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Abstract Many of the genes involved in the initial
development of the limb in higher vertebrates are also
expressed during regeneration of the limb in urodeles such
as Notophthalmus viridescens. These similarities have led
researchers to conclude that the regeneration process is a
recapitulation of development, and that patterning of the
regenerate mimics pattern formation in development.
However, the developing limb and the regenerating limb
do not look similar. In developing urodele forelimbs, digits
appear sequentially as outgrowths from the limb palette. In
regeneration, all the digits appear at once. In this work, we
address the issue of whether regeneration and development
are similar by examining growth and apoptosis patterns. In
contrast to higher vertebrates, forelimb development in the
newt, N. viridescens, does not use interdigital apoptosis as
the method of digit separation. During adult forelimb
regeneration, apoptosis seems to play an important role in
wound healing and again during cartilage to bone turnover
in the advanced digits and radius/ulna. However, similar to
forelimb development, demarcation of the digits in adult
forelimb regeneration does not involve interdigital apop-
tosis. Outgrowth, rather than regression of the interdigital
mesenchyme, leads to the individualization of forelimb
digits in both newt development and regeneration.

Keywords Apoptosis . Forelimb development . Forelimb
regeneration

Introduction

Urodele amphibians such as the red spotted newt
(Notophthalmus viridescens) possess the ability to regen-
erate limbs lost through injury or amputation. During limb
regeneration, the cells beneath the wound epithelium
dedifferentiate, which involves the reversion of differ-
entiated cells to an unspecialized “embryonic-like” state
(Butler 1933; Hay 1959; Brockes and Lo 1994). These
cells re-enter the cell cycle and rapidly proliferate until a
mesenchymal mass, the blastema, is formed. The un-
differentiated blastema cells subsequently re-differentiate
and undergo morphogenesis to give rise to the new limb.
Molecular studies have shown the regeneration process to
involve many of the genes originally expressed during
development of the forelimb (Simon et al. 1995; Gardiner
and Bryant 1996; Imokawa and Yoshizato 1997; Simon et
al. 1997). It has been suggested that many of these
developmental genes are expressed at low levels in intact
adult tissues, enabling their rapid upregulation in the
regeneration process. This has led to the conclusion that
forelimb regeneration is a recapitulation of forelimb
development.

Forelimb development in the newt differs from other
vertebrates in the mechanisms that set up the initial
patterning of the limb. In urodeles, digits 1 and 2 are the
first to appear, followed by digits 3 and 4 (Jarvik 1980).
Each digit grows out sequentially from the limb palette.
This contrasts with higher vertebrates, in which a flattened
palette grows outward from the apical epidermal ridge,
and all the digits appear at once. Growth and interdigital
apoptosis leads to the individualization of digits (Sanders
and Wride 1995; Salas-Vidal et al. 2001; Zuzarte-Luis and
Hurle 2002). This interdigital apoptosis appears to be
absent in amphibians (Cameron and Fallon 1977),
although no study has specifically examined this process
in N. viridescens forelimb development.

The current study was prompted by our observation that
the morphology of the newt limb during embryonic
forelimb development and adult forelimb regeneration
appears to be quite different, even though regeneration has
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been called a recapitulation of development. Since the later
stages of regenerate differentiation and morphogenesis
more closely resemble the palette observed during limb
development in higher vertebrates, we compared growth
and apoptosis patterns in forelimb development and
regeneration to determine whether the two processes are
the same. To date, only one study has investigated the role
of apoptosis during urodele regeneration. Mescher et al.
(2000) performed bilateral amputations with unilateral
denervations (transections of brachial nerves 3, 4, and 5)
in larval axolotl forelimb regenerates and concluded that
denervation results in limb regression through apoptosis.
The role of apoptosis during digit individualization in the
newt forelimb regenerate has yet to be determined.

Materials and methods

Embryo collection and fixation

N. viridescens embryos/larvae at various limb develop-
mental stages were collected after natural or induced
spawning (Khan and Liversage 1995). They were main-
tained in Holtfreter’s solution and allowed to develop to
various stages of limb development (limb field, limb bud,
cone, palette, early digit 2 to advanced digit 4). Embryos
or larvae were fixed overnight at room temperature (RT) in
MEMFA (0.1 M MOPS, pH 7.4, 2 mM EGTA, 1 mM
MgSO4, 3.7% formaldehyde) with gentle agitation,
dehydrated with 25, 50, 75, and 100% methanol in PBS
containing 0.1% Tween 20 (PBT), and stored in 100%
methanol at −20°C. Early-stage embryos were dissected
from their jelly coat prior to fixation.

Adult forelimb amputations and fixation

Adult newts were obtained from Charles Sullivan
(Tennessee) and housed in aerated aquaria containing
dechlorinated tap water. Newts were kept at RT on a
12L/12D photoperiod and fed ground beef heart or live
blackworms weekly. All amputations were performed
following anaesthesia with 0.05% 3-aminobenzoic acid
ethyl ester (MS-222-Sigma) adjusted to pH 7.0 with
NaHCO3. Regenerating limbs were staged according to
Iten and Bryant (1973). Forty-eight animals were ampu-
tated through the right mid-zeugopodium, and the
protruding bone was trimmed back to the level of the
soft tissue. Limbs were allowed to regenerate to different
stages post-amputation (24 h, 3 days, and 1 week up to the
sixth week). Six limbs were re-sampled through the mid-
stylopodium for each time point and fixed overnight in 4%
buffered paraformaldehyde (PFA). Tissues were cryopro-
tected in 30% sucrose O/N, embedded in 1:1 sucrose/OCT
(Tissue Tek) compound, quick frozen in liquid nitrogen,
and stored at −80°C for cryosectioning. Sections (10–
16 μm) were adhered to positively charged slides (Super-
frost Plus, Fisher Scientific), dried at room temperature for
2 h, and stored at −20°C prior to being used for terminal

deoxynucleotidyl transferase (TdT)-mediated dUTP nick-
end labelling (TUNEL) analysis.

TUNEL analysis of embryos

A TUNEL protocol modified from Gavrieli et al. (1992)
and a Xenopus whole-mount TUNEL protocol adapted
from Veenstra et al. (1998) were used. Embryos were re-
hydrated in PBT, treated with proteinase K (25 μg/ml) at
37°C for 20 min, and washed twice with PBT. After
incubation, embryos were rinsed in 1× PBS and pre-
incubated in 1× TdT buffer (30 mM Tris, pH 7.2, 140 mM
sodium cacodylate, 1 mM cobalt chloride, GIBCO–BRL)
for 30 min at RT. End labelling was carried out overnight
at RT in TdT buffer containing 150 U/ml TdT and 0.5 mM
digoxygenin-dUTP (Boehringer Mannheim). The follow-
ing day, embryos were washed 2×45 min in 1× PBS/1 mM
EDTA at 65°C, followed by 4×45 min in 1× PBS at RT.
Embryos were equilibrated in MAB (100 mM maleic
anhydride, 150 mM NaCl) with 0.2 mg/ml BSA for
30 min at RT and incubated in 1 ml blocking solution
(20% sheep serum in MAB with BSA) overnight at 4°C.
Anti-digoxigenin antibody coupled to alkaline phospha-
tase (Anti-DIG-AP, 150 U/ml, Boehringer Mannheim) was
diluted 1:400 in blocking solution containing 10 mg/ml
newt powder and mixed overnight at 4°C. The following
day, the newt powder was spun down, and the anti-DIG
containing supernatant was further diluted up to 1:1000 in
blocking solution. Embryos were transferred to this
solution and gently agitated overnight at 4°C. Embryos
were then washed 10×15 min in MAB at RT and
equilibrated in alkaline phosphatase (AP) buffer
(100 mM Tris-Cl, pH 9.5, 100 mM NaCl, 50 mM
MgCl2) 2×5 min at RT. The chromogenic reaction was
carried out in AP buffer containing 100 mg/ml NBT and
50 mg/ml BCIP. The reaction was monitored (10–30 min)
and stopped by transferring the embryos to Bouin’s
fixative overnight at 4°C. Embryos were cleared in several
changes of 70% ethanol and 80% MeOH/20% H2O2.
Embryos were viewed following dehydration in methanol
and photographed under a dissecting scope. Positive
controls were obtained by pre-treating embryos in
DNAse buffer (50 mM Tris-Cl, pH 7.5, 10 mM MnCl2,
50 μg/ml BSA) containing 0.1 U/μl DNAse I (Sigma) for
30 min at 37°C immediately after the proteinase K
treatment. Negative controls were obtained by omitting the
TdT enzyme.

TUNEL analysis of adult tissue cryosections

Tissue-section immunohistochemistry protocols were
adapted from Cadinouche et al. (1999) and Jensen and
Wallace (1997). Frozen tissue sections of regenerates at
different stages were re-hydrated in tap water, fixed in 1%
PFA for 10 min at RT, and washed 2×5 min in 1× PBS.
Sections were post-fixed in pre-cooled ethanol/acetic acid
(2:1) for 5 min and washed 2×5 min in PBS followed by a
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5-min wash in PBT. In a humidified chamber, sections
were incubated for 20 min in PBT containing 20 μg/ml
proteinase K at RT and rinsed 3×1 min in PBS. Slides were
rinsed in PBS, equilibrated in 1x TdT buffer for 5 min and
incubated in TdT buffer containing 150 U/ml TdT and
0.5 mM digoxygenin-dUTP for 1 h at 37°C. End labelling
was stopped by transferring the sections into 1×
PBS/1 mM EDTA for 10 min at RT, followed by
2×2 min rinses in PBS. Cryosections were equilibrated
for 5 min in MAB-T (MAB, 0.1% Tween 20), and
incubated in blocking solution [20% sheep serum, 20%
blocking reagent (Boehringer Mannheim) and 60% MAB-
T] for 1 h at RT. Tissues were incubated overnight at 4°C
in blocking solution containing 1:1500 dilution of anti-
dig-AP. The following day, sections were rinsed in MAB-
T and equilibrated 5 min in AP buffer. The chromogenic
reaction was carried out in AP buffer containing 100 mg/
ml NBT and 50 mg/ml BCIP. The reaction was monitored
for up to 2.5 h and stopped by several washes in 1× PBS.
Slides were dried and mounted in 1× PBS/glycerol (1:1).
Images were taken on a Zeiss Axioskop 2 microscope
equipped with an AxioCam HRc camera. Negative
controls were obtained by omitting the TdT enzyme.
Positive controls were obtained by pre-treating sections
with DNAse I in DNAse buffer for 10 min at RT.

Growth analysis

Six animals were amputated through the mid-zeugopodi-
um, and the protruding bone was trimmed back to the level
of the soft tissue as previously described. Limbs were
photographed before and after amputation, using a Nikon
Coolpix 990 digital camera. Limbs were allowed to
regenerate to the palette stage when the formation of digits
became visible (~5 weeks post-amputation). At this time,
and every 3–4 days thereafter, animals were re-anaesthe-
tized and photographed until the digits were visibly
separated (9 weeks post-amputation). Digital measure-
ments were taken for each animal at each stage (seven time
points). The law of cosines was used to obtain the length
of each digit at the midline (Fig. 1). Measurements were
also taken from the most proximal interdigital point
between two digits to the plane of amputation. In order to
eliminate variability in length values due to small
magnification changes during the photography or super-
imposition of the images, all measurements were normal-
ized to control values in the intact, non-regenerating
region of the limb (Fig. 1). Growth rate changes were
statistically analyzed using multiple analysis of variance at
P<0.05 confidence interval.

Images were superimposed and aligned, based on the
position of the elbow joint and the location of pigment
spots proximal to the original plane of amputation.
Contour outlines of each regenerate stage were drawn,
and images were analyzed for interdigital tissue elongation
or regression (see Salas-Vidal et al. 2001 for similar
studies in mouse).

Results

Although newt forelimb regeneration has been called a
recapitulation of development, the morphology of the limb
appears to be different in the two processes (Fig. 2). In
developing larval forelimbs, outgrowth of the individual
digits occurs. During regeneration in the adult, however,
all the digits form concomitantly from the palette, a pattern
reminiscent of that which occurs in higher vertebrates.
Since interdigital apoptosis is a major characteristic of
morphogenesis and patterning in the higher vertebrate
limb, we examined patterns of apoptosis in N. viridescens
forelimb development and adult forelimb regeneration.

The role of apoptosis during N. viridescens
development

Developing newt forelimbs from limb-bud to four-digit
stages were examined, and there was no clear evidence of
apoptosis that could be involved in pattern formation.
Individual apoptotic cells were occasionally observed in
the interdigital mesenchyme (Fig. 3a), but these were not
present in the contralateral limb, suggesting these were
isolated events resulting from cell damage prior to tissue

Fig. 1 Digital lengths are calculated for digit 2 (D2) and digit 3
(D3), using the law of cosines. Measurements are taken from the
distal tip to either side of the interdigital grooves (a, c), and along
the base of the digit between the interdigital grooves (b). These three
values are used to calculate angle C, using the law of cosines:
c2=a2+b2−2ab cos C. The calculated value for cos C is applied to the
formula x2=a2+(b/2)2−2a(b/2) cos C to obtain the digital length (x)
of D3. Length for D2 is similarly obtained. Length D2–D3 is
measured as the distance from the interdigital groove between digits
two and three to the midline at the plane of amputation. Control
length, C1, is measured and used to normalize values for digital and
interdigital lengths at each time point for each animal
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fixation. Internal positive controls for TUNEL staining
were provided by the detection of TUNEL labelling in
both the embryonic gills (Fig. 3a) and the dorsal tailfin
(data not shown). For additional verification of protocol
specificity, a TUNEL assay was performed on E13.5-day
mouse forelimbs. TUNEL-positive staining was found in
the interdigital mesenchyme cells of mouse embryonic
limb palettes (Fig. 3b).

The role of apoptosis during N. viridescens forelimb
regeneration

Cryosections of adult forelimb regenerates from 24 h to
6 weeks post-amputation were stained using a TUNEL
protocol adapted for newt tissue. At 24 h post-amputation,
the cut surface is covered by a thin, transparent wound

epithelium. At this stage, weak TUNEL-positive staining
is seen throughout the epidermal and dermal cell layers at
the plane of amputation (Fig. 4a, b). Proximal to the
epithelial layer, individual positively staining cells are
seen. Strong TUNEL staining is present in the periosteum
along the edges of the intact stump bone (Fig. 4a).
Degenerating muscles surrounding the bone are also
strongly stained. Dorsal and ventral to the radius and
ulna, individual TUNEL-positive muscle fragments have
separated from the surrounding longitudinal muscle fibres
(Fig. 4b).

By 3 days post-amputation, the wound epithelium
thickens. Further degeneration of the muscle is evident. At
this stage, TUNEL-positive cells are clearly found in areas
of muscle breakdown, but fewer positive cells are found in
the epidermis and dermis (Fig. 4c).

Fig. 2 Morphological compari-
son between forelimb develop-
ment and adult forelimb regen-
eration. The top panel shows
forelimb development from the
limb bud (a, arrow) through to
the four-digit stage (d), and
clearly illustrates that digits
grow out sequentially from the
limb palette. During regenera-
tion (e–h), all the digital pro-
jections are visible simulta-
neously, and digits grow out
from the palette throughout the
regeneration process

Fig. 3 Terminal deoxynucleo-
tidyl transferase (TdT)-mediated
dUTP nick-end labelling
(TUNEL) staining of a three-
digit embryo shows a single
positive cell at the tip of digit 2
(a, arrow) and in the interdigital
mesenchyme. However, the
contralateral limb was negative.
Positive controls are provided
by the gills (g) in the developing
embryo (a), by staining of a
13.5-day mouse embryonic limb
palette (b, arrow), and by
DNAse treatment (c). Negative
controls were generated by
omitting the TdT enzyme (d)
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At 1-week post-amputation, the apical wound epitheli-
um thickens to become the apical epithelial cap (AEC).
The dermis has not yet formed beneath the AEC, and less
debris is evident in the distal stump. Sparse, individual
TUNEL-positive nuclei are identified throughout the
regenerating tissue. The labelled cells represent approxi-
mately 1–2% of the total cells within the regenerate
(Fig. 4d).

By 2-weeks post-amputation, the blastema has become
established at the distal tip of the stump, and the regenerate
begins to appear cone-shaped. At 3-weeks post amputa-
tion, the regenerate begins to flatten at the apex and
appears palette-shaped. Cartilage condensation is begin-
ning at the tip of the radius/ulna, just proximal to the
blastemal mass. At both 2 weeks and 3 weeks post-

amputation, there are no detectable levels of TUNEL-
positive cells in the regenerate(data not shown).

At 4-weeks post-amputation, chondrogenesis continues,
and the beginning of patterning of the autopodium (hand)
becomes visible (Fig. 5a). Four digital projections are
evident at the distal tip separated by three interdigital
grooves. At this stage, longitudinal sections through the
condensing cartilage of the regenerating distal tip contain
TUNEL-positive chondrocytes within the distal digital
elements of the limb, suggesting the beginning of turnover
of cartilage to bone (Fig. 5a). This positive staining of
chondrocytes within the regenerating hand becomes more
abundant in tissue sections at both 5- and 6-weeks post-
amputation, when patterning and the separation of the
digits is evident (Fig. 5c, d). No TUNEL-positive cell
staining is seen to contribute to the demarcation of either

Fig. 4 TUNEL staining in the
early regenerate. At 24 h post-
amputation (a), extensive
TUNEL-positive staining is seen
throughout the distal stump of
the wound. Weak staining is
found in the wound epithelium
(epi). Fragmented muscle (m),
bone (b), and connective tissue
(ct), are seen in the cellular
debris. Apoptotic cells are found
along the periosteum outlining
the bone (arrowheads). The
staining inside the bone (a) is
most likely artefactual, because
it is seen in the negative controls
as well. Dorsally from the plane
of the radius/ulna (b), there is
extensive staining in the frag-
menting muscle. At 3 days post-
amputation (c), there is persis-
tent apoptotic activity in the
muscle. At 7 days post-amputa-
tion (d), there are a few
TUNEL-positive cells (1–2%) in
the blastema (see inset). In d,
the pigmentation in the skin
proximal to the plane of ampu-
tation should not be confused
with TUNEL-positive staining.
Positive controls (e) were ob-
tained by treating sections with
DNAse. Negative controls (f)
omitted the TdT enzyme. PE
pigmented epithelium
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the phalangeal joints or the individualized carpal and
metacarpal bones at this stage of morphogenesis (Fig. 5b–
e). Individual digits are clearly separating from their
neighbours and elongating, but apoptosis in the interdigital
mesenchyme does not seem to contribute to this process at
any stage of early or late digit formation (Fig. 5a–d).

Growth analysis

Overlapping image contours of the regenerating limbs at
various stages post-amputation do not intersect in the
interdigital regions, suggesting that interdigital apoptosis
is not contributing to the individualization of the digits
(Fig. 6). This is further supported by growth measure-
ments of digits 2 and 3 and the distance from the
amputation site to the proximal interdigital region between
them (Fig. 7). Measurements of digital length were only
calculated for digits 2 and 3 (D2 and D3), since the lateral
borders of digits 1 and 4 were difficult to ascertain. Digital
lengths for D2 and D3 increase up to 9 weeks post-
amputation, at which time they begin to plateau (Fig. 7).
Length D2–D3 (see Fig. 1) increases up to approximately
8 weeks and then plateaus. This suggests that up until
8 weeks post-amputation, the digits and the carpals/
metacarpals elongate to contribute to the growth of the
entire hand, and after this time, the palm stops growing but
the digits continue to grow.

Discussion

Is adult newt forelimb regeneration really a recapitulation
of embryonic newt development? Numerous studies seem
to suggest that the answer to this question is yes, since
many of the genes expressed in development of the
forelimb appear to be re-expressed in a similar manner
during regeneration (Simon et al. 1995; Gardiner and
Bryant 1996; Imokawa and Yoshizato 1997; Simon et al.
1997). However, these conclusions are often based on an
extrapolation of developmental studies in mammals to
regeneration studies in newt. Until recently, developmental
gene expression studies were difficult to do in the newt
because of an inability to reliably breed newts in captivity.
However, more recent studies of the newt have identified
differences between embryonic forelimb development and
adult forelimb regeneration, which suggest that in some
ways, adult forelimb regeneration more closely resembles
forelimb development in higher vertebrates than develop-
ment in urodeles. These studies show that although the
same genes are often expressed during development and
regeneration, the expression patterns in these genes is not
always conserved between the two processes. Tbox-4 and
Tbox-5 are notable examples. In higher vertebrates, Tbox
expression determines limb identity, with Tbox-5 being
exclusively expressed in the forelimb, and Tbox-4 being
exclusively expressed in the hindlimb (Gibson-Brown et
al. 1996; Gibson-Brown et al. 1998; Isaac et al. 1998;
Logan et al. 1998). A similar pattern is seen during
hindlimb and forelimb regeneration in the adult newt.
However, Tbox-4 and Tbox−5 are expressed in both the

Fig. 5 TUNEL activity in the 4-week (a) and 6-week (b–e)
regenerates. There is no apoptotic activity in the interdigital
mesenchyme (c, d), in the forming phalangeal joint (b) or between
the developing metacarpals or carpals (e). The occasional TUNEL-

positive cells are found in regions of cartilage to bone turnover (a,
inset and arrows in c and d). d Dermis, dg dermal gland, PE
pigmented epithelium, j phalangeal joint, im interdigital mesen-
chyme, mc metacarpal, c carpal
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hindlimb and forelimb during embryonic newt develop-
ment (Simon et al. 1997; Khan et al. 2002). HoxC6
provides another example in which developmental ex-
pression patterns do not mimic regeneration expression
patterns. HoxC6 is expressed in newt forelimbs during
development, but is absent in the hindlimb and tail, within
the limits of detection of the in situ hybridization assay
(Khan et al. 1999). In contrast, regeneration studies show
highest expression of HoxC6 occurs in hindlimbs,
followed by tails and then forelimbs (Savard et al. 1988;
Savard and Tremblay 1995).

Not only are there differences in gene expression
between larval forelimb development and adult forelimb
regeneration, but there are differences in morphology as
well. We clearly show that the morphology of developing
larval newt forelimbs is different from the morphology of
adult forelimb regenerates (see Fig. 2). During forelimb
development, digits emerge from the limb palette in a
sequential manner; digits 1 and 2 are the first to grow out,
followed by digits 3 and 4 (Jarvik 1980). Apoptosis does
not appear to play a role in this process. The only
apoptotic cells identified were individual cells at probable
sites of injury (see Fig. 3). Our findings for the absence of
interdigital apoptosis in development are not surprising,
based on the results of previous studies. Although it has
been long proposed that interdigital apoptosis is the major
contributor during digit individualization in birds (Saun-
ders 1966) and mammals (Ballard and Holt 1968; Mori et
al. 1995), it has also been shown that programmed cell
death does not occur during limb development in several
amphibians (Cameron and Fallon 1977).

During adult forelimb regeneration, all the digits seem
to appear simultaneously, a pattern which more closely
resembles the developing forelimb palette in higher
vertebrates such as mouse or man. Due to the similarities
with higher vertebrates, we studied whether individualiza-
tion of the digits during newt forelimb regeneration also
occurs through a process involving growth in combination
with apoptosis of the interdigital mesenchyme. Salas-Vidal
et al. (2001) used TUNEL analysis and image super-
imposition of developing mouse forelimbs at various
stages to show that interdigital regression occurs during
forelimb development in higher vertebrates. We used the
same strategy to examine digital elongation in regenerat-
ing forelimbs of adult N. viridescens. Individual regener-
ates were followed for a period of 9 weeks, and pictures
were taken at various stages in the regeneration process.
Our results show that there is extensive apoptosis in the
early stages of regeneration (especially in the first 3 days),
when wound healing and the elimination of cellular debris
from the injury site are underway (see Fig. 4). We also
observe apoptotic cells in the advanced regenerate at sites
of cartilage to bone turnover (see Fig. 5). It is known that
during embryonic cartilage development, mesenchymal
cells condense and differentiate into chondrocytes. During
the final stages of chondrocyte maturation, the chondro-
cytes undergo apoptosis and are replaced by the formation
of bone through the action of osteoblasts (Hickok et al.
1998). Our identification of these apoptotic cells indicates

Fig. 6 Superimposition of contour images of the regenerates at
various stages post-amputation shows no overlap in the interdigital
regions, suggesting that digit outgrowth and not interdigital
apoptosis is leading to elongation of the digits. Each of the four
panels represents a different regenerate

Fig. 7 Graphical presentation of growth (see also Fig. 1) in digits
D2 and D3 and in the distance from the plane of amputation to the
proximal interdigit (D2–D3). All values were normalized by
dividing by control length C1. Digits continue to elongate
throughout the 9 weeks of the experiment, but appear to slow
down as the weeks progress. The length from the amputation plane
to the proximal interdigit (D2–D3) increases up to week 8, and then
plateaus. This suggests that up until 8 weeks post-amputation, the
digits and the carpals/metacarpals elongate to contribute to the
growth of the entire hand, and after this time, the palm stops
growing but the digits continue to elongate
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the beginning of ossification in the advanced regenerate.
This observation is supported by a recent study showing
the beginnings of mineralization of the distal regenerate by
day 37 post-amputation (Stock et al. 2003). It should be
noted that there is one previous study examining apoptosis
in regenerating forelimbs of larval axolotls: Mescher et al.
(2000). Although both newts and axolotls have the ability
to regenerate forelimbs, direct comparisons cannot be
made between our study and that of Mescher et al. (2000),
because one examines adult regenerating tissues and the
other studies larval regeneration. The massive apoptosis
seen in our adult newt forelimbs within the first 3 days
post-amputation does not appear to be present in the
axolotl forelimbs, probably due to the fact that cells in the
forelimb of the larval axolotl are not fully differentiated.
Consequently, the inflammation and wound-healing re-
sponse may be moderate in these forelimbs. Nevertheless,
our findings are similar at 1-week post-amputation.
TUNEL-positive mesenchymal cells are found in small
clusters or singly distributed near the tip of the stump
beneath the wound epidermis and represent approximately
1–2% of the cells of the dedifferentiating tissue. Mescher
et al. (2000) only studied the role of apoptosis within
11 days post-amputation, whereas our study examines
apoptosis throughout the regeneration process. At later
stages of regeneration, we show that apoptosis is not
involved in pattern formation and is mainly involved in
cartilage turnover to bone.

Notably, TUNEL analysis of larval developing fore-
limbs and adult regenerating forelimbs, as well as the
examination of superimposed images of growing adult
regenerates, identified no interdigital mesenchymal apop-
tosis. The individualization of both developing and
regenerating digits appears to result from growth and
elongation of the digits rather than by the apoptosis of the
preformed interdigital tissue. This result differs from limb
development in higher vertebrates such as chick and
mouse (Salas-Vidal et al. 2001).

It is interesting to note that the progression of digit
morphogenesis during regeneration is very much depen-
dent on the developmental stage of the animal. In
amputated larvae of N. viridescens, the forelimb regener-
ate follows the developmental pattern, where individual
digits emerge sequentially from the limb palette (Khan et
al. 1999, and personal observations). However, the adult
newt forelimb regenerate differs morphologically from the
newt larval forelimb (and the larval regenerate) and
appears to more closely resemble the palette in higher
vertebrates. Even so, apoptosis and growth patterns
suggest that the newt forelimb regenerate and the
developing-limb palette of higher vertebrates are also
different. It appears that the adult newt regeneration
mechanism is unique, sharing both similarities and
differences with developing newt forelimbs and develop-
ing higher vertebrates. Care must be taken and further
research is warranted before we can truly say that
regeneration is or is not a recapitulation of development.
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