar 200 mm. b Short regenerated cone of about 30 days of
regeneration where only dense connective tissue and segmental muscles are present,
whereas the cartilage has only recovered the injured vertebra. Bar 200 m. c Irregular
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cartilage but not ependyma, have also been described in regenerated tails found in
natural conditions (Bellairs and Bryant 1985). In both experimental conditions and
naturally occurring anomalous outgrowths, it is unknown whether the ependymal
tube was initially absent or had degenerated for physiological reasons after the
regeneration of the tail. This possibility, however, remains unlikely as other
experiments indicate that the implanted ependyma either degenerates rapidly or
survives beyond 30 days (Simpson 1964; Alibardi et al. 1988; Fig. 1.9h, i).

A further experiment tested the ability of caudal tissues to regenerate after
cauterization of the superficial tissues of the stump, with the exception of the
spinal cord (Fig. 1.9g). After this operation, in 30% of cases short regenerated tails
(0.3–1.2 cm) were produced where a cartilaginous tube with ependyma was
present (Fig. 1.12h). However, in 70% of cases no tail regeneration occurred. In
the latter cases, the cauterized stumps initially produced softer mounds which
became scars of 1–3 mm in length at 30 days after cauterization, sometimes
containing large masses of cartilage (Fig. 1.12i). Also in this case, as in the
experiments where the cauterization of the ependymal tube was performed
(Figs. 1.9f, 1.12e), the ependymal tube was sometimes bifurcated or was connected
to nerves carved inside the cartilage (Fig. 1.13a–d). The connective tissue formed
after stump cauterization was composed of fibroblasts containing large amounts
of banded collagen and the intercellular matrix appeared densely fibrous, not like
the loose mesenchyme formed in the normal blastema (Fig. 1.13; Alibardi and Sala
1988).

The final experiments were designed to determine the capacity of the spinal
cord or the ependymal tube (autotransplant from the amputated distal regener-
ated tail) to grow and sustain tail regeneration after cauterization of the normal
spinal cord (Fig. 1.9h). It is known that the implantation of a cartilaginous tube
containing the ependyma on dorsal incisions of a tail can induce the formation of
additional tails (Guyenot 1928; Singer 1961; Simpson 1964; Whimster 1978;
Alibardi et al. 1988; Figs. 1.1, 1.9h, i). This operation was done by the autotrans-
plant of a piece of the cartilage-ependyma tube into the tail stump where the
spinal cord was cauterized by a hot needle (Fig. 1.9h). This experiment produced

Fig. 1.12 (continued) cartilaginous rod forming the axis of a conical outgrowth of about
35 days of regeneration. Bar 200 m. d Cross section of a conical outgrowth showing a central
rod of cartilage surrounded by dense connective tissue. Bar 200 mm. e Cross-sectioned
elongating cone of about 3 weeks of regeneration with two ependymal tubes (arrows) not
completely surrounded by cartilage. Bar 100 mm. fCross section of a coniform tail at 3 weeks
after injury showing only muscle bundles but not cartilage-ependyma in the center. Bar
100 m. g Cross section of regenerated tail about 1 cm long (about 40 days of regeneration)
with muscle bundles but not axial cartilage-ependyma. Bar 200 mm. h Regenerating cone at
about 3 weeks with ependyma-cartilage but few muscle bundles. Bar 50 mm. i Coniform scar
at 1month after cauterizationmainly occupied by cartilage.Bar 100 mm. dc dense connective
tissue, ep ependyma, ft fat tissue, lc loose connective tissue, mu muscle, rc regenerated
cartilage, rm regenerated muscles, sc spinal cord, sr scar tissue, w wound epidermis
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Fig. 1.13 Effect on tail regeneration of cauterization of the regenerated ependyma (a–d) or
the stump (e), or of implants of cartilage-ependyma (f, g). a–d Longitudinal sections of the
same cartilage-ependyma of regenerated tail. a Beginning of the bifurcation of a nerve
(arrow) from the ependyma. Another nerve (arrowhead) runs parallel to the ependyma. Bar
50 mm. b The bifurcated nerve insinuates (arrow) into the cartilage wall. Another nerve
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in 37% of the cases scar outgrowths of 0.2–0.3 cm in length, which contained
neither cartilage nor ependyma (probably the transplanted tissues had degener-
ated). In the remaining 62.5% of cases, the implanted tissues remained viable, and
normal regenerated tails (0.6–1.7 cm) were produced after 40 days after the
operation. The latter contained a cartilaginous tube with ependyma. Also, the
autotransplant of spinal cord or cartilage-ependyma in the dorsal part of the tail
stump often resulted in the formation of adjunctive (supernumerary) tails after
30–60 days after the operation (Fig. 1.9i). The production of supernumerary tails
of 3 mm to over 1 cm in length varied from 27% of the cases after spinal cord
implantation to 28–41% of the cases after cartilage-ependyma implantation. Some
of the induced tails contained a cartilaginous-ependymal axis surrounded by
muscle bundles as in normal regenerated tails (Fig. 1.13f). In other cases where
shorter and smaller supernumerary tails were induced, these supernumerary tails
did not contain a cartilaginous tube with ependyma but instead dense connective
tissue, with nerves, blood vessels, and thin muscle bundles (Fig. 1.13g). It is not
known whether the implanted ependyma in the latter cases had degenerated
before the histological examination. The potential of tissue regeneration is, how-
ever, expressed only when the connective tissue surrounding the above-mentioned
tissues slowly turns into a scar. In contrast, the rapid formation of scar connec-
tive tissue halts the regeneration and elongation of the ependymal tube and of the
cartilaginous cylinder, limiting the regeneration of a new tail and leading to the
formation of flat scars or short tails.

In conclusion, the experiments described above have indicated that in lizards
many of the axial tissues of the normal tail (cartilage, bone, muscles, spinal cord,
and large nerves) can express a large regenerative capability, higher than in other
amniotes (Tsonis 2002). From a zoological point of view, these experiments
further suggest that the broad autonomous tissue regeneration in lizards was
probably a preadaptative characteristic for the evolution of the regeneration of a
large organ such as the tail (Sect. 1.2). What was needed for the regeneration of the
tail was the formation of a thin mesenchymal mass interacting with an apical

Fig. 1.13 (continued) (arrowhead) runs parallel to the ependyma. Bar 50 mm. c The bifurcated
nerve grows into a cavity (arrow) carved in the cartilage. The other nerve (arrowhead) runs
parallel to the ependyma. Bar 50 mm. dThe nerve runs inside a channel carved in the cartilage.
The other nerve (arrowhead) merges with the ependyma. Bar 50 mm. eUltrastructural detail
of the fibroblasts with developed ergastoplasm (arrows) present in an outgrowth at 15 days
after cauterization. Numerous collagen fibrils are seen in the extracellular space. Bar 0.5 mm.
f Induced tail regeneration after 25 days from the implantation of the cartilage-ependyma
(experiment reported in Fig. 1.9h; bar 1 mm in the inset). The longitudinal section of a
supernumerary tail of about 50 days shows that a central cartilage-ependyma surrounded by
fat tissue and muscles is present like in a normally regenerated tail. Arrows indicate the
beginning of calcification of the cartilage. Bar 100 mm. g In another, short outgrowth at
45 days after implantation, only dense connective tissue and a few muscles are regenerated.
Bar 200 mm. co collagen fibrils, dd dense dermis, ep ependyma, ex extracellular matrix, ft fat
tissue, nu nucleus, rc regenerated cartilage, rm regenerated muscles, s scale
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wound epidermis, the epidermal cup, capable of maintaining a soft growing apex
where mesenchyme and epithelial cells communicate through the incomplete
basement membrane. The type of molecules possibly operating in this epider-
mal–mesenchymal interaction still remains to be discovered in the lizard system,
but studies on the inhibition of tail regeneration will help in future molecular
analysis of the process.

1.8
Failure of Tail Regeneration and Cicatrization

Many internal and external factors control tail regeneration in lizards, and they
operate at the molecular and cellular level (growth factors, neurotrophic factors,
signaling molecules) or at a physiological and more systemic level (endocrine and
immune systems).

Although the regeneration of the tail occurs in most lizards under warm or hot
conditions, the process of tail regeneration is retarded or completely inhibited
when the temperature falls below 20�C. For instance, in A. carolinensis the rate of
tail regeneration falls to one tenth when the temperature is lowered from 31 to
21�C (Maderson and Licht 1968). The rate of regeneration is so low at 18–20�C in
P. sicula and P. muralis (Alibardi, personal observations) that tail growth is
virtually stopped. This process very likely occurs because the metabolism is too
low to sustain tissue growth. The effect of the temperature on the general metab-
olism is however nonspecific since it does not affect the molecular mechanism
that induces the regenerative response. More specific cellular process that are
needed for tissue regeneration include the presence of a wound epithelium, the
presence of stem cells in the tail and limb, the degree of inflammatory reaction
after wounding, and even the participation of the immune system to limit the
formation of a new proliferating tissue such as the regenerative blastema. Finally,
the influence of the nervous system on the regenerating tissues is also a key factor
controlling the process (Simpson 1970, 1983; Bellairs and Bryant 1985).

The destruction of the apical wound epidermis of the tail blastema stimulates
scarring (Alibardi, personal observations). It is, however, not known whether the
apical wound epidermis forming the epidermal papilla localized in front of the
regenerating ependymal ampulla (Fig. 1.4e) corresponds to the apical epidermal
ridge of the newt blastema (Mesher 1996; Harty et al. 2003). An apical epidermal
papilla is absent in the wound epidermis of the wounded limb, although the
keratinocytes express wound keratins like those of the epidermis in the tail
(Alibardi and Toni 2006). The presence of a complete basement membrane in
the mounds of a healing limb very likely stops the morphoregulatory communi-
cation between dermis and epidermis, leading to the stoppage of growth and
therefore to scarring. In contrast, in the tail blastema the basement membrane is
incomplete, at least in the more apical and central part, and dermal–epidermal
interactions (and perhaps also epithelial–mesenchymal transformation) take place
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(Alibardi 1994b, 2009a). When the tail stump is covered with old skin taken from
the side of the stump (where a basement membrane is well formed), tail regenera-
tion is inhibited (Marcucci 1915a, b; Quattrini 1955).

The process of regeneration in lizards is sensitive to other natural or experi-
mental conditions, directly or indirectly stimulating a strong inflammatory reac-
tion. In fact, as we have previously reported, one way to inhibit tail regeneration
or produce variably irregular tail scars is through the cauterization of the ampu-
tated stump or of the single spinal cord (Fig. 1.9e, f). Another intervention aiming
to block the process of tail regeneration is carried out by making a few incisions in
the tip of the blastema where the apical epidermal papilla is located. A further
operation that retards or inhibits tail regeneration is through the use of irritating
chemical agents such as beryllium and cadmium nitrate, which block limb or tail
regeneration in amphibians (Carlson 1970). Similar treatments on the stump of
the lizard tail retard tail regeneration or sometimes result in the formation of scars
(Alibardi, unpublished observations). All the above-mentioned effects seem to
induce the stimulation of a chronic inflammatory response in tail tissues, similar
to the intense inflammation of the wounded limb (Alibardi 2009a, b).

Also, repeated amputations of the tail in a close temporal sequence lower the
rate of tail regeneration and eventually abolish it (Hughes and New 1959; Bryant
and Bellairs 1967a, b; Maderson and Licht 1968; Werner 1968; Alibardi, personal
observations). This operation, after the third amputation, leads to the formation
of shorter tails or even blunt scars. This effect can derive either from the depletion
of hormones from endocrine glands sustaining regeneration (hypophysis and
thyroid) or from the enhancement of the inflammatory reaction to infection, or
even from immune reactions due to the chronic wounding stimulation. The latter
may evoke the sensitization to autoantigens, but molecular data are missing. In
lizards that have formed a tail scar instead of a regenerated tail, the monocyte
content in the blood is abnormally high (Sabrazes and Muratet 1924; Alibardi,
personal observations). The inflammatory reaction can turn the blastema into a
fibrotic granulation tissue that prevalent on the healing process and forms a scar.
The molecular processes operating during lizard inflammation are not known.

Endocrine effects on the process of tail regeneration and, in general, of tissue
regeneration are indirect, and their molecular action in lizards remains poorly
known. The hypothalamus is probably involved since the supraoptic and para-
ventricular nuclei show the maximum secretory activity during the highest rate of
growth of the regenerating tail in the gecko Hemidactylus flaviviridis (Desai et al.
1977). Also, the thyroid is more active during tail regeneration, sustaining the
metabolism and the growth of the regenerating ependyma (Turner and Tipton
1971; Magon 1975).

The hormonal supply for tail regeneration is essential for sustaining the
process, e.g., maintaining an active protein synthesis and metabolism (Licht and
Howe 1969; Turner 1972). Hypophysectomy delays the formation of a regenera-
tive blastema and the growth of the regenerating tail as it retards the differentia-
tion and growth of the main elongating tissues, muscles, cartilage, and probably
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the nervous system (ependymal tube). The administration of the growth hormones
prolactin, gonadotrophin, and/or of thyrotropin recovers tail regeneration in
hypophysectomized lizards. Thyroxine stimulates regeneration and the formation
of promuscle cell aggregates, procartilaginous condensation, and the growth of the
ependymal tube (Turner and Tipton 1971; Turner 1972).

The spinal cord is important for stimulating the regeneration of the tail as its
removal results in inhibition of tail regeneration (Guyenot 1928; Kamrin and
Singer 1955; Simpson 1961, 1970; Whimster 1978; Alibardi et al. 1988). The
implantation of spinal cord stimulates the regeneration of supernumerary tails
(Fig. 1.9i). In most cases of tail bifurcation or of supernumerary tail formation in
natural conditions, the spinal cord appears as the essential element capable of
promoting the process of regeneration (Terni 1915; Woodland 1920; Volante
1923; Quattrini, 1953a, b, 1954; Evans and Bellairs 1983). In particular, the regen-
erating ependyma appears to be the main stimulator of tail regeneration (Simpson
1964; Alibardi et al. 1988), although its specific neurotrophic action remains to be
demonstrated. Regenerating nerves appear less important for inducement of the
regeneration of the tail or of the limb, and their experimental reduction over the
tail stump does not significantly affect tail regeneration (Cox 1969b).

Finally, the role of the immune system in limiting the process of tail regenera-
tion in lizards has still to be assessed. Preliminary studies have indicated that the
number of lymphocytes and of g-globulin fraction of the serum increase with
repetitive tail amputations (Alibardi, unpublished data). At the third and fourth
successive amputations of the tail, numerous lizards do not regenerate the tail
anymore, but tend to form a scar outgrowth or a short tail that rapidly becomes
scaled. The histological analysis of the blood at the first, second, third, and forth
amputations has shown the presence of a very high level of lymphocytes and
lymphoblasts, in particular in individuals with scars instead of regenerated tails
(Alibardi, personal observations). It is not clear whether this increase of leuko-
cytes is due to the status of a lasting inflammation and infection resulting from the
persisting amputation, or to a specific stimulation of the immune system by new
antigens formed in the regenerating blastema.

The stimulation of tail scarring is also obtained in the second continuous
regeneration in gecko lizards maintained at a constant temperature of 37–40�C,
a condition that resembles that of a mammal (Alibardi, unpublished observa-
tions). Only specimens of T. mauritanica or H. turcicus resist these constant high
temperatures, whereas P. sicula cannot tolerate them. It is likely that the immune
system is more active in these lizards, virtually in homeothermic conditions, and
both the lymphocytes and g-globulin fraction increase in comparison with normal
conditions.
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Chapter 2
Tail Regeneration: Ultrastructural and Cytological Aspects

Despite the numerous histological studies on regenerating tails, few ultra-
structural studies have been conducted on the progressive stages of the process.
These studies would allow a better identification of the modification of injured
tissues and of the different cell types activated during the process of wounding.
No ultrastructural studies are available for the wounding and the limited tissue
regeneration of the limb.

Only the regenerating spinal cord has received a detailed transmission electron
microscopy (TEM) analysis (Simpson 1968; Egar et al. 1970; Turner and Singer
1973; Alibardi 1990–1991). Other ultrastructural studies have been conducted on
the differentiation of the main tissues in the tail (see later). These studies have
permitted us to determine precisely the types of cells involved in the formation of
the regenerative blastema in lizards and the proliferative potential of cells of the
connective, ependymal, muscular, and blood tissues.

The following sections provide a summary of published and unpublished
observations on the fine structure of the wounded and regenerating tissues of
different species of lizards. More details can be found in specific publications cited
in the following sections.

2.1
Wound Healing to Blastema Formation

Despite the extensive injuries following tail or limb amputation in lizards, the
animals rarely acquire infections, a phenomenon almost impossible in a mammal.
How can lizards cope with microbe penetration across their extensively exposed
tissues? Ultrastructural analysis has shown that the injured stump is covered with
bacteria of different types (Alibardi 2009a; Fig. 2.1a, b). Despite the contact with a
dirty substratum in the terrarium, lizards rarely develop infections. These observa-
tions have shown that numerous neutrophils are present among the wound epithe-
lium and are also located beneath the scab, where they actively engulf bacteria.

At about 2 days after amputation, many degenerating endings of sectioned
muscles are seen, and numerous white blood cells are infiltrated among the



Fig. 2.1 Ultrastructural details of the tail stump (location indicated by the arrow in the inset
in a) in Podarcis sicula (a–c) and Anolis carolinensis (d). a Aspect of the scab at 4 days after
wounding. Beneath the compact outer stratum (dark arrow) numerous degenerating cells
(white arrows indicated electron-dense nuclei), keratinocytes, and blood-derived cells
with numerous vacuoles are accumulating. Degenerating pale cells underneath represent
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connective and adipose tissues, for an extension up to 0.2–0.3 mm within the
stump. The surface of the stump of the tail is initially covered with a blood clot,
derived from the accumulation of blood cells over the sectioned tissues (Figs. 1.4a,
2.1a). At 3–4 days after amputation, the keratinocytes from the last sectioned
scales have migrated over part of the stump but do not completely cover the
stump surface (Alibardi and Sala 1983; Alibardi and Toni 2005; Alibardi 2009a).

The scab is made of electron-dense, largely amorphous material derived from
platelets, and erythrocytes accumulate over injured tissues during the first few
hours after lesion. Numerous bacteria (Bacillus sp., Staphylococcus sp., sometimes
also Mycobacterium sp. with a capsule) are seen externally, but also within the
scab (Fig. 2.1b). Bacteria in the phase of cell division are often seen. The scab
contains numerous pycnotic nuclei, 0.1–2.0-mm lipid-like vesicles and degenerat-
ing leukocytes with digestive lysosomes, especially in contact with the wounded
tissues underneath. The microbes are engulfed in digestive vacuoles of leukocytes
localized among the migrating keratinocytes. The leukocytes contain 0.1–0.5-mm
dense granules with a “spongy-like” texture that resemble the azurophilic gran-
ules of neutrophil granulocytes in mammals. Other dense granules instead resem-
ble the specific granules of eosinophils/heterophils, as they contain denser
particulate/polygonal structures among a less dense material.

The phagocytic keratinocytes contain few keratin bundles, desmosomal junc-
tions, and scattered phagosomes or pale digestive vacuoles of 0.2–0.5 mm together
with short vesicles of the rough endoplasmic reticulum. Although the plasma
membrane of granulocytes and migrating keratinocytes is often apposed one
to another, no desmosomal junctions are present between these cell types. At
12–14 days after amputation the wound epidermis comprises six to ten layers of
spinous-like keratinocytes with euchromatic nuclei, located beneath a corneous
layer made of five to eight layers of thin corneocytes. The flattening keratinocytes
of the more external layers contain numerous short keratin bundles that tend to
merge together in precorneous keratinocytes (Alibardi 1995c, Alibardi and Toni
2005). Beneath the corneous layers of forming scales, a granulated (clear) layer is
formed, which forms a characteristic serrated interface with the next layer pro-
duced underneath, called the oberhautchen layer. The granulated and the new
oberhautchen layers will form the splitting line for the shedding of the wound

Fig. 2.1 (continued) granulocytes containing dense granules (arrowheads). Bar 1 mm. b
Detail of scab at 5–6 days with condensed cell material surrounded by bacteria (arrows).
Bar 200 nm. c Detail of the basal part of the wound epithelium contacting the underlying
connective tissue at 7–8 days after wounding. Two cytoplasmic blebs (arrows) and a
microvillar elongation (arrowhead) from migrating keratinocytes are seen. Bar 1 mm.
d Detail showing the dermal–epidermal boundary of the blastema at 16 days after amputa-
tion. The dense lamella is largely incomplete (arrowheads), whereas an amorphous material
(arrows) occupies most of the incomplete basement membrane. Bar 1 mm. dg degenerating
granulocytes, fb fibrin exudate, k keratin bundles, l lipid vesicle, msn mesenchymal cell, sb
scab material, w wound keratinocytes
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Fig. 2.2 Ultrastructural detail of cells of the wound epidermis (a–c) in the blastema (arrow
in the inset in a) and regenerated epidermis of the new scales (d) in P. sicula. a Diffuse
immunogold labeling (arrows) for wound antigen 6 among keratin bundles. Bar 100 nm.
b Diffuse immunogold labeling for keratin 17 (arrows) among keratin bundles. The
arrowhead points to a dense granule. Bar 100 nm. c Cytoplasmic blebs of the basal cells
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epidermis (Alibardi 1998, 1999, 2001). The process of shedding is favored by the
degradation of cell junctions between granulated and oberhautchen layers as
indicated by the activity and localization of acid phosphatase contained in the
lysosomes of these cells.

In the tail blastema, the basement membrane of the wound epidermis, in
particular the dense lamella appears discontinuous and some cytoplasmic blebs
of migrating keratinocytes are seen (Fig. 2.1c, d). Elongating keratinocytes show
numerous microvillar extensions contacting the loose exudates and the few
collagen fibrils with no banding present in the healing connective tissue.

Wound keratinocytes contain short endoplasmic cisternae, irregular pale vesi-
cles, lipid droplets, and sparse, round, and dense granules of 0.1–0.4 mm. The
short keratin bundles of wound keratinocytes are diffusely immunolabeled for
wound keratins 6, 16, and especially 17, like in mammalian wound keratinocytes
(McGowan and Coulombe 1998; Alibardi and Toni 2005, 2006; Fig. 2.2a). Keratin
17 is a special keratin believed to favor the movement of migrating keratinocytes
as it is linked to elastic elements of their cytoskeleton (actin, etc.) Migrating and
stratifying keratinocytes of the wound epidermis are also react toward wound
antigen 6, a typical cytoskeleton-associated marker associated with the regenerat-
ing wound epithelium of amphibians (Estrada et al. 1993; Fig. 2.2b). Immunogold
labeling at the TEM level has shown that the antigen is diffuse in the cytoplasm
and associated with keratin bundles. The immunogold labeling shows that the
keratin 17 antibody tends to label loosely the periphery of the short keratin
bundles of lizard wound keratinocytes but not the entire bundle (Alibardi and
Toni 2005). The long bundles most likely contain other keratin types. Both these
cytoskeletal proteins, wound antigen 6 and keratin 17, are associated with the
short keratin bundles of migrating keratinocytes, and are absent in stabilized
keratinocytes of normal epidermis (Geraudie and Ferretti 1998).

The basal layer of the wound epidermis often appears irregular, and this is due
to the numerous cytoplasmic blebs produced by basal keratinocytes in the initial
wound epithelium of the blastema at 8–12 days after amputation (Alibardi 1994b,
1999). Often this part of the epithelium is so irregular and the boundary between
epithelial and mesenchymal cells is quite indistinct that some cells may actually
detach from the epithelium to move into the mesenchyme through a process
known as epithelial–mesenchymal transformation (Hay 1996; Fig. 2.2c).

Fig. 2.2 (continued) of the wound epidermis in contact with mesenchymal cells of the
blastema. Bar 1 mm. d Restored epidermal layer sequence after loss of the wound epithelium
in regenerated scale. The arrowhead indicates a spinule of the external oberhautchen layer
which is merged with the electron-pale b-layer, separated by thin mesoS cells from the
differentiating a-layer underneath. Bar 0.5 mm. a a-layer, b b-keratin layer, k keratin
bundle, kbl basal bleb of keratinocytes, K17 keratin 17 immunolabeling, l lipid droplet, m
mesoS (intermediate) layer,msmesenchymal cell of the blastema, pa pre-a (differentiating)
cell, W6 wound antigen 6 immunolabeling, w cells of the wound epithelium
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Within the wound epidermis a shedding layer is gradually formed. The upper
part of the wound epidermis is lost and new cells derived from the basal layer will
form the hard, b-keratin layers of the new epidermis (Figs. 1.1o, 2.2d).

The inflammatory process in lizards has some differences from the cellular
response present in mammals. In the latter, granulocytes degenerate in 1–3 days
and are replaced by macrophages of blood origin in the following days which
become the more common phagocytes in wounds (Kovacs and DiPietro 1994;
VanDen Boom et al. 2002; Wynn 2008). Differently, in wounded reptilian tissues
most leukocytes and only a few macrophages colonize the injured area during the
first week, and leukocytes persist in high number in the inflamed area for a long
time (Montali 1988; Huchezermayer and Cooper 2000; Tuchunduva et al. 2001;
Alibardi 2009a). These cells are recruited from the blood, as is also indicated from
some lowering of their number in the blood during the preblastematic and early
stages of tail regeneration (Hiradar et al. 1979; Shah et al. 1980). The longer
permanence of granulocytes that have migrated into the wound tissues in reptiles
in comparison with mammalian wounds (Montali 1988; Smith and Barker 1988;
Tuchunduva et al. 2001; Alberio et al. 2005) may also indicate that these cells
survive longer than in mammals. Macrophages are less frequent during the first
4–6 days after amputation, and beneath the scab of the stump the second main
line of defense is represented by granulocyte heterophils. The numerous azurophil
granules, and the specific granules, may contain potent antimicrobial molecules
that remain to be specifically identified. However, the cellular and molecular
nature of this innate immunity, whether present in regenerating keratinocytes
or/and in the underlying white blood cells in lizard wounds, is not known. Can
lizards produce antimicrobial molecules responsible for the relatively low and
brief inflammatory reaction that favor tissue regeneration? Innate molecules such
as defensins and cathelicidins are not known in lizards, but they have been
described in amphibians and the chick (Zasloff 2002). The presence of putative,
antimicrobial molecules in injured lizard tissues and their potential pharmaco-
logical role remain to be discovered.

Beneath the wound epidermis, migrating chromatophores such as lipophores,
iridophores, and melanophores are often present. Typical mesenchymal (blas-
tema) cells accumulate beneath the wound epithelium at 12–14 days after ampu-
tation, and very little amorphous material (glycosaminoglycans) and scarce,
nonbanded thin collagen fibrils are present (Alibardi and Sala 1988a, b, 1989).
Around the ependymal ampulla, cells of mesenchymal aspect actively take up
tritiated thymidine (Fig. 2.3a) and proline (Fig. 2.3b). Although they are sur-
rounded by numerous collagen fibrils, proliferating fibroblasts are also present in
the lesioned meninges and in the regenerating dermis (Fig. 2.3c).

The ultrastructural aspect of blastema cells is essentially summarized in the
variation of shape and extent of surface elongation, from fusiform cells (fibro-
blast-like) toward a more irregular mesenchymal aspect, and in the variable
amount of rough endoplasmic reticulum that is present in these cells (Alibardi
1986, 2009b; Alibardi and Sala 1988a, b, 1989). These cytological aspects and the
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Fig. 2.3 Ultrastructural aspects of cells of the regenerative blastema in A. carolinensis (a, c)
and Lampropholis delicata (b). aMesenchymal cells with tritiated thymidine labeled nuclei
(arrows) present in the central region of the blastema (arrow in the inset). Arrowheads
indicate regions of the cytoplasm with developed ergastoplasmic cisternae. Bar 2.5 mm.
b Labeled cell (arrows) 1 h after injection of tritiated proline, located at the apex of the
regenerating meninx. Bar 2 mm. c Thymidine-labeled fibroblast in the more lateral region
(dermal) of the blastema. Bar 1 mm. co collagen fibrils, ex extracellular space, nu nucleus,
PRO tritiated proline autoradiography, THY tritiated thymidine autoradiography
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cell density within the tail blastema and cone are probably related to the tissue
derivation. In the center of the blastema, mesenchymal cells have a poorly
developed ergastoplasm, but those located around or as a continuation of the
apical ependymal ampulla contain numerous endoplasmic cisternae. The latter
probably represent meningeal cells or even detached ependymal cells. In the area
of promuscle aggregates, mesenchymal cells frequently divide, and appear labeled
after 4 h to 1 day after injection of tritiated thymidine. They appear well labeled
after injection of tritiated proline, indicating that these cells possess an active
metabolism. In the lateral area of the blastema, where the dermis will be formed,
some typical fibroblasts surrounded by few collagen fibrils are present, often
incorporating tritiated thymidine. In all the regions of the tail blastema however,
the extracellular matrix is very scarce and contains mainly amorphous material,
probably glycosaminoglycans, and collagen fibrils are scarce and generally do not
form banded bundles.

Numerous cell types are present among mesenchymal cells of the blastema,
in particular macrophages, hematogenous cells (immature red blood cells or
other types of blood cells), and melanophores. In conclusion, it is clear from the
above description that a limited inflammatory reaction with a relatively low number
of leukocytes and macrophages occurs along the autotomy planes of the tail. This
condition favors the accumulation of mesenchymal cells of different origin, and
perhaps also the wound epithelium can provide cells of the blastema through an
epidermal–mesenchymal transformation. The latter phenomenon and its quantita-
tive contribution to the cell population of the regenerative blastema in lizard
regeneration has still to be evaluated. Typical of the tail blastema is the close
association between mesenchymal and epithelial cells due to the discontinuous
basement membrane, an aspect that indicates an intense dermal–epidermal inter-
action during these stages.

2.2
Tissue Differentiation

2.2.1
Epidermis

The wound epidermis at 1–2 mm from the tail tip is covered by five to eight layers
of mature corneocytes, whereas the living keratinocytes form a waved epidermis
(Figs. 1.4k, 1.6a). After the formation of deep epidermal pegs (Fig. 1.6c–e), the
epidermis undergoes cell differentiation to produce the typical stratification of
normal scales (Maderson et al. 1978; Maderson 1985; Alibardi 1995a, 1998, 2001).
The wound epidermis is an immature a-keratin layer and the formation of
the granulated layer occurs by the accumulation of keratohyalin-like granules of
0.1–4.0 mm in diameter (depending on the species; see Alibardi 1999, 2001).
Numerous dense granules of submicroscopic dimension (0.1–0.2 mm) are

58 Tissue Differentiation



produced in upper wound keratinocytes before they pack into the corneous layer
(Fig. 2.2b). When it matures, the granulated layer (known as the clear layer) forms
interdigitations with the next layer (the oberhautchen layer), along which the
epidermis of the pegs splits into two parts producing new scales (Fig. 1.6e–g).
Beneath the oberhautchen layer, all the new epidermal layers of the regenerated
(or neogenic) scales are formed, like in normal scales: the hard b-layer, the water-
loss-limiting mesos layer, and the flexible a-layer (Fig. 2.2d; Maderson and Roth
1972; Maderson 1985; Alibardi 1995c, 2000).

Both acidic and basic keratins are present in the regenerating epidermis and
the molecular mass of these proteins varies from 40 to 63 kDa (Alibardi et al.
2000). When the oberhautchen and b-layers are produced, they accumulate a large
amount of a hard type of keratin, termed b-keratin. a-Keratins (soft) remain in
the mature b-layer but are the prevalent keratins of the softer a-layers produced
underneath the b-keratin layer. The formation of neogenic scales (regenerated)
that show the same sequence of epidermal differentiation as in normal epidermis
has become an essential model to analyze the molecular biology of corneous
proteins in the reptilian skin. In fact, from regenerating scales, the genes coding
for epidermal keratins were determined for the first time (Dalla Valle et al. 2005).
Since the initial sequences were obtained, it has been easier to clone and sequence
these proteins from all reptilian groups.

Few studies on regenerated skin have illustrated the complete differentiation
not only of a normal epidermis but also of some epidermal specializations
(Maderson 1971). These consist of sense organs (likely mechanoreceptors) or
modified scales with pads made of microscopic hairy-like bristles (likely touch-
sensorial or capable of adhesion to the substrate), and even some glandular
structures. In some climbing geckos, numerous regenerated scales of the central
area of the tail reform extensive, pad-like areas of adhesion, which are made of
millions of setae, like those present in the original tail. These modified scales help
the tail to tightly grasp and adhere to the substratum represented by tree branches
and other rough surfaces (Bauer 1998).

2.2.2
Blood Vessels, Fat, and Meninges

After the stage of blastema formation, various tissues differentiate and grow, so
sustaining the elongation of the new tail, among which there is a new vasculature,
pericartilaginous fat deposits, and, more internally, meninges around the new
spinal cord.

The anatomical details of the vascular network that is established in the
regenerating blastema and in the elongating tail are not specifically known, but
the initial vascularization of regenerating tissues is likely irregular as in the
regenerative blastema of the newt (Peadon and Singer 1966). Numerous endo-
thelial cells take up tritiated thymidine in the blastema, giving rise to narrow
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Fig. 2.4 Blood cells in regenerating tail (correspondent stage indicated in the inset in a)
of A. carolinensis (a–d) and L. delicata (e). a Tritiated thymidine labeled nucleus of
endothelial cells (arrow) among the blastema of the regenerating tail (the inset shows the
approximative stage). Bar 0.5 mm. b Tritiated thymidine labeled, immature blood cells
(arrow) in a blood island (the arrowhead indicates compacted erythrocytes) located at the
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capillaries or to the large lacunae initially present (Hughes and New 1959; Alibardi
1993b; Fig. 2.4a, b). The initial blood vessels are of the fenestrated type and form
broad lacunae among blastema cells and around the apical ependymal ampulla.
Therefore, no tight blood–brain barrier is initially present in the early regenerat-
ing spinal cord, and small to medium-sized molecules such as amino acids, and
likely also higher molecular weight molecules, may freely move from the blood
into the nervous system and vice versa. From the apical sinusoid vessels present in
the blastema, mature or immature red and white blood cells can move into the
blastema, comprising polychromatophilic and orthochromatophilic erythroblasts
and monocytes.

Inside these capillaries or in the larger sinusoids, red blood cells often appear
not completely mature and still capable of multiplication, as is indicated by the
uptake of tritiated thymidine (Fig. 2.4b, c). The increased hematopoiesis activity,
elicited by the process of regeneration (Ramachandran et al. 1983; Shah et al.
1980), has allowed the erythropoietic span in lizards to be determined (Alibardi
1994c). In the lizards Lampropholis delicata and Anolis carolinensis the ery-
thropoiesis is initiated in the bone marrow and continues during tail regeneration,
also in the bloodstream. The stage from erythroblasts to orthochromatophilic
nucleated erythroblasts lasts about 14 days, about twice as long as in some homeo-
thermic amniotes (mammals) of the stage from erythroblasts to reticulocytes. It is
also likely that both red and white blood cells can divide within the bloodstream
during tail regeneration. Monocytes and macrophages incorporating tritiated
thymidine have also been seen within the blood vessels and even in the regenerat-
ing blastema (Fig. 2.4d), but the importance of extramarrow cell multiplication of
blood cells during lizard regeneration is not known. Many monocytes within
blood vessels also incorporate high levels of tritiated proline, in relation to their
high metabolism in comparison with a lower metabolic activity of immature or
mature red blood cells (Fig. 2.4e).

Although they exist in lower numbers than blood vessels, lymph vessels are
also regenerated during tail regeneration, as is illustrated for the gecko Christimus
marmoratus (Daniels et al. 2003). During the first 3 weeks of tail regeneration, the
flux of lymph is slower than in the normal tail. Lymph vessels are more actively
formed from 3 to 9 weeks of regeneration, as also indicated by the activation of the
vascular endothelial growth factor during this period. Most lymph vessels are
localized in the subcutis, between the dermis and the underlying regenerating
muscles, and carry the lymph to the liver and then to the heart.

Fig. 2.4 (continued) tip of the regenerating tail. Bar 0.5 mm. c Thymidine-labeled nucleus of
proerythroblasts in the blastema. Bar 1 mm. d Thymidine-labeled nucleus of a macrophage
in the blastema (arrows indicate cytoplasmic blebs). Bar 1 mm. e Tritiated proline labeled
monocyte migrating into the blastema from a sinusoid blood vessel. Bar 1 mm. cy cyto-
plasm, er erythrocytes, lu lumen of the capillary, Mo monocyte (macrophage), n nucleus,
PRO tritiated proline autoradiography
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Fig. 2.5 Differentiating lipocytes in pericartilaginous regions (a, b) and meningeal cells
surrounding the regenerating spinal cord (c, d). a Dividing cell (arrow on chromosomes)
present within the mesenchyme close to a lipoblast with a tritiated thymidine labeled
nucleus in A. carolinensis. Bar 1 mm. The inset shows the stage of regeneration. b Other
thymidine-labeled lipoblasts (arrow) with numerous lipid droplets close to a blood vessel
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In proximal regions of the elongating tail, capillaries, arterioles, and venules
around the spinal cord mature into tight vessels owing to the disappearance
of gaps in the endothelium and to the formation of tight junctions between
endothelial cells. The latter are completely surrounded by a continuous basement
membrane. These changes are observed in regenerated tails after 1 month of
regeneration, and the blood vessels then now similar to those of the normal tail.
The vessels are connected to the axial, caudal (dorsal) artery, from which they
probably originated, and eventually join to the two main caudal veins. The process
of angiogenesis appears also related to the formation of the fat tissue in the new tail.

At the stage of the elongating cone (Fig. 1.1l), in the region located between the
differentiating muscles and the cartilage (Fig. 1.1m), numerous fibroblast-shaped
cells often associated with blood vessels show labeled nuclei after injection of
tritiated thymidine (Fig. 2.5a, b). These cells often contain small lipid droplets
(0.3–1.0 mm) that indicate they are dividing lipoblasts (Alibardi 1995d). The
number of fat cells and their lipid content rapidly increase, and the initial series
of metameric adipomers (at least in L. delicata) later disappears to be replaced by
an apparently unique mass of fat tissue that surrounds the cartilaginous tube. As a
result, the adipose tissue is more abundant in the fully regenerated tail than in the
native tail. Differentiated lipocytes retain the thymidine label, indicating that they
do not frequently multiply when differentiation is under way. However, some
lipocytes with large lipid droplets are still capable of taking up tritiated thymidine
at 4 h after injection, suggesting that they can still divide.

Aside from the uptake of tritiated thymidine in their nuclei, lipoblasts also take
up tritiated proline, which concentrates in the ergastoplasm, indicating not only
an active cell division but also protein synthesis at early stages of tail elongation.
The burst of cell division mainly occurs in cells of the submuscular connective
tissue, 1–2 mm distant from the tip of the regenerating tail. The initial small lipid
droplets rapidly merge into large droplets that occupy most of the cell at maturity
until a unilocular cell is formed in proximal regions of the regenerated tails
around 1 month from the beginning of tail regeneration.

Around the apical regions of the regenerating spinal cord, within 1–2 mm from
the tail tip, mesenchymal cells tend to flatten and these cells become surrounded
by numerous collagen fibrils (Fig. 2.5c, d). These flat fibroblasts actively take up
tritiated thymidine and especially proline, indicating these cells are metabolically
more active than the mesenchymal type from which they derive, and are still
capable of intense cell multiplication. The numerous, tendentially oriented

Fig. 2.5 (continued) (arrowhead) in L. delicata. Bar 1.5 mm. c Flat meningeal fibroblast with
a tritiated thymidine labeled nucleus (arrow) in A. carolinensis. Bar 1 mm. d Meningeal
fibroblast actively synthesizing collagen as indicated by the tritiated proline labeling
(arrows) in the cytoplasm (L. delicata). The inset gives the indicative position of this cell
around the spinal cord (arrow). co collagen fibrils, l lipid droplet, ex extracellular matrix,
memelanocyte, n nucleus, PR tritiated proline autoradiography image, TH tritiated thymi-
dine autoradiography image
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Fig. 2.6 Ultrastructural detail of regenerating muscles in elongating tails of A. carolinensis
(a, b) and L. delicata (c–e). a Dividing cell (arrow on forming chomosomes) that is likely
merging (arrowhead) with regenerating muscle cells. Bar 1 mm. b Thymidine-labeled
nucleus of a myoblast in the phase of fusion (arrowheads) with another myoblast (4 h
after injection). Bar 1 mm. cDetail of a dividing cell (arrows point to the nuclei in telophase)
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collagen fibrils along the axial ependyma form a relatively regular dense connec-
tive tissue surrounding the spinal cord (Fig. 2.8b). These fibers are likely involved
in mechanically sustaining the new spinal cord during the bending movements of
the tail. This hypothesis is also suggested by the case of meningeal regeneration in
the New Zealand gecko Hemidactylus maculates. In this species, the meningeal
fibroblasts of the regenerated spinal cord synthesize a large amount of elastin and
are eventually surrounded by numerous and large elastic fibrils in addition to
collagen fibrils (Alibardi and Meyer-Rochow 1989). In this species, the regener-
ated tail is commonly curled up around objects of tree branches. This activity
might result in the bending or tearing of the regenerated spinal cord within the
cartilaginous tube. The presence of an elastic meninx inside the curling elastic
cartilaginous tube in the regenerated tail of this species allows the functionality of
the tail without damaging the delicate spinal cord.

2.2.3
Muscles

In case of autotomy, muscle regeneration in the blastema derives from stem cells
localized in the autotomy septum, adjacent to satellite cells of the stump muscles
(Bayne and Simpson 1977). Therefore, it is likely that myogenic cells derived from
satellite cells of old muscles can detach from the fiber after lesion, migrate to the
stump, and contribute to the formation of a blastema. Later, these cells reform
the new muscles. Although myoblasts merge in vivo, they can still synthesize
DNA, and DNA synthesis also seems to occurs in some of the nuclei already
incorporated in myotubes (Alibardi 1995e). Tritiated thymidine labeled nuclei
and mitotic nuclei are mainly present near the myosepta or in the more external
parts of the myotome (Fig. 2.6a–c). This observation suggests that the growth of
the regenerating muscle fibers mainly occurs in the area contacting the myosepta.
An in vivo autoradiography study has indicated that new myocells penetrate into
the myotube in 2–3 days, and that centrally located and labeled nuclei are seen
after 12 days from the injection of tritiated thymidine (Fig. 2.6d).

When the regenerating tail is more than 1 cm long, in the lizard Podarcis muralis,
in the skink Gonglylus gongylus (Filogamo and Marchisio 1961), as well as in the
gecko Hemidactylus bowringi (Liu and Maneely 1969b), the long myotubes are
reached by nerves that form ramified neuromuscular junctions (Hughes and New
1959). Thin fibers (0.5–1 mm) are believed to be sensory fibers, whereas thicker
axons are believed to be motor fibers. A diffuse distribution of cholinesterases has

Fig. 2.6 (continued) located at the end of an elongating muscle fiber. Bar 2.5 mm. d
Thymidine-labeled nucleus (arrow), at 12 days after injection of tritiated thymidine. The
arrowhead points to a myofibril. Bar 1 mm. e Detail of a forming neuromuscular junction
(double arrowheads) with deepening folds (arrows). Various dense core vesicles (arrow) are
present in this end plate. Bar 200 mm. mu muscle cell/myotube, nu nucleus
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been detected in myoblasts and also in myotubes, and the enzymes become
restricted to the neuromuscular junction of mature regenerated muscles (Filogamo
and Marchisio 1961; Sassu and Marchisio 1963; Shah and Chakko 1972). In most
myofibers of the nonautonomous part of the tail, the neuromuscular junction
(motor plaque) is localized in the medial/central part of the fiber. Conversely, in
regenerating muscles the neuromuscular junction is present in the distal extremity
of the fiber, close to the connective septa (Hughes and New 1959; Filogamo and
Marchisio 1961; Sassu and Marchisio 1963; Gabella 1965). The first neuromuscular
junctions are seen in long myotubes, localized by their extremities and more
infrequently in the central part (Fig. 2.6d). This pattern of innervations seems to
derive from the relatively late period in which the growing nerves reach the
regenerated muscles in comparison with the more rapid innervation process that
occurs during normal development. In fact, in regenerating muscles the growing
nerves derived from the stump spinal cord or ganglia reach the new muscles at the
stage of elongating mytotubes, containing various nuclei and numerous myofibrils.
The neuromuscular junction is therefore established in the more immature part of
the sarcoplasm, namely, at the extremity of the fiber. The late innervations during
muscle regeneration explain the flaccidity and lack of contractility of the early
regenerated tail, where numerous myotomes are already present

Ultrastructural studies have indicated that the motor end plate is immature at
the extremity of regenerating fibers (Bottazzi-Bacchi and Sassu 1973; Alibardi,
personal observations). Progressive stages of end-plate maturation have been
described. From a small synaptic bouton contacting superficially the muscle
fiber, an invaginated bouton is derived where the initial junctional folds are
present (Fig. 2.6e). At later stages, the folds become deeper and the bottom surface
is more extended in the more deeply located neuromuscular junction.

The process of myogenesis has been reproduced and analyzed in vitro (Simpson
and Cox 1967; Cox 1969a, b; Simpson and Bayne 1979) using an initial growth
medium for cell survival and proliferation, and later a fusion medium, favoring
myotube formation and fiber differentiation. These studies on the lizard model of
myogenesis have contributed to detailed knowledge of the process of myogenesis
in vertebrates.

Fusiform myoblasts, derived from promuscle aggregates and cultivated for
8–9 days in the first growth medium, become rounded and the postmitotic cells
enter the G1/G0 phase of the cell cycle, ready to merge into myotubes. In fact,
whereas fusiform myoblasts take up tritiated thymidine, most of the round
myoblasts do not take up this DNA precursor. The surface of round and prefusion
cells shows numerous blebs or filopodia, and few of these cells have a smooth
surface (Bayne and Simpson 1977). Instead, a smooth surface is generally typical
of stretching myoblasts and forming myotubes. A specific cell antigen indicating
muscle differentiation, indicated as Ag1422, is present in G0 phase and myosin-
positive rounded myoblasts, but the antigen is absent in round myoblasts still
capable of proliferation and that also appear to be myosin-negative (Marusich and
Simpson 1983).
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A detailed ultrastructural analysis of prefusion (round) myoblasts has shown
the gradual formation of Z-bands, and has indicated that this is a useful system for
the molecular analysis of myogenesis in general (Chlebowski et al. 1973; Bayne
and Simpson 1977). This analysis has shown that the production of bundles of
thin filaments of 7–8 nm (actin) precedes the appearance of the thick filaments of
12–14 nm (myosin). However, an equal number of thick (myosin) and thin (actin)
bundles is rapidly produced in these cells as they differentiate, as confirmed by the
immunoreactivity for myosin. Also acetylcholinesterase is present in some of the
prefusion myoflasts (Simpson and Bayne 1979). This indicates that prefusion
myoblasts are heterogeneous, in particular some are likely in G1 phase (acetyl-
cholinesterase negative), whereas other myoblasts are in G0 phase (acetylcholin-
esterase positive). As these cells merge into myotubes, the immunoreactivity for
myosin increases. The filaments assemble into myofibrils delimited by Z-bands
forming sarcomeres that are arranged in linear rows, as observed in vivo
(Fig. 2.6a, c, d). Some of the myosin-positive cells containing striated myofibrils
can take up tritiated thymidine, suggesting that these nuclei may still divide, as
observed in vivo.

2.2.4
Cartilage

The more apical 400–1,000 mm of the differentiating cartilaginous tube contains
large extracellular spaces rich in acid mucopolysaccharides and relatively scarce
fine fibrils of collagen synthesized from fusiform chondroblasts (Shah and
Hiradhar 1975; Alibardi and Sala 1983). Initially in the blastema and in the
precartilaginous aggregates, neutral or acidic but nonsulfated mucopolysacchar-
ides are present, probably represented by hyaluronate, like in the amphibian
blastema and cartilage (Toole and Gross 1971; Shah and Hiradhar 1975; Alibardi
and Sala 1983; Alibardi, unpublished biochemical data).

From the precartilaginous aggregate in the regenerating cone until the elongat-
ing tail stage, numerous chondroblasts take up tritiated thymidine in both central
and external regions of the cartilaginous tube (Figs. 1.6j, 2.7a). Therefore, cartilage
growth occurs by both interstitial and appositional cell multiplication, although
isogenic islands are rarely observed. The labeling index is higher in the apical
regions and decreases in proximal regions of the cartilaginous tube (nearly one
fifth of that in apical regions; Cox 1969a; Alibardi 1995b). In more proximal
regions of the cartilaginous tube and near the old vertebra of the stump, the
intercellular matrix becomes reduced around chondrocytes. In this region, few
cells are seen to incorporate tritiated thymidine in both the inner region and the
outer (external) region of the cartilaginous tube, suggesting that the growth of
this region of the cartilaginous tube takes place slowly for both interstitial and
appositional growth within the first month of regeneration (or at least until the
new tail is completely scaled).
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Fig. 2.7 Ultrastructural details of regenerating cartilage in A. carolinensis (a) and L. delicata
(b, c). a Apical cartilage (arrow in the inset) showing a thin cell that has completed division
(arrowheads on the nuclei; the double arrow indicates the separation cytoplasm in telo-
phase). Another cell has a tritiated thymidine labeled nucleus (arrow). Bar 1 mm. b Two
chondroblasts in the medial area of the cartilage (double arrow in the inset in a) with large
ergastoplasmic cisternae (arrow) and incorporating tritiated proline (arrowheads on the
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The early chondroblasts are metabolically very active cells as they take up
tritiated proline in a higher amount in comparison with most epidermal cells,
fibroblasts, adipose cells, and endothelial cells (Fig. 2.7b). Half an hour after
injection of tritiated proline, the autoradiographic signals (dense curling silver
trace grains) are mainly localized over the endoplasmic reticulum and the secre-
tory cisternae (Fig. 2.7b). One hour after injection, the tracer is also abundant in
the Golgi apparatus (Fig. 2.7c), but not outside chondroblasts. Three hours after
injection, silver granules are also seen in the extracellular matrix and decrease
inside chondrocytes (Alibardi 1995b). Therefore, the time of synthesis of collagen
and acid mucopolysaccharides in lizard chondrocytes at the optimum tempera-
ture is similar to that for mammalian cells (Leblond 1991), although extrusion of
labeled proteins appears to take somewhat longer in lizard cells.

When cartilaginous cells become more ovoidal or even rounded (Fig. 2.7b),
about 1 mm from the apical tip of the regenerating cartilage in elongating
tails, the cartilaginous matrix becomes richer in collagen fibrils and in sulfated
mucopolysaccharides. This is indicated by the intensification of the periodic
acid–Schiff stain reaction (collagen), by the appearance of metachromasia using
toluidine blue, and by the reactivity to acidic alcian blue (indicating acid muco-
polysaccharides with pI lower than 3) (Alibardi and Sala 1981, 1983). Other
biochemical analyses (Alibardi, unpublished data) confirm the histochemical
observations. The mature, mainly cellular cartilage only occasionally forms iso-
genic groups (two close chondrocytes), and chondroblasts remain isolated from
one another.

The regenerated cartilaginous tube in most species so far analyzed is made of
hyaline cartilage with a scarce matrix, which is responsible for most of the
stiffness of the mature regenerated tail, especially after the cartilage has begun
calcify. The formation of a hyaline cartilage with broad intercellular spaces and
frequent isogenic groups has been noted in the lizard Agama agama (Alibardi and
Meyer-Rochow 1989). Therefore, in most species of lizards the new tail is not very
functional aside from having a balancing and lipid-storage function.

Differently from most lizards, in the gecko Hemidactylus maculatus elas-
tic cartilage is formed instead of a stiff hyaline cartilage (Alibardi and Meyer-
Rochow 1989). Chondrocytes become hypertrophic and contain very high
amount of glycogen. Their Golgi apparatus produces dense vesicles that contain
elastin, and the vesicles are extruded into the extracellular matrix that contains
nonbanded collagen of undefined type. In more proximal and mature regions of
the cartilaginous tube, the extracellular matrix contains many amorphous elastic
bundles. The production of such an elastic cartilage, in conjunction with the

Fig. 2.7 (continued) silver grains) 1 h after injection. Bar 1 mm. c Detail of a maturing
chondroblast contacting the fusiform cells of the external perichondrium (arrows). An
intense labeling is also present in the Golgi apparatus (arrowheads) 1 h after injection of the
radioactive precursor. Bar 0.5 mm. ex extracellular matrix, nu nucleus
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formation of meninges rich in elastic fibrils (elastic meninges), allows the new
tail of this gecko to curl up like the original tail. Therefore, the regenerating tail
can be used for grasping and for climbing trees as this species is preferably
arboreal.

Like in fractured bones of lizards (Pritchard and Ruzicka 1950), the replace-
ment of cartilage tissue of the cartilaginous tube with bone occurs very slowly in
lizards. Details of the process of calcification in mature regenerated tails are
partially known (Calori 1858; Alibardi and Sala 1981; Alibardi and Meyer-Rochow
1989). In the more proximal regions of the cartilaginous tube, before calcification
chondrocytes become hypertrophic and accumulate much glycogen. The process
of calcification starts in the inner and outer cartilaginous rings in contact with the
perichondrion (Fig. 1.7k, l). The replacement of degenerating chondrocytes initi-
ally occurs through the addition of new chondroblasts from the inner and the
outer perichondrium, but later osteoblasts are produced in these ringlike regions
where a true periosteum is formed as continuation of that of vertebrae (see the
arrowheads in Fig. 1.7m). This process begins at 2–3 months after amputation in
Podarcis sicula and at 6–8 months after amputation in Sphenodon punctatus.
Calcium salts are initially deposited over the fine matrix grains, perhaps made
of glycosaminoglycans, present among the collagen fibrils of the extracellular
matrix in the outer and inner rings of the proximal cartilaginous tube (this occurs
after 2 months from amputation in P. sicula). As a consequence, the cartilaginous
matrix is destroyed and chondrocytes degenerate. Mineral deposits rapidly
obscure the initial glycoprotein–collagenous network of the intercellular matrix.
A true lamellar bone tissue slowly replaces the calcified cartilage and the inner and
outer laminae.

2.2.5
Spinal Cord and Central Nerves

Aside from the apical ependymal ampulla where migrating cells seem to be
loosely arranged (Fig. 1.4f, h), in more proximal regions ependymal cells form
a close epithelium owing to the presence of numerous desmosomes (Simpson
1968; Egar et al. 1970). Ependymal cells are polarized with a relatively developed
ergastoplasmic reticulum, Golgi apparatus, and numerous microvilli contacting
the central canal during 2–4 weeks of regeneration. Numerous granules and
vesicles containing glycoprotein material are secreted into the lumen (Turner
and Tipton 1971; Alibardi and Sala 1986, 1989). Ependymal cells differentiate in
more proximal regions of the spinal cord, at 2 mm from the tip and in regen-
erated tails over 4 weeks from the amputation. These cells initially terminate
onto the basement membrane with a large base (Fig. 2.8a), but their basal part
becomes thinner and branched as they mature. The latter cells present broad
lateral spaces (tunnels in three-dimensional perspective) that are occupied by
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Fig. 2.8 Ultrastructural aspects of the regenerating spinal cord (a–d) and peripheral nerve
(f). a Regenerated spinal cord of P. sicula in medial regions (see the indicative position in
the arrow in the inset in b). The arrow indicates the luminal face and the arrowhead
indicates the meninges. Bar 1 mm. b Scanning electron microscopic view of medial regen-
erated spinal cord in A. carolinensis. The arrows indicate collagen fibrils of the meninges.
Double arrows indicate subpial spaces where the regenerating axons are located. Bar 10 mm.
c Cross sections of two axons at the beginning of myelination (arrowhead) from elongation
of ependymal tanycytes (arrow; 2 months of tail regeneration in P. sicula). Bar 250 nm. d
Detail of a myelinating axon showing the terminal pedicels (arrows) of the oligodendrocyte
in Hemydactilus maculatus. Bar 250 nm. e Two thymidine-labeled Schwann cells (arrows,
4 h after injection of the DNA precursor) surrounding a regenerating axon of A. caroli-
nensis. Bar 1 mm. ax axons (located in among ependymal cells), cc central canal, ep
ependymal cells, nu nucleus, THY tritiated thymidine labeling image
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bundles of axons or axonal sections. Initially, ependymal cells act as a guide for
the descending regenerating axons derived from the spinal cord stump (Simpson
1970, 1983). After 2 months of regeneration, ependymal cells tend to produce a
narrow elongation containing bundles of intermediate filaments that terminate
on the basement membrane, and are termed ependymal tanycytes (Simpson
1968; Alibardi 1990–1991). The basement membrane is in contact with regener-
ated meningeal cells and fibers, and the latter become numerous in regenerates
over 2 months of age (Fig. 2.8b). From tanycytes, small elongations grow toward
the axons and begin to enwrap the axons, so amyelinic or eventually truly
myelinic axons are formed (Fig. 2.8c). In regenerates older than 2 months,
numerous axons become myelinated from cells that have lost the epithelial
organization and are recognizable as oligodendrocytes (Fig. 2.8d, e). Some of
the myelinating cells are likely Schwann cells that have probably migrated into
the regenerating spinal cord from actively dividing cells present around the
growing nerves of the blastema (Fig. 2.8e) or from intracartilaginous nerves
(Fig. 1.13a–d). Other glial cells are indicated as astrocytes, mainly owing to
their pale cytoplasm and their elongation, that are rich in intermediate filaments,
and by the lack of an axon and synaptic boutons.

The neuronal component of the new spinal cord is scarce and limited to
specialized cerebrospinal fluid contacting neurons (CSFCNs). These small neurons
are metabolically more active than ependymal cells, as indicated by their higher
uptake of tritiated GABA and proline, which can probably circulate through the
fenestrated blood vessels that surround the early regenerating spinal cord (Alibardi
1993b; Alibardi et al. 1993a, b). Neural nitric oxidase, the enzyme forming the
neurotransmitter nitric oxide, is particularly abundant in these neurons innervating
the growing blastema (Cristino et al. 2000a, b), but its role is not clear. Recent
ultrastructural analysis has shown that CSFCNs are also regenerated in the reactive
ependyma of the injured lumbar spinal cord before the ependyma becomes trapped
with a glial scar. This observation indicates an intrinsic neurogenetic potential of
the reactive ependyma of lizards at both tail and more rostral levels (Alibardi,
unpublished observations).

CSFCNs have a pear-shaped body (12–18 mm), an electron-pale cytoplasm,
sparse endoplasmic cisternae that sometimes form short Nissl bodies, and few
axosomatic synaptic boutons (Fig. 2.9; Alibardi and Sala 1986, 1989; Alibardi
and Meyer-Rochow 1988). These cells produce growth cones during their differ-
entiation among ependymal cells. The presence of 90–120-nm-diameter large
dense core vesicles, derived from the Golgi apparatus, indicates that these cells
store and utilize catecholamines or, more likely, neuropeptides. CSFCNs possess a
tuft of 2–6-mm-long stereocilia that contact the central canal and are more or
less continuously regenerated. With use of tritiated thymidine autoradiography,
it has been established that these cells derive from a few pale elements present
among ependymal cells, and that they completely differentiate into CSFCNs in
about 20 days (Alibardi et al. 1992; Alibardi 1993b). These neurons represent
5–10% of the entire cell population of the regenerating spinal cord at about
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Fig. 2.9 Characteristics of regenerated cerebrospinal fluid contacting neurons (CSFCNs).
a Pale CSFCN with tufts of stereocilia in the lumen of the central canal in Leiolopisma
nigriplantare maccanni. The inset indicates the position of this cell in the regenerated
spinal cord (arrow). Bar 2 mm. b Scanning electron microscope detail of the tuft of
stereocilia of a CSFCN in A carolinensis. Bar 0.5 mm. c Differentiating CSFCNs between
two tritiated thymidine labeled cells (arrows; 2 days after injection of the DNA precursor) in
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1 month of tail regeneration (Fig. 2.10a): however, their number later decreases,
probably owing to the isolation of the regenerated spinal cord inside the cartilagi-
nous tube. During the tail elongation and maturation stages, neurons degenerate
and are resorbed by ependymal phagocytes or by macrophages that have migrated
into the spinal cord (Alibardi 1986). The number of CSFCNs increases after
treatment with GABA, which seems to retard their degeneration (Alibardi et al.
1987). This suggests that under appropriate stimulation of the spinal cord, more
CSFCNs may survive (see the later discussion).

The scarce numbers of axons present in the regenerating spinal cord mainly
belong to descending axons and few axons form ascending pathways (Duffy et al.
1990, 1992). The ascending projections mainly derive from the few regenerated
CSFCNs and appear to terminate on neurons present in the more proximal spinal
cord in the stump (Duffy et al. 1992, 1993; Alibardi 1993a, b). Only a few long
descending projections, largely originating from few a rhomboencephalic nuclei,
reach down the regenerating spinal cord in the tail.

The descending or ascending axons are believed to form up to 2,000 axonal
cross-areas, but this high number probably represents not individual axons but
sprouting collaterals from descending axons coming from neurons of the stump
(Duffy et al. 1990, 1992). Reactive motoneurons undergo a process of swelling
during the first few weeks after amputation, with nuclear eccentricity and chro-
matolysis, all processes derived from the interruption of the axons from their
target cells (Giuliani 1878; Marotta 1946; Baffoni 1950; Zannone 1953; Cristino
et al. 2000a, b). These neurons later become hypertrophic and their nucleoli also
increase in size. The hypertrophic motoneurons of the stump in particular
increase their axosomatic synapse coverage since these cells receive more numer-
ous terminals from descending axons of rostral sections of the spinal cord and
even from the rhomboencephalon (Duffy et al. 1990).

The direct innervations of the regenerating tail, especially of the new muscles
from the motoneurons within the last three segments of the spinal cord (roughly
corresponding to the last three ganglia), have been shown using tract-tracing
methods (Cristino et al. 2000a, b). No hypertrophic and labeled neurons were
found in more rostral areas of the spinal cord (sacral, thoracic, and cervical).

Fig. 2.9 (continued) L. delicata. Bar 1 mm. d Lightly thymidine labeled nucleus (arrows) of a
CSFCN (the arrowhead shows the contact with the central canal) 22 days after injection of
the DNA precursor in L. delicata. A few silver grains (double arrowhead) are present over
the chromatin of ependymal cells. Bar 1 mm. e Silver grains (arrow) from injected, tritiated
GABA within CSFCNs. Bar 0.5 mm. f Detail of a synaptic bouton contacting a regenerated
neuron. Arrows indicate the synaptic thickenings; The double arrowhead points to dense
core vesicles. Bar 250 nm. ax axons, cc central canal of the ependymal tube, cy cytoplasm of
postsynaptic neuron, ep ependymal cell, nu nucleus of CSFCN,mvmicrovilli, st stereocilia,
sy synaptic bouton
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Recent molecular analysis in geckos with a regenerating tail has shown
that a potent inhibitor of axonal regeneration, identified as a myelin-associated
glycoprotein precursor, is downregulated during the first 2 weeks of spinal cord
regeneration (Liu et al. 2006). Therefore, a favorable environment is present in the
lumbar and caudal spinal cord after transection. Another gene product, brain
protein 44-like, is instead upregulated in the transected caudal spinal cord (Jiang
et al. 2007). The activity of the latter gene seems to be linked to the stimulation of
apoptosis, a process that is probably present during the first 2–3 weeks of spinal
cord regeneration in lizards (Alibardi 1986; Alibardi and Sala 1986).

The connection between regenerated and normal spinal cord is quite limited,
and even less with the brainstem. The presence of some neurons in rhomboence-
phalic nuclei, projecting to the regenerating spinal cord or to neurons in the
proximal stump spinal cord of the tail, suggests that some mechanoreceptorial
stimuli collected in the tail are transmitted to higher centers of the spinal cord and
possibly to the brainstem. The resemblance of CSFCNs with inner hair receptors
of the utriculus or sacculus has suggested that these neurons may be involved
in monitoring the movement of the cerebrospinal fluid or of the Reissner fiber
inside the ependymal canal (Alibardi and Meyer-Rochow 1988; Alibardi et al.
1993a). The latter role is not only supported by the cytological characteristics of
these cells, but also by some experimental data (Alibardi et al. 1993a). Because
these neurons are isolated within the cartilaginous canal, their survival chances
decrease after 2 months of regeneration unless they are stimulated. This hypothe-
sis has been tested by increasing the mechanosensory input to lizards during tail
regeneration, leaving the animals in cages with 8–10 h/day of gentle but continu-
ous rolling movement alternated with a circling movement for a period of 23 days
after the formation of the regenerative blastema. These experimental conditions
kept the lizards in continuous movement during the stimulatory period; in
particular, the tail of these lizards tended to counterbalance the oscillatory and
rotating movements of the body. This condition possibly increased the movement
of the cerebrospinal fluid inside the ependymal canal. After 23 days in which
lizards were regenerating their tail (6–10 mm long), the tail was analyzed histo-
logically, counting the percentage of CSFCNs present in “stimulated” compared
with normal lizards (Fig. 2.10b, c). These initial data indicated a small but
significant increase of the percentage of CSFCNs in the experimental group in
comparison with the normal group. The experiment suggests that a stimulating
environment where more mechanical performances are required may enhance
the survival of these cells, further pointing out that they may be receptors of fluid
movement.

Other possible roles of CSFCNs within regenerated tails remain speculative,
especially as possible trophic source of neurotrophic factors affecting tail regen-
eration. In fact, the dependence of tail regeneration on the regeneration of the
spinal cord has suggested that some neurotrophic molecules released into
the spinal fluid in the ependymal ampulla or into the surrounding cells of the
blastema may have a possible role in stimulating tail regeneration and
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Fig. 2.10 The number of CSFCNs (percentage among ependymal cells, mean, and standard
deviation) in different regions of the regenerating tail in normal conditions (a) along the
entire regenerated spinal cord) and in experimental conditions (b, c). In b arrows and
arrowheads indicate the comparison of the same region of the regenerated spinal cord for
normal and experimental conditions. Asterisks indicate significant differences. In c the
medial region of the regenerated spinal cord was counted for cells. Lmn, L. nigriplantare
maccanni, Ld, L. delicata, Ps, P. sicula, Hm, H. maculatus
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chondrogenesis (Simpson 1964; Alibardi et al 1988). Further work is, however,
required on the latter problem.

2.2.6
Spinal Ganglia and Peripheral Nerves

The innervation of mesenchymal cells and myoblasts by nerves derived from
spinal ganglia has been repeatedly observed (Hughes and New 1959; Filogamo
and Marchisio 1961; Alibardi and Miolo 1990; Alibardi 1996b). The ultrastruc-
tural analysis has shown that many growing axons in the blastema store dense
core vesicles of likely peptidergic content. These nerve terminals do not form
synaptic specializations with blastema cells but release the content of these
vesicles on the surface of blastema cells. Some blastema cells ensheating these
terminals appear as Schwann cells mixed with other mesenchymal cells, and they
give rise to nonmyelinated axons. Schwann cells actively take up tritiated thymi-
dine and multiply around the growing nerves derived from the last three spinal
ganglia in the stump.

In the normal tail, spinal ganglia produce two dorsal and two ventral branches
that innervate the muscles and the skin belonging to three caudal segments of the
tail, each corresponding to three scale verticals (Terni 1920; Fig. 1.1q). In the
regenerating tail, the regenerated, segmental muscles are capable of contraction
and are essentially innervated by motor and sensory nerves from the three closest
ganglia of the stump, which extend their normal competence to many more
targets.

The regeneration of some neurons in the two most proximal ganglia innervat-
ing the regenerating tail has been reported (Zannone 1953; Charvat and Kral
1969). However other studies performed using tritiated thymidine have shown
that whereas satellite (glial) cells proliferate and increase in number, no new
neurons are formed in the proximal ventral horns of the spinal cord or in the
spinal ganglia during tail regeneration (Alibardi and Miolo 1990; Duffy et al. 1990,
1992; Alibardi 1995b). Also the tritiated thymidine labeled differentiated neurons
observed in a few cases in both spinal cord and ganglia can, however, not indicate
that these cells are actually proliferating. The significance of the labeling is related
to the amplification of selected DNA fragments (genes) involved in axonal regen-
eration, and therefore a phenomenon of neuronal plasticity that allows hyper-
trophy and axonal sprouting (Borrione et al. 1991). In fact, ganglion neurons
and those of the spinal cord stump only increase in dimension and cytoplasmic
volume, and number of neurofilaments and other organelles including the syn-
aptic input (Pannese 1963; Duffy et al. 1990, 1992; Geuna et al. 1992). Although
hypertrophy affects most ganglion neurons, a subtype of ganglion neurons very
rich in neurofilaments increased over other types in ganglia of regenerated tails
(Geuna et al. 1992). The specific role of these neurons is, however, not known.
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Fig. 2.11 Immunofluorescence localization of fibroblast growth factor 2 (FGF2) (basic, a–g)
and fibroblast growth factor 1 (FGF1) (acidic, h–m) in the elongating tail of the lizard L.
delicata. a Most immunofluorescence is seen in the wound epidermis (arrowheads) and
ependymal tube. Bar 40 mm. b Detail of fluorescence-positive forming scale (arrow)
and regenerating muscles (arrowhead). Bar 15 mm. c Cross sections showing a detail of
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2.3
Growth Factors, Extracellular Matrix Proteins, and Keratins

2.3.1
Growth Factors

The localization, expression, activation, and general effects of growth factors on
tissue regeneration in amphibians are known (Mesher 1996; Geraudie and Ferretti
1998; Gianpaoli et al. 2003). Recent studies have also extended this analysis to
regenerating tissues in lizards (Alibardi and Loviku 2009). Few growth factors
have been studied in the regenerating lizard tail and wounded limb.

Among other growth factors, fibroblast growth factor 1 (FGF1, acidic) and
fibroblast growth factor 2 (FGF2, basic) are considered major stimulating mole-
cules capable of replacing most of the activity of the neurotrophic factor as an
inducer of organ regeneration in amphibians. The presence of FGF1 and FGF2 in
the regenerating tail tissue of lizards has been shown by light and ultrastructural
immunocytochemistry and immunoblotting (Alibardi and Loviku 2009, Alibardi,
unpublished observations). Specific fibroblast growth factor reactive bands at
16–18 kDa have been identified only in the regenerating blastema and are not
present or detectable in the normal tissues of both limb and tail.

The wound epidermis in the apical tail regions is immunofluorescent, whereas
the blastema is poorly reactive for FGF2 (Fig. 2.11a). The apical ependymal
ampulla and the more proximal regenerating ependymal tube are also immuno-
labeled (Fig. 2.11b, c). Also, the epidermal pegs of the forming scales, myoblasts
aggregating to form segmental muscles, large regenerating nerves and their

Fig. 2.11 (Continued) an immunopositive ependymal tube (arrow). Bar 15 mm. d Longitu-
dinal section of growing tail showing immunolabeled epidermal pegs (arrow on the
proximal side, arrowhead on the distal side), muscles (double arrow), and ependyma
(double arrowhead). Bar 16 mm. e Double-labeled fluorescence (nuclear labeling with
40,6-diamidino-2-phenylindole (DAPI) and orange-yellow with fluorescein for FGF2). The
arrow indicates the distal side and the arrowheads indicate the proximal side of epidermal
pegs. Bar 15 mm. f Double labeling for FGF2 (orange) and nuclei (blue) for regenerating
muscles in cross section (arrows). Bar 15 mm. g Nonreactive serum control. Bar 20 mm.
h Blastema showing the higher labeling in the wound epidermis than in the blastema. Bar
15 mm. i Detail of immunofluorescent myotubes (arrow) and a blood vessel (arrowhead)
within a regenerating tail. Bar 10 mm. j Cross section showing some labeling in the
ependyma (arrow), and pericartilaginous nerves (arrowheads) and muscles. Bar 25 mm. k
Double labeling for FGF1 (orange) and nuclei (blue). Bar 30 mm. l Detail showing the
reactive ependyma (arrow) and peripheral nerve (arrowhead). Bar 15 mm.m Serum control
(the arrow indicates the position of the immunonegative ependyma). Bar 25 mm. bl
blastema, ca cartilaginous tube, de dermis, mu, muscles, ne nerve, pcc pericartilaginous
connective tissue, st stump tissues, vb blood vessel, w wound epidermis
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ganglia, and large blood vessels are immunolabeled (Fig. 2.11d, e). The immuno-
fluorescence remains in the external sarcoplasm of growing muscle fibers and in
the living epidermis of scales (the fluorescence of the corneous layers is nonspe-
cific). The remaining tissues, such as cartilage, fat, and connective cells, do not
show immunolabeling or are weakly labeled.

Within the medioproximal regions of the regenerating spinal cord, numerous
immunolabeled nerves are seen, whereas ependymal cells are poorly or patchily
labeled. Meninges surrounding the spinal cord appear weakly labeled or not
labeled for FGF2. Neurons of the more proximal spinal cord in the stump, closer
to the regenerating cord, show higher immunolabeling in comparison with
neurons localized in the more distal spinal cord, far from the regenerating
tissues (Alibardi and Loviku 2009). It is uncertain whether the few cell bodies
showing immunoreactivity for FGF2 represent CSFCNs or macrophages within
the ependyma. Control sections (preimmune rabbit serum or antigen-preab-
sorbed antibodies) confirm that the immunofluorescence is largely specific
(Fig. 2.11g).

The antibody against FGF1 shows some reactivity to blastema cells and kerati-
nocytes of the wound epidermis that are medium to strongly reactive (Fig. 2.11h).
The apical ependymal ampulla and the more proximal ependymal tube inside the
cartilaginous canal also show some immunofluorescence, whereas weak immuno-
fluorescence is present in chondrocytes (Fig. 2.11i–l). FGF1 immunolabeling is also
present in the nuclei of mesenchyme, of forming scales, muscles, and in the
ependymal cells of the regenerating spinal cord, a different pattern from the
immunolabeling for FGF2, where the nuclear labeling is much less evident.
The FGF1 antibody also reacts with cells of the dermis beneath the forming scales,
but poorly with the cartilaginous tube (except the perichondrium) and the sur-
rounding connective-lipid tissue.

The large regenerating nerves derived from the proximal spinal ganglia are also
immunoreactive for FGF1 (Fig. 2.11i, j). A more intense nuclear labeling is present
in satellite and Schwann cells, but the labeling is less marked in ganglion neurons.
In proximal regions of the regenerating tail at 4–5 weeks after amputation,
immunoreactivity remains in the differentiating scales, muscles, and nerves, is
scarce in the regenerating cartilage, and is absent in the dermis and pericartila-
ginous connective tissue. The immunofluorescence of cells in the proximal stump
spinal cord is higher than in normal spinal cord. Some immunofluorescent axons
in the regenerating spinal cord reach the apical ependymal ampulla (Fig. 2.11l).
Control sections confirm that the labeling is largely specific (Fig. 2.11m).

Overall, the pattern of distribution of fibroblast growth factors in regenerating
tissues of the lizard tail is similar to that of the regenerating limb and tail of the
newt (Geraudie and Ferretti 1998; Gianpaoli et al. 2003). In the newt, FGF1 has
been detected in both the wound epidermis, especially in the apical cup, as well as
in blastema cells. It is believed that the apical cup produces FGF1, which stimu-
lates the underlying cells of the blastema, or that blastema cells have an autocrine
production of FGF1 that stimulates their own proliferation. Also, FGF2 is present
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in the apical cup, especially its basal layer, and may stimulate blastema cell
multiplication. Preliminary studies have indicated that whereas the wound epi-
thelium of the tail and limb contains FGF2 at 2 weeks after amputation, the
epithelium of the limb becomes immunonegative in later stages, in relation to
the formation of scar connective tissue (Alibardi, unpublished observations).

TEM analysis (immunogold localization) has shown that FGF2 immunoreac-
tivity is present in the extracellular matrix, especially near the apical wound
epithelium contacting mesenchymal cells of the lizard blastema (Fig. 2.12a–c). It
remains, however, unclear whether FGF2 moves from the epithelial cells to the
mesenchyme or vice versa, and more dynamic studies are required to solve this
question.

Fibroblast growth factor immunolocalization in the regenerating and differ-
entiating muscle bundles suggests that such growth factors have autocrine
stimulation for their own differentiation and growth. The presence of fibroblast
growth factors in numerous blood vessels of the regenerating tail indicates the
stimulation of angiogenesis by fibroblast growth factors in forming new blood
vessels. The high expression of fibroblast growth factors in the spinal cord,
ganglia, and nerves, aside from the stimulation of their own growth, may also
be related to the possibility to release these growth factors in the growing
blastema, where the factors may be acting as a neurotrophic agent. FGF1 is
present in nuclei of reactive satellite cells within spinal ganglia innervating the
new tail and this growth factor may stimulate their proliferation. In the regen-
erating spinal cord of the newt, FGF2 seems to stimulate the proliferation of
neural stem cells in the regenerating ependyma (Zhang et al. 2000), and may also
induce the proliferation and differentiation of ependymal cells into neurons. The
latter effect has to be demonstrated for the lizard spinal cord. Therefore, these
initial studies have also indicated that fibroblast growth factors may also be
among the main candidates for a neurotrophic factor for tail regeneration in
lizards, like in amphibians.

Also transforming growth factor beta-1 (TGF-b1) and transforming growth
factor beta-3 (TGF-b3) in regenerating tail and limb have been immunolocalized
in normal and regenerating limb and tail tissues (Alibardi, In press). TGF-b1
appears localized in the connective tissue of the stump, but is appears diffusely
present in mesenchymal cells of the blastema. A higher level of immunoreactiv-
ity is observed in the forming scar tissue of both tail and limb scars (Alibardi,
unpublished observations). In this respect, it appears from the initial observa-
tions that also in lizards TGF-b1 presents an overexpression pattern typical of
scar tissues in mammals (Ferguson and O’Kane 2004). Preliminary data on
TGF-b3 of 20–22 kDa indicate it is upregulated in the regenerating blastema
and in the dermis of the elongating tail, whereas this form is absent or is not
detectable in normal tissues. Immunocytochemistry shows that among lesioned
stump tissues, some connective cells are particularly rich in TGF-b3 and they
accumulate beneath the wound epidermis, but further analysis is currently in
progress.
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Fig. 2.12 Immunofluorescence (a) and immunogold localization (b, c) of FGF2 in the
regenerating wound epithelium of the tail. a Immunolabeling along the (incomplete)
basement membrane (arrow). Bar 10 mm. b Detail of immunogold labeling (arrows)
along the basement membrane of wound epidermal cells. Bar 200 nm. c Detail of the
labeling (arrow) along the basement membrane. Bar 100 nm. ext extracellular matrix,
FGF2/1 immunolabeling using FGF2/FGF1 antibody, n nucleus, w wound epithelium
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Fig. 2.13 Immunofluorescence images of regenerating tail (a, b, e–i) and limb (c, d) of P.
sicula. a Tail at the cone stage showing a diffuse staining for fibronectin in the blastema but
not in the wound epithelium. Arrows indicate nonspecific staining of blood vessels.
Bar 10 mm. b Central region of the regenerating cone with fibronectin-immunostained
mesenchymal cells and ependyma (arrow). Bar 15 mm. c Limb stump at 16 days after injury.
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2.3.2
Extracellular Matrix Proteins

Fibronectin and ternascin are two of the main proteins of the extracellular matrix
that have been implicated in the regeneration of amphibian limb and tail, and
in the migration of the wound epithelium to cover the stump (see the summary in
Geraudie and Ferretti 1998; Harty et al. 2003). Preliminary analysis has also been
done in tissues of the lizard P. sicula (Alibardi, unpublished observations).
Fibronectins of 220–240 kDa, and of lower molecular masses (perhaps degradative
products), are present in the dermis of the wounded and regenerating tail and
limbs, but not in the epidermis (Fig. 2.13a, b). Together, hyaluronate and fibro-
nectin can stimulate the migration of mesenchymal cells toward the stump of the
tail or limb. Also, ependymal cells of the apical ampulla appear to contain some
fibronectin. This protein appears to be mainly localized in the connective tissue
present beneath the wound epithelium that covers the limb stump at 12–20 days
after amputation. The protein is not detectable in normal tissues or is only weakly
detectable in the basement membrane of the epidermis. Like in the developing
and regenerating limb of amphibians, fibronectin is largely expressed in the
mesenchyme and later disappears where differentiating tissues, such as regene-
rating muscles and cartilage, are formed.

Lizard tenascin has a molecular mass of 220 kDa, although other immunoreac-
tive bands at lower molecular masses are often present, but it is not known
whether they represent degradation products. This protein is present in a low
amount or is absent in the normal tail and limb connective tissues but becomes
immunolocalized underneath the wounded dermis of both limb and tail stumps
(Fig. 2.13c–e). The amount of this protein appears to increase in the limb stump
beneath the migrating wound epithelium and in the forming basement membrane

Fig. 2.13 (continued) Fibronectin-immunopositive regions of the connective (arrows) are
observed beneath the wound epithelium. Bar 15 mm. d Tenascin immunoreactivity in the
connective tissue (arrow) located beneath the wound epithelium of a limb 13 days after
amputation. Bar 20 mm. eTenascin-immunoreactive forming blastema cells (arrows) 12 days
after amputation. Immunofluorescence is also present in the dermis (arrowhead) located
underneath the wound epithelium covering the tail stump. Also stump muscles appear
immunostained. Bar 15 mm. f Tenascin-positive blastema cells in the tail and unlabeled
thick wound epithelium. Bar 20 mm. gVimentin-immunolabeled cells of the regenerating tail
blastema. The wound epithelium is not labeled. Bar 15 mm. h Keratin 18 labeled blastema
cells and in the wound epithelium (arrows on basal cells). Bar 20 mm. i Keratin 19 immuno-
labeled cells of the regenerative tail blastema and weakly in the wound epithelium. Bar
15 mm. bl blastema, ep ependymal tube, LiFN fibronectin labeling in the limb, mu muscles,
LiTN tenascin labeling in the limb, TaFN fibronectin labeling in the tail, TaK18/19 cytoker-
atin 18/cytokeratin 19 labeling in the tail,TaTN tenascin labeling in the tail, TaVIM vimentin
labeling of the tail, w wound epithelium. Dashes underline the epidermis
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underlying the nonapical regenerating epidermis. Tenascin immunoreactivity
increases in the mesenchyme of the regenerating blastema but is absent in the
wound epithelium (Fig. 2.13d). Tenascin has been implicated in the modulation of
adhesion of fibroblasts to the epidermis, especially in the basement membrane
underlying the wound epidermis.

Laminin of 210–220 kDa, well represented in the basement membrane of
normal epidermis, disappears in the regenerative blastema, and is well detectable
along the basement membrane of the elongating tail and in the dermis (probably
linked to the blood vessel and muscle basement membrane). These preliminary
data indicate that the increase of the amount of fibronectin and tenascin is a
process that is needed for the migration of wound keratinocytes and the forma-
tion of a soft mesenchyme over the tail and limb stump.

2.3.3
Intermediate Filament Proteins

Vimentin and keratins are the main cytoskeletal intermediate filament proteins of
the connective cells and epithelial cells, respectively. The presence of vimentin
and keratins in the regenerative blastema of the tail has also been analyzed
(Alibardi, unpublished data). Vimentin of 42 and 50 kDa is present in mesenchy-
mal cells of the regenerating blastema, but the protein is absent in the wound
epithelium (Fig. 2.13g). Vimentin is weakly detected or not visible in connective
tissues of the normal tail.

The high expression of a 40–42-kDa keratin in the regenerating blastema or in
the apical regions of the elongating tail (Alibardi et al 2000) and of wound keratins
of 42–55 kDa (Alibardi and Toni 2005, 2006) has suggested that the mesenchyme
of the blastemamay contain keratins. This phenomenon was previously shown for
the newt blastema (Corcoran and Ferretti 1997; Geraudie and Ferretti 1998). The
presence of keratins 6, 16, and 17 in the regenerating tail has been associated with
the contraction of migrating keratinocytes over the stump (Fig. 2.14).

Other keratins, however, are expressed more in the blastema than in the wound
epithelium. In fact, both keratins 18 and 19 of 42 kDa are present in mesenchymal
cells of the lizard blastema (Fig. 2.15h, i), a peculiar phenomenon previously
reported for the regenerating blastema of the newt (Corcoran and Ferretti 1997).
Keratin 19 is also a marker for stem cells, and the diffuse immunolabeling of
blastema cells for this keratin suggests the presence of stem cells among those of
the regenerative blastema. This preliminary observation is, however, being ana-
lyzed further. Therefore, it seems that also in the tail blastema of lizards, like in
that of the newt, mesenchymal cells express typical simple keratins of epithelial
tissues, indicating a reversion or dedifferentiation of the connective cells of the
stump to embryonic cells (Corcoran and Ferretti 1997). This process in amphi-
bians has been associated with the requirement of dedifferentiating cells to
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Fig. 2.14 Ultrastructural features of hindlimb stump at 4 days (a) and 7 days (b, c) after
amputation in P. sicula. a Detail of the electron-dense and compact scab with degenerating
leukocytes (arrows) localized underneath (position indicated by the arrow in the inset). Bar
1 mm. b Detail of granulation tissue rich in granulocytes and macrophages among few
fibroblasts. Bar 3 mm. c Detail of spongy-like azurophil granules of granulocytes (arrows)
that have engulfed some bacteria (double arrowheads). Bar 250 nm. l lipid vesicle, fi fibro-
cyte, gr granulocyte, ma macrophage, nu degenerating nucleus, rbc red blood cell, scb scab
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Fig. 2.15 Ultrastructural features of hindlimb stump at 13 days (a), 16 days (b), and 20 days
(d) after amputation in P. sicula. a Epithelioid group of cells located in stump connective
tissue, as indicated by the arrow in the inset. Among pale cells three phagocytes (arrows)
are seen. A macrophage (arrowhead) is contacting this group of cells. Bar 1 mm. b Area of
degenerating cells (arrowheads on dark cells) localized beneath the wound epidermis.
Arrows indicate pale phagocytes rich in granular lysosomes. Bar 2.5 mm. c Detail of
fibrocytes and a macrophage (arrowhead) surrounded by large collagen bundles (arrows).
Bar 2 mm. dl degenerating lipid vesicles, fi fibrocyte, pa pale cell
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produce a blastematic mass that recapitulates the stages of normal development of
the limb (Geraudie and Ferretti 1998). However, this preliminary observation
in lizards may also indicate that some blastema cells are derived from an epithe-
lial–dermal transformation, since these epithelial keratins are conserved in mes-
enchymal-shaped cells. The latter, preliminary observations are presently being
analyzed further.
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Chapter 3
Limb Regeneration: Ultrastructural and Cytological Aspects

As previously indicated (Sect. 1.8), the injury of a limb in lizards induces large
tissue damage that elicits a strong inflammatory reaction. Within 2–3 days after
amputation, the reactive process is similar in the stump of the tail and the limb,
and numerous granulocytes are present as the main phagocytes and persist in the
following week (Alibardi 2009a), when also macrophages of blood origin become
numerous. The latter phagocytes complete the tissue debridement but can cause
scarring when they are hyperstimulated, for instance, by cauterization or repeti-
tive cutting of the blastema (Alibardi 2009b). Macrophages are more commonly
seen than granulocytes after 3 weeks after amputation.

The persistence of leukocytes in the injured limb together with the extensive
exudation of fibrin that traps the microorganisms is a potent primitive innate
immune defense of reptilian wounds (Huchezermayer and Cooper 2000). The
permanence of active granulocytes for 1 week in the wounded tail and for over
3 weeks in wounded limbs indicates that these cells continue to be stimulated
probably by a persistence of microbes and unknown chemical factors derived
from tissue destruction (especially in the limb stump). In the injured tissues of the
limb at 30–40 days after amputation, granulocytes within wounded tissues show
an increased irregular surface and blebbing and contain activated (spongy-like)
azurophil granules. These granules may store potent antimicrobial molecules that
block the spreading of infection of injured lizard tissues of the stump.

3.1
Wound Healing and Blastema Formation

During the first 2–7 days after amputation of the limb, there is a strong infiltration
of leukocytes among damaged tissues (muscles, connective tissue, nerves, and
bone) within 0.3–0.5 mm in the stump (Alibardi 2009a; Fig. 1.8a, b).

Two to 3 days after amputation, on the surface of the limb stump a scab made
of electron-dense cell remnants from blood cells and platelets, like in the tail
stump, is formed (Fig. 2.14a). Beneath the scab, a region of injured or necrotic
epithelial and connective cells is present in which numerous phagocytes are
localized (Fig. 2.14b, c). Some of the phagocytes are poorly differentiated



epidermal cells, as indicated by the few bundles of keratin and desmosomal
remnants that they contain. Other degenerating cells are granulocytes and most
of their ribosomes and other organelles are lost; in addition, an intense vacuola-
tion is present. The nuclear membrane of these degenerating granulocytes is
broken and is often associated with prominent heterochromatin clumps. Other
phagocytes beneath the scab, which are also localized among wound keratino-
cytes, are recognizable as heterophil granulocytes (the reptilian counterpart
of neutrophil granulocytes in mammals). These cells contain small granules
(specific, 0.1–0.2 mm) or larger granules (nonspecific or azurophilic; Fig. 2.14b, c).
Another type of phagocyte is rich in small granules and is recognized as a
monocyte. These cells possess a pale cytoplasm, an electron-dense nucleus with
heterochromatin clumps, and cytoplasmic stout blebs. The latter feature indicates
amoeboid movement and phagocytosis.

At 6–7 days after trauma, migrating epithelial cells cover a large part of the
stump surface underneath the scab. Flat and elongated keratinocytes are still
mixed with phagocytes, mainly heterophil granulocytes with large, azurophilic
granules of 0.4–1.5 mm or, less commonly, with granulocytes containing small
granules (0.05–0.2 mm). Migrating keratinocytes contain small keratin bundles
and numerous, irregular pale vesicles of the endoplasmic reticulum, and secondary
lysosomes. No cell junctions between keratinocytes and granulocytes are seen, and
the latter cells possess cytoplasmic stout blebs infiltrated among keratinocytes.
Some bacteria are seen within granulocytes, andmost of their azurophilic granules
at 6–18 days after amputation show a spongy texture or even broad pale areas
among the dense material.

At 12–16 days after amputation, granulocytes are still numerous among the
granulation tissues where numerous cells are still degenerating as in a condition
of chronic inflammation. Aside from free granulocytes, clusters of phagocytes
with degenerating cells are also present (Fig. 2.15a, b). This mass of cells resem-
bles the granulomas described in mammalian tissues under chronic inflamma-
tion, and similar cell aggregates are also present at 18–22 days after amputation.
The presence of granules and lobed or multiple nuclei in the degenerating cells
indicates that they are granulocytes. Degenerating granulocytes contain dense and
heterochromatic nuclei, and granules of different size and heterogeneous aspect
or containing dense or spongy material. Pale lipid material is present in some
vesicles within granulocytes, whereas most organelles are degenerated and
swollen. The plasmamembrane in some areas is discontinuous and the cell content
is apparently released from the degenerating cells.

In these cell clumps, most pale and few darker cells are present, both repre-
senting degenerating cells (Fig. 2.15b). Sparse junctional remnants join these cells
together, forming an epithelioid structure. Sparse lymphocytes are also seen among
damaged tissues or within blood vessels at 6–16 days after amputation. Sparse
among these granuloma-like tissues, empty spaces, derived from tissue degenera-
tion, are present in the limb stump, another sign of the intense inflammatory
reaction produced in this organ after amputation.
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At 18–22 days after amputation, the cell composition of the granulation tissues
of the limb stump changes and numerous fibroblasts and collagen fibrils become
prevalent, as well as numerous macrophages (Fig. 2.15c). The differentiated
fibroblasts are surrounded by irregular bundles of parallel collagen fibrils,
which form large collagenous fibers. The latter give rise to the dense, irregular
fibrotic dermis of the scarred limb. Fibrobasts contain numerous ribosomes and
sparse parallel cisternae of rough endoplasmic reticulum. Basophil granulocytes
are also seen among the irregular dense connective tissue at 18–22 days. A complete
and continuous basement membrane separates the differentiated epidermis from
the underlying, fibrous connective tissue.

In conclusion, the limb stump initially contains interstitial tissue made of
prevalent hematogenous elements involved in microbe phagocytosis and cell
debridement. The limb granulation tissue is replaced in 6–10 days by mesenchy-
mal cells in the tail stump, but remains prevalently hematogenous in the limb, up
to 14–18 days after amputation, when fibrocytic fibroblasts cause the rapid
evolution of the granulation tissue into scar connective tissue. In comparison
with the tail stump, the reepithelialization, healing, and inflammatory period in
the limb are extended for 10–20 days longer with respect to that in the tail. The
intense inflammation can lasts over 30 days when the bone remains protruding
from the stump (Barber 1944; Kudokotsev 1960). The presence of areas containing
pus in limbs at 12–22 days after amputation indicates a chronic inflammatory
status in the limb stump and may also stimulate some immune reaction. Neither
granulomas nor cyst or pus is formed in the tail stump. Granulocytes and macro-
phages remain in the stump for over 20 days after amputation, and later numerous
macrophages remain among the tissue of the limb, whereas these phagocytes are
less frequently seen and appear to be not activated in the regenerating tail
(Alibardi and Sala 1988a, b). The tail appears to regenerate from mesenchymal
cells largely derived from autotomy planes of the connective septa and interverte-
bral fracture planes (Quattrini 1954; Bellairs and Bryant 1985), perhaps containing
stem cells. Although autotomy planes are absent in the limb, the presence of stem
cells is not known. Another phenomenon that can increase the number of blas-
tema cells in both the tail and the limb stump is the epidermal–mesenchymal
transformation (Hay 1996). It is unknown whether an epidermal–dermal trans-
formation may occur during lizard tail and limb regeneration.

3.2
Scar Formation in the Limb as Compared with the Inducement
of Tail Scarring

In mammals, granulocytes do not produce chemokines for fibroblast recruitment
and proliferation likemacrophages, but are mainly involved inmicrobe destruction.
The extensive damage of tissues in the limb stimulates a persistent secretion of
fibroblast growth factor, platelet-derived growth factor (PDGF), and transforming
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growth factor beta-1 (TGF-b1) from macrophages which results in the recruitment
and proliferation of fibroblasts capable of synthesizing a high amount of collagen
and therefore inducing scarring (Kovacs and DiPietro 1994; Ferguson and O’Kane
2004). During chronic inflammation in mammals, lymphocytes and wound ker-
atinocytes produce interleukin-1 and interferon gamma, two molecules that
stimulate macrophage proliferation and indirectly scarring. In the case of lizards,
no biochemical information is available on similar molecules.

The intense inflammatory reaction and the presence of a granulomatous
reaction within the limb stump do not allow the establishment of a mesenchymal
population, and the rapid formation of a continuous dense lamella in the base-
ment membrane blocks any dermal–epidermal interaction to sustain the elonga-
tion of the initial limb outgrowth. These combined effects determine the origin of
a variably short scar. Even in the few cases of initial blastema formation, the
permanence of leukocytes and of macrophages among injured tissue causes the
initial mesenchymal cell population to rapidly differentiate into fibrocytes,
whereas the wound epithelium forms a basement membrane.

The confirmation that a strong inflammatory reaction, aside from the sparse
recruitment of stem or undifferentiated cells, is the main cause for the unsuccess-
ful limb regeneration derives from the study of the process of scarring in the
tail after cauterization, or from other experimental manipulations (Marcucci
1914–1915; Bellairs and Bryant 1985). After cauterization of the tail stump
(Fig. 1.9g), the damaged surface forms a dark necrotic tissue that produces a
thick scab at 14–16 days after cauterization (Alibardi 2009b. Beneath the scab
a soft dark mound of less than 1 mm in length is formed, which initially resembles
a blastema. In the following week, the soft mound can grow to 1–3 mm, but it
rapidly turns into a pale and scaled scar by about 1 month after cauterization
(similar to those shown in Fig. 1.11g, h). The scaling pattern and the pigmentation
of the outgrowths are irregular as pigment cells are distributed at random in the
epidermis and also in the dermis.

Aside from tissue necrosis, cauterization also produces damage affecting the
permeability of blood vessels with the consequent loss of a large amount of fibrin.
The latter is still present among tissues at 14–20 days after cauterization. The
ultrastructural analysis of the soft outgrowths at 14 days after cauterization shows
numerous fibroblasts with well-developed ergastoplasm, surrounded by a fibri-
nous exudate containing collagen fibrils. The latter form a characteristic “alveolate
intercellular matrix” among densely packed fibroblasts (Fig. 1.13e). The cytoplasm
of these fibroblasts contains sparse bundles of microfilaments, an indication that
these cells may represent myofibroblasts, the key cell leading to scarring inmamma-
lian tissues (Wynn 2008). Numerous macrophages are present among fibroblasts
and both cell types appear trapped within a dense collagenous network of bundles.
Another common cell type encountered among fibroblasts is the electron-dense
granulocyte with large, 0.2–0.5-mmgranules with a characteristic spongy texture and
an irregular cell surface with frequents blebs. Also, the numerous melanophores
present in the outgrowth appear trapped within the fibrin–collagenous extracellular
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matrix. The regenerated epidermis contains a continuous dense lamella that is
contacted by anchoring fibrils from fibroblasts. Hemidesmosomes are commonly
present, like in the normal epidermis. The rapid formation of a differentiated basal
lamina with a continuous dense lamella in the cauterized tail stump as well as in the
amputated limb contrasts with the presence of a discontinuous lamella dense in
the blastema of the regenerating tail (Alibardi 1994a, b; 1995; Alibardi and Toni
2005).

From 16 to 20 days after cauterization, the connective tissue of the outgrowth
forms scar tissue, made of elongated fibrocytes within a dense matrix, like in the
stump of the limb. At 20–30 days after cauterization, fibrocytes adopt a perpen-
dicular orientation with respect to the basement membrane of the epidermis, like
in the limb. The presence of numerous macrophages, heterophils, or other types
of granulocytes for over 20 days after injury in both cauterized tissues of the
tail and the stump of the limb probably stimulates the recruitment of scarring
fibroblasts, a phenomenon well known in mammalian chronic inflammation.
Cauterization stimulates the excessive migration of macrophages that, through
the liberation of fibrogenic cytokines (TGF-b1, PDGF, etc.), attract the numerous
fibrocytes responsible for the production of scar connective tissue. It is likely that
cauterization in lizards gives rise to a population of myofibroblasts, like in
mammalian fibrosis (Wynn 2008; Alibardi 2009b). The latter cells determine the
rapid contraction of the wound and also the deposition of a large amount of
collagen. In the tail scars, not only the cell composition is changed in comparison
with normal blastema, but also the degradation of the collagen may take place at a
lower rate than its production, with the consequent net increase of collagen fibrils.

The above observations indicate that the lizard model of regeneration can be
utilized to study scarring mechanisms in amniotes in general as it resembles the
process present in mammals. The condition of the mesenchyme and that of the
extracellular matrix in the normal regenerative tail blastema are comparable to
those present in mammalian embryonic tissues or in tissues of fetuses (Adzick
and Longaker 1992; Martin 1997). It is known that mammalian fetal wounds
produce little or no inflammation and that they repair well without scarring
(Ferguson and O’Kane 2004). Among other growth factors, also the TGF-b1,
produced by macrophages, stimulates fibrocyte recruitment. In contrast, in
embryonic/fetal wounds the amount of an isoform of transforming growth factor,
transforming growth factor beta-3, is increased and this isoform favors regenera-
tion without scarring. This factor is also present in lizard tissues after wounding
and regeneration (Alibardi, unpublished observations).
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Chapter 4
Conclusion and Perspectives: Implications for Human
Regeneration

The introductory discussion on the biological conditions that might have allowed
the evolution of tail regeneration in lizards (Sect. 1.2) indicated that the mech-
anisms for organ regeneration may be induced by medical treatments that
utilize knowledge of the biological process responsible for organ regeneration in
amniotes. These medical interventions should aim to limit inflammation, to
increase the number of stem cells, and to stimulate dermal–epidermal interactions
by removing the early formation of the barrier represented by a stable basement
membrane between epidermis and dermis. Lizards represent a good model to
study all these conditions, especially when comparing inflammation and scarring
in the limb (or in the cauterized tail) with healing in the normal tail. Therefore,
the lizard model is useful for studies that aim to detect the factors involved in the
delicate equilibrium between regeneration (the environment present in the
normal tail stump) and scarring (the environment present in the limb stump or
in the manipulated tail stump).

Although detailed cytological information on the process of tail and limb
regeneration in lizards is now available, there is little molecular information on
specific genes and proteins activated during regeneration. Furthermore, the role
of these genes in the process of regeneration in lizards remains completely
unknown (Liu et al. 2006; Jiang et al. 2007).

In conclusion, the use of the lizard model in research on the mechanisms of
tissue and organ regeneration is particularly interesting. Among others, three
main topics are presently under analysis: (1) the presence of potent antimicrobial
molecules produced after wounding; (2) the mechanisms limiting limb and digit
regeneration; (3) the mechanisms implicated in the limited regeneration of the
lumbar and thoracic spinal cord.

1. The innate immunity of wounded tissues of lizards to avoid infection and then
septicemia may lead to the discovery of potent antimicrobial molecules like the
defensins or cathelicidins, effective antimicrobial peptides present in most
vertebrates (Zasloff 2002). Studies in this direction are presently under way
to characterize possible antimicrobial molecules present in azurophil granules
of granulocytes and dense granules or the cytoplasm of wound keratinocytes
(Fig. 2.1b, 2.14b, c).



2. Future studies on lizard tissue regeneration should focus on the molecules
exchanged between the apical cup or the wound epidermis and the underlying
mesenchyme, an interaction that maintains the apical center for the growth of
the tail. One of these molecules is fibroblast growth factor, but other growth
factors (transforming growth factor, epidermal growth factor, etc.) may also be
involved. The localization and expression of growth factors and of other
signaling molecules (Sonic hedgehog, Gremlin, bone morphogenetic protein,
MSx, etc.; see Sanz-Ezquerro and Tockle 2003) in the regenerating blastema of
the tail compared with that of the limb should be determined. These growth
factors can be administered or placed in specific areas of the amputated limbs
to see whether they can stimulate regeneration, in particular whether they can
induce the formation of the autopodium and digits. This can be done by the
application of microbeads releasing the molecule being tested in the limited
cases of limb outgrowths (Fig. 1.2).

3. The recovery from paraplegia observed in numerous cases of spinal cord injury
in lizards (Raffaelli and Palladini 1969; Alibardi, unpublished observations)
should also be analyzed for a possible medical follow-up. It is known that the
lumbar or thoracic spinal cord allows the regeneration of axons when it is
autotransplanted into the tail, in relation to the presence of a regenerative tail
blastema (Simpson and Pollack 1985). The complete resection of the spinal
cord at lumbar and thoracic levels in the lizard Anolis carolinensis produces a
permanent paralysis (Simpson 1961, 1970, 1983; Simpson and Duffy 1994).
However, other studies on the wall lizards Podarcis muralis and Podarcis
sicula, species that regenerate a larger tail than A. carolinensis, have indicated
that after the resection of the lumbar spinal cord, the initial paraplegia can
recover in 25–45 days after the operation (Raffaelli and Palladini 1969;
Alibardi, unpublished observations). In these cases, the microscopic analysis
of the lesioned spinal cord has shown that some regenerating nerves can
bypass the gap of the sectioned spinal cord. However, the careful histological
control of the lizards operated on has also shown that in animals that recovered
limb motility the spinal cord was not completely transected (Furieri 1957).
Therefore, in these cases, it is likely that some of the bridge nerves have rebuilt
the intrinsic local spinal locomotor circuits present in the spinal cord
(Bernstein 1983; Schwab and Bartholdi 1996; Sharma and Peng 2001; Borgens
2003). The latter possibility, however, does not diminish the value of the lizard
model, since most spinal cord injuries in humans do not completely transect
the spinal cord, and therefore the lizard model can be of interest in the study of
the reestablishment of local spinal locomotor circuits. This is interesting
considering that after lumbar lesion of the spinal cord the tail was also
amputated and it regenerates normally (Alibardi, unpublished observations).
Present analysis is trying to evaluate whether the presence of regenerating
tissues at 1–2 cm from the lumbar injury stimulates the regeneration of long
spinal cord nerves to cross the gap and progress into the regenerating tail.
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The ultrastructural analysis of the complete or largely transected spinal cord of
the lumbar spinal cord has indicated that some axons cross the scarring gap in the
presence of a nearby regenerating tail. The reactive proximal spinal cord
(upstream of the lesion) remains viable, whereas the distal spinal cord (down-
stream of the lesion) is more affected and most neurons disappear and axons
degenerate. However, after 20–30 days from the lesion, numerous, small glial cells
of undetermined nature, and sparse neurons are still viable in the proximal and
even in the distal spinal cord. The lizard model therefore represents a unique
experimental case in which the influence of a target tissue (the regenerating
blastema) may stimulate the regrowth of axons within some 1–2-cm distance
from the lesioned lumbar spinal cord. The clarification of this issue using the
lizard model may allow the discovery of trophic factors involved in the guidance
of transected axons over a long distance within the spinal cord.

In conclusion, if the last issues presented in this review stimulate some
researchers to adopt and exploit the lizard model of amniote regeneration, my
effort in summarizing the topic will have largely achieved one of its main goals.
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