
Citation: Clemen, G.; Kierdorf, U.;

Hermes, M.; Kierdorf, H. The Source

of Melanocytes in Ortho- and

Heterotopic Tail Regenerates of

Axolotls and the Dependence of the

Regenerative Response on the

Presence of Neural Tissue. Anatomia

2024, 3, 29–49. https://doi.org/

10.3390/anatomia3010004

Academic Editor: Francesco Cappello

Received: 31 January 2024

Revised: 26 February 2024

Accepted: 27 February 2024

Published: 29 February 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

The Source of Melanocytes in Ortho- and Heterotopic Tail
Regenerates of Axolotls and the Dependence of the Regenerative
Response on the Presence of Neural Tissue
Günter Clemen 1, Uwe Kierdorf 2, Michael Hermes 3 and Horst Kierdorf 2,*

1 Institute for Evolution and Biodiversity, University of Münster, 48149 Münster, Germany; gclemen@web.de
2 Department of Biology, University of Hildesheim, 31141 Hildesheim, Germany;

uwe.kierdorf@uni-hildesheim.de
3 Independent Researcher, 55232 Alzey, Germany; hermes.michael@googlemail.com
* Correspondence: kierdorf@uni-hildesheim.de

Abstract: We studied the regeneration of orthotopic and heterotopic tails in larval axolotls. First,
we analyzed tail regeneration following reciprocal exchange of cuffs of tail integument between
dark-colored (wild-type) and yellow-colored (hybrid) larval animals. Second, we studied tail regener-
ation in larval axolotls following transplantation of cuffs of tail integument from metamorphosed
dark-colored conspecifics and from an adult fire salamander. In all cases, the amputation planes
involved the transplanted integumental cuffs. In the first experiment, the regenerated tails showed
the color of the host animals, not that of the transplanted cuffs. This suggests that the melanocytes of
the regenerated tails were derived from the host hypodermis. Following transplantation of metamor-
phosed skin from axolotls and a fire salamander onto larval axolotls, the metamorphosed epidermis
reverted to a larval condition. This indicates that the state of differentiation of the metamorphosed
epidermis was not permanent. Rather, in order to maintain the metamorphosed epidermal structure,
a continuous exposure of the animals to sufficient levels of thyroid hormones was required. Trans-
plantation of tail buds from yellow-colored onto dark-colored axolotl embryos caused the formation
of yellow-colored tails both in the head and the anterior limb region of the hosts. Incomplete resection
of these heterotopic tails was followed by tail regeneration, while no tail regeneration occurred
following complete resection of the heterotopic tails. Successful tail regeneration depended on the
presence of neural tissue along the resection plane.
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1. Introduction

While all tetrapods are capable of wound healing, the ability to regenerate lost body
parts is unevenly distributed in this taxon. The capacity for epimorphic regeneration is most
pronounced in amphibians, particularly urodeles (order Caudata), which can regenerate lost
body parts (limbs, tails and jaws) throughout life [1,2]. In contrast, in anuran amphibians
(e.g., frogs and toads), the ability for epimorphic regeneration is largely restricted to larval
stages and lost at metamorphosis [1,2]. However, recent studies have demonstrated that it is
possible to experimentally overcome this metamorphosis-related loss of regenerative ability
in an anuran species (Xenopus laevis) by pro-regenerative multidrug treatment, thereby
facilitating limb regeneration and functional recovery also in adult individuals [3].

Examples of extensive epimorphic regeneration in amniotes are tail regeneration in
lizards [4] and the annual regrowth of antlers in deer [5]. A case of more limited appendage
regeneration in mammals is the regrowth of the distal digit tip, which depends on the
presence of the nail organ in the stump [6,7]. Elucidating and comparing the mechanisms
underlying epimorphic regeneration processes in different vertebrate taxa is considered
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crucial for achieving the ultimate goal of regenerative medicine, viz., the regrowth of
amputated or otherwise lost limbs in humans [8,9].

Among urodele amphibians, the axolotl (Ambystoma mexicanum) is a preferred species
in regeneration studies [10,11]. The species is paedomorphic, attaining sexual maturity as
an aquatic larva. The present study addressed the roles of the dermis and hypodermis
(subcutis) as potential local sources of melanocytes during tail regeneration in wild-type
(dark-colored) A. mexicanum and in artificial hybrids between A. mexicanum and the closely
related A. tigrinum [12]. These hybrids are of a yellow color, and, contrary to the wild-type,
their integument is free of melanocytes but contains xanthophores [13]. Adult individuals
from both groups are partially metamorphosed and composed of a mosaic of larval and
metamorphosed tissues and organs [14,15].

The amphibian skin is composed of an epidermis, dermis and hypodermis. The dermis
consists of a stratum spongiosum underlain by a stratum compactum, which borders on
the loose connective tissue of the hypodermis [16]. The pigment cells of the vertebrate skin
are derived from the neural crest, a transient structure during embryonic development
that gives rise to a multitude of migratory cells [17]. The presence of Leydig cells is a
diagnostic feature of the epidermis of larval and paedomorphic urodeles [18–21]. Triggered
by a short-term increase in thyroid hormones (triiodothyronine (T3) and thyroxine (T4)),
rare instances of spontaneous metamorphosis in axolotls were associated with a loss of the
Leydig cells [22].

Metamorphosis in A. mexicanum can be experimentally induced by exogenous thy-
roid hormone application [23–27]. Once metamorphosed, a complete reversal to the lar-
val condition is not possible [28,29]. As was first demonstrated in the fire salamander
(Salamandra salamandra), localized metamorphosis, i.e., metamorphosis affecting only cer-
tain body parts as opposed to the complete organism, can be achieved by local application
of thyroxine [30]. Few studies addressed the question whether metamorphosed epidermis
present in a ‘larval environment’ can revert to a larval condition and whether the reten-
tion of the metamorphosed state of the epidermis depends on the continuous presence
of thyroid hormones [31,32]. Table 1 lists diagnostic criteria for distinguishing pre- and
post-metamorphic epidermis in Ambystoma and Salamandra.

Table 1. Basic diagnostic criteria for distinguishing between pre- and post-metamorphic epidermis in
Ambystoma and Salamandra.

Feature Ambystoma Salamandra

Pre-Metamorphic Post-Metamorphic Pre-Metamorphic Post-Metamorphic

Basal layer of
epidermis Yes, few tonofilaments Yes, many

tonofilaments Yes, few tonofilaments Yes, many
tonofilaments

Intermediate layers of
epidermis

Yes, replacement
pavement cells

Yes, replacement
keratinocytes

Yes, replacement
pavement cells

Yes, replacement
keratinocytes

Superficial layer of
epidermis

Apical cell seam
(pavement cells) with

layers of roundish
mucin granules. Apical

plasmalemma with
microvilli/-ridges.
Single or groups of

keratinized cells

Layer of living
keratinocytes overlain
by a stratum corneum

Apical cell seam
(pavement cells) with

layers of roundish
mucin granules. Apical

plasmalemma with
microvilli/-ridges.
Single or groups of

keratinized cells

Layer of living
keratinocytes overlain

by a thick
stratum corneum

Leydig cells in
epidermis

Yes, larger granules
than in Salamandra No

Yes, smaller, more
irregularly shaped
granules than in

Ambystoma

No

Using a classical transplantation approach, the present study addressed (1) the source
of melanocytes in the integument of regenerated tails in Ambystoma, (2) the possibility of a
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reversal of transplanted epidermis derived from metamorphosed axolotls and a metamor-
phosed fire salamander to a larval condition as well as the formation of larval epidermis
in tail regenerates, and (3) the regeneration of heterotopic tails derived from the tail buds
of yellow axolotl embryos transplanted onto dark host embryos, and the size of these tail
regenerates depending on the amputation level.

2. Materials and Methods
2.1. Animals

The dark-colored A. mexicanum and yellow-colored hybrid Ambystoma individuals [12]
as well as the male fire salamander used in the study originated from the respective breeding
populations held at the Institute of Special and Comparative Embryology of the University
of Münster, Germany. All experiments were performed on animals fully anesthetized
with MS-222 (tricaine) [33]. Excision and transplantation of cuffs of integument, tail
amputation and sampling of pieces of integument from transplanted and regenerated tails
were performed while the animals were exposed to concentrations of 300 mg MS-222/L of
Ringer’s solution for amphibians [34]. For prolonged anesthesia, a concentration of 100 mg
MS-222/L water was used. Prior to sacrifice (decapitation), the metamorphosed axolotls
were kept at 600 mg MS-222/L water and the fire salamander at 800 mg/L.

The animal experiments reported here conformed to the animal care guidelines and
animal ethics regulations effective at the time of performance and had been approved by
the responsible animal care authorities of the provincial government of Münster, Germany
(Az 26.II-0834 (36/88)).

2.2. Experiments
2.2.1. Experiment I: Reciprocal Exchange of Cuffs of Tail Integument between
Axolotl Larvae

In this experiment, a cuff of (dark-colored) tail integument from a larval A. mexicanum
(donor) was transplanted onto the tail of a larval yellow A. mexicanum/A.tigrinum hybrid
(host) whose tail had previously been denuded of its integument. This was followed by
amputation of the latter’s tail tip 17 days after cuff transplantation. The same procedure
was also executed in reciprocal order, i.e., an integumental cuff from a yellow donor was
transplanted onto a dark-colored host (Figure 1). The experiment was performed on late
larvae (total n = 6, 3 per group) with a body length between 10.3 and 12.0 cm. These animals
had not yet developed bicuspid teeth in the upper jaw, which start to appear at the onset of
the semi-adult phase of life [14].

For harvesting of integumental cuffs, the integument (including the fin edges) was
incised with fine scissors and a scalpel down to the mid-hypodermis directly posterior to
the cloaca and about 2.5 cm further posterior. Using fine forceps and a small glass rod with
rounded tips, the circumcised portion of the integument, consisting of epidermis, dermis
and the outer hypodermis, was carefully separated from the underlying basal portion of
the hypodermis (bordering on the tail musculature) and pulled over the tail tip. The cuff of
donor integument was then placed in anatomical orientation onto the host tail region from
which a corresponding portion of integument had previously been removed. The donor
cuffs were locally fixed by thermocauterization. Following surgery, the animals remained
anesthetized for 24 h.

At postoperative day 17, the tip region of the tail was resected at a level about 3 to 5 mm
cranial to its end, i.e., in the region of the transplanted cuff, and processed for light and
electron microscopy. Tail regeneration was assessed 24 months after cuff transplantation. In
a single yellow individual, the meanwhile regenerated tail was amputated about 4 months
prior to the termination of the experiment. This was followed by the formation of a second,
smaller tail regenerate (Figure 1F).
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Figure 1. Schematic illustration (A–D) of the sequential transplantation and amputation experi-

ments in Ambystoma larvae and the results of the experiments (E,F). (A–C). Resection of integu-

mental cuffs and reciprocal transplantation of cuffs between dark-colored (grey) and yellow-

colored (white) Ambystoma larvae. (D) Tail amputation in the region of the transplanted integu-

mental cuff. Amputation plane marked by red line. (E) Tail regeneration following amputation 24 

months after transplantation. The integument of the regenerated tail is dark in the wild-type host 

(left) and yellow in the yellow-colored host (right). Arrowhead: anterior border of transplanted 

cuff in the yellow-colored host. (F) Stage of tail regeneration at four months after second tail am-

putation in the yellow-colored host, with the amputation plane located in the dark-colored trans-

planted cuff. The dark pigmentation of the transplanted cuff is markedly reduced (arrow) and the 

regenerate (asterisk) is yellow-colored. Arrowhead: anterior border of transplanted cuff. 
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Figure 1. Schematic illustration (A–D) of the sequential transplantation and amputation experiments
in Ambystoma larvae and the results of the experiments (E,F). (A–C). Resection of integumental
cuffs and reciprocal transplantation of cuffs between dark-colored (grey) and yellow-colored (white)
Ambystoma larvae. (D) Tail amputation in the region of the transplanted integumental cuff. Am-
putation plane marked by red line. (E) Tail regeneration following amputation 24 months after
transplantation. The integument of the regenerated tail is dark in the wild-type host (left) and
yellow in the yellow-colored host (right). Arrowhead: anterior border of transplanted cuff in the
yellow-colored host. (F) Stage of tail regeneration at four months after second tail amputation in the
yellow-colored host, with the amputation plane located in the dark-colored transplanted cuff. The
dark pigmentation of the transplanted cuff is markedly reduced (arrow) and the regenerate (asterisk)
is yellow-colored. Arrowhead: anterior border of transplanted cuff.

2.2.2. Experiment II: Transplantation of Cuffs of Tail Integument from Metamorphosed,
Dark-Colored Axolotls onto Larvae of Dark and Yellow-Colored Axolotls

Five individually held late axolotl larvae (dark color, body length between 10.5 and
11.7 cm) were each treated with 70 mg L-thyroxine (Merck, Rahway, NJ, USA) dissolved
in the water, which induced metamorphosis (moult 6 to 8 days after treatment, transition
to land first observed on day 9). At either day 28 or day 45 after thyroxine application,
the metamorphosed animals were sacrificed and the cuffs of tail integument harvested
as described above. Three of these cuffs (from day 28 after induction of metamorphosis)
were transplanted on the tails (denuded of integument) of three yellow Ambystoma larvae
(body length between 10.5 and 11.7 cm) (Figure 2A), and two (from day 45 after induction
of metamorphosis) on the denuded tails of two dark-colored axolotl larvae (body length of,
respectively, 10.7 and 11.4 cm) (Figure 2B), applying the previously described technique.
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Figure 2. Results of transplantation of integumental cuffs from dark-colored metamorphosed axolotls
on yellow-colored and dark-colored Ambystoma larvae (A,B), and transplantation of an integumental
cuff from an adult fire salamander on a dark-colored Ambystoma larva (C). (A,B) The regenerated
tails (yellow-colored in (A), dark-colored in (B)) show larval morphology (tail fin edges). In (C), the
situation prior to tail amputation is shown. Arrowheads: edges of transplanted integumental cuff.

Two weeks after the transplantation, the tails were amputated approximately 3 mm
cranial to the posterior end of the transplanted cuffs. Twelve weeks after transplantation,
the animals were sacrificed and portions of epidermis and subepidermal tissues of the
regenerated tail were excised and processed for light and electron microscopy.

Analysis of the regenerated tails provided information on the source of the melanocytes
in the regenerated tail (same question as in experiment 1) and on the stability of the
metamorphosed condition of the transplanted cuff epidermis, and the nature of the
regenerated epidermis.

2.2.3. Experiment III: Xeno-Transplantation of a Cuff of Tail Integument from an Adult Fire
Salamander on a Dark-Colored Axolotl Larva

Following sacrifice, a cuff of tail integument (length 2.5 cm) was removed from an adult
(5 yr-old) male fire salamander (body length 17.4 cm) as described above for Ambystoma.
The cuff was thoroughly rinsed in Ringer’s solution for amphibians to remove the secretions
of the damaged poison glands of the salamander skin. The cuff was then transplanted
onto the tail of a dark-colored Ambystoma larva, from which a corresponding portion of
integument had previously been removed (Figure 2C). The experiment then followed the
course outlined for experiment 1.

Again, analysis of the regenerated tail provided information on the source of the
melanocytes in the regenerated tails and on the stability of the determination of the cells
derived from the donor epidermis, i.e., their possibility to revert to a larval condition.
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2.2.4. Experiment IV: Heterotopic Transplantation of Tail Buds from Yellow-Colored on
Dark-Colored Axolotl Embryos, and Analysis of Tail Regeneration following Resection of
the Heterotopic Tails

Following removal of the egg membranes, the tail buds of embryos of the yellow-
colored Ambystoma hybrids (donors) were transplanted onto the head or the anterior
limb bud region of dark-colored Ambystoma embryos (hosts) of similar developmental
stage (Figure 3). Removal of the tail buds from the donors and transfer to the hosts were
performed with instruments made from fine platinum wire.
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Figure 3. Operation scheme showing transplantation of tail buds (TB) from yellow-colored donors
(stage 32, left) to dark-colored hosts (stage 29, right). The tail bud of the donor was either transplanted
to the head (a) or to the anterior limb bud region (b) of the host. Tissue distribution in the tail bud of
the donor is schematically indicated by different colors: yellow = neural crest; blue = neural tube; red:
notochordal mesoderm; stippled red: other mesodermal components. A = anal region; E = eye region;
K = kidney anlage; L = limb bud. Note irregular border between transplant and host. Embryonic
stages according to [35].

Prior to transplantation of the tail buds, the host ectoderm was removed at the trans-
plantation site. Following transplantation, the host embryos were transferred to petri dishes
with Ringer’s solution for amphibians and kept at 14 ◦C. The solution was changed daily
until the embryos had reached stage 40 [35], after which they were transferred to water.
At the earliest 22 months after the transplantation, a variable portion (25 to 75%) of the
yellow tail (derived from the transplant) was amputated in six animals (Nos. 1–6 in Table 2).
After a further 12 to 18 months, the regenerated tails were resected in these animals (body
length of 24 to 26 cm) and analyzed by light and electron microscopy. In a second group
of four animals (Nos. 7–10 in Table 2), the heterotopic tails were almost completely (95%)
resected between 15 and 24 months after transplantation. In a third group of three animals
(Nos. 11–13 in Table 2), the heterotopic tails were completely resected 19 to 20 months after
transplantation, the resection plane being entirely located in host tissue.

The experiment analyzed the dependence of tail regeneration from the level of ampu-
tation and the dependence of the pigmentation of the regenerated tails from the location of
the amputation plane in donor or host tissues. Furthermore, the presence of components
of the neural tube in the regenerated tails and their possible influence on the extent of
regeneration were addressed.

2.3. Light and Electron Microscopic Methods

For light microscopy (LM), pieces of integument were fixed (48 h) in Bouin’s solution,
dehydrated in a graded series of ethanol, transferred to butanol and embedded in para-
plast. Deparaffinized sections of about 7 µm thickness were stained with Heidenhain’s
Azan, hemalum/eosin (HE), or alcian blue and periodic-acid Schiff’s reagent (AB-PAS)
according to [36]. The stained sections were viewed and photographed in a Zeiss Axio
Imager 2 microscope (Zeiss, Oberkochen, Germany), equipped with a digital camera (Zeiss
Axiocam 503 color) or a Keyence VHX 7000 digital microscope (Keyence, Osaka, Japan).

For transmission electron microscopy (TEM), samples of the integument were fixed for
1 to 3 h in an ice-cold solution of 1% formaldehyde, 1.5% glutaraldehyde, 1% osmium and
3% saccharose in 0.07 mol/L phosphate buffer (pH 7.4), followed by rinsing (3 × 15 min) in
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distilled water, dehydration in ethanol and embedding in styrene–methacrylate resin [37].
Ultrathin sections were cut from the blocks, stained with lead acetate for 10 to 20 min, and
studied in a transmission electron microscope (Elmiskop 101; Siemens, Munich, Germany).

2.4. Diagnostic Criteria Used in the Analysis of the Integumental Samples

As controls and for establishing possible differences between dark-colored and yellow-
colored Ambystoma individuals, the integumental samples obtained at the days of operation
were histologically analyzed. The analyses were based on studies on the histology of the
integument in urodeles [18,38], and the epidermis of dark-colored A. mexicanum [19,39,40]
and that of S. salamandra [41,42] (Table 1).

3. Results
3.1. General Findings on Integumental Structure

Except for the lack of melanin granules in the latter, the integument of dark-colored
and yellow-colored Ambystoma larvae showed no structural differences. The larval epi-
dermis consisted of a single-layered stratum basale, a multi-layered stratum intermedium
and a single-layered stratum superficiale. The latter consisted of pavement cells with
membrane-bound mucin granules that contained a flocculent material. The plasmalemma
of the pavement cells exhibited microvilli and/or microridges, and in places keratiniza-
tion of single or multiple pavement cells was observed. The nucleus of the pavement
cell was surrounded by organelles (rough endoplasmic reticulum, Golgi complex and
mitochondria), while sporadic bundles of tonofilaments were present apicolaterally. The
stratum intermedium was dominated by Leydig cells, the larger of which were anchored
to extensions of the cells from the basal layer (stratum basale) and extended up to the
pavement cells, as was previously reported [43]. The basal lamella (basement membrane)
was underlain by the stratum spongiosum and the stratum compactum of the dermis.
Between the stratum compactum and the tail musculature the hypodermis was situated.

No differences were observed in the structure of the multi-layered epidermis of
dark-colored A. mexicanum at days 28 and 45 after induced metamorphosis. Leydig cells
were missing and the outer layer of the epidermis was a stratum corneum of anucleated
keratinized cell rests. The keratinocytes as well as the basal cells possessed bundles of
tonofilaments. The cytoplasm of the keratinocytes in the metamorphosed S. salamandra was
characterized by multiple bundles of tonofilaments and lysosomes, which were both also
present in replacement cells.

3.2. Experiment I: Reciprocal Exchange of Cuffs of Tail Integument between Axolotl Larvae

Two years after transplantation (the hosts were now adult), the transplanted integu-
mental cuffs were still clearly demarcated from the host integument (Figure 1E). Apical
to the hypodermis of the transplanted yellow cuffs, some melanocytes, originating from
the host hypodermis, could be found at locations where nerves and blood vessels had
penetrated the stratum compactum (consisting of densely packed collagen fibers) of the
cuff’s dermis (Figures 1E and 4A,B), thereby causing the formation of small pigmented
spots. Some loss of pigmentation was observed in the dark-colored cuffs at 24 months after
their transplantation (Figure 1E,F). The dermis of the transplanted cuffs showed a clear
separation into a stratum spongiosum and stratum compactum (Figure 4A,B).

In all experimental animals, the regenerated tail tips showed the color of the host
integument, not that of the transplanted cuffs (Figure 1E,F). Light microscopic observation
revealed that in the older portions of the regenerate, i.e., those closer to the amputation
level, a stratum spongiosum and a stratum compactum could be distinguished in the
dermis, while in the younger portions of the regenerate such a differentiation of the dermis
had not yet developed (Figure 4C–F). In the case of dark-colored axolotl hosts, melanocytes
were present in the regenerate (Figure 1E). In contrast to the dermis, the light microscopic
appearance of the epidermis did not differ between transplanted cuffs (Figure 4A,B) and
regenerated tails (Figure 4C,D).
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Figure 4. (A–F) Light micrographs showing details of integumental cuff (A,B) of a yellow-colored
Ambystoma donor larva transplanted onto a dark-colored Ambystoma host larva, and of the regenerated
tail (C–F) following tail amputation in the posterior cuff region. For macroscopic appearance,
see Figure 1E. (A,B) AB/PAS staining, (C–F) Azan staining. (A): Melanocyte (Me) in the stratum
spongiosum with multiple dendritic cytoplasmic extensions (arrows) that penetrate the underlying
stratum compactum (Stc) of the dermis. Asterisk: hypodermis. (B): Melanocyte (Me) in the stratum
spongiosum (Sts) opposed to the basal lamella (Bl). Stc: stratum compactum, LC: Leydig cell,
asterisk: hypodermis. The patches of dark pigmentation within the yellow cuff are also visible
on macroscopic inspection (Figure 1E). (C–F): distoproximal sequence of regenerated tail showing
successive differentiation stages of the dermis. (C). In the distalmost (tip) region, the stratum
compactum borders directly on the basal lamella (asterisk). Slightly more proximally, a small cleft
(arrowheads) separates the two structures. Arrows: local fenestration of the stratum compactum.
LC: Leydig cells in epidermis. (D): Widened cleft (arrowhead) between basal lamella and stratum
compactum (Stc). Protrusion of a poison gland (arrows) that has penetrated the basal lamella
LC: Leydig cell. (E): Early stage of forming stratum spongiosum (Sts). Stc: stratum compactum,
Bl: basal lamella. (F): Close to the amputation level (proximal portion of regenerate) the stratum
spongiosum (Sts) is more expanded. Stc: stratum compactum, Bl: basal lamella.



Anatomia 2024, 3 37

3.3. Experiment II: Transplantation of Cuffs of Tail Integument from Metamorphosed, Dark-Colored
Axolotls onto Larvae of Dark-Colored and Yellow-Colored Axolotls

Twelve weeks after transplantation, the epidermis of the transplanted cuffs had re-
verted to a larval condition, as was indicated by the presence of Leydig cells and the lack of
a stratum corneum (Figure 5A–C). Two types of pavement cells were recognized in the stra-
tum superficiale of the cuff. The first type lacked microvilli, whereas the second type, which
was considered to be of a larval nature, exhibited numerous microvilli and microridges
(Figure 5B). In addition, larval replacement pavement cells were present (Figure 5C).
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Figure 5. Transmission electron microscopic images showing details of the epidermis of the trans-
planted cuff originating from a dark-colored larval Ambystoma donor (A–C), and the epidermis of
the regenerated tail (D) at the end of the experiment. (A): Apical portion of larval pavement cell
with membrane-bound mucin granules (Mg) containing flocculent secretions (arrowheads). Near the
apical cell border, the granules become confluent and the resulting vesicles (V) extrude their content
by exocytosis. Arrow: plasmalemma. (B): Dark-stained mucin granules (white arrows) near the
apical plasmalemma that exhibits invaginations (black arrows). MR: microridge of plasmalemma,
S: extruded material. (C): Detail of Leydig cell and adjacent replacement pavement cells (asterisks).
N: nucleus of Leydig cell surrounded by perinuclear cytoplasm (arrows). Note granules (G) of
different size and sparsely developed Langerhans’ net (LN). (D): Typical larval pavement cell. Mucin
granules with flocculent content (double arrow) form a seam (Ms) near the apical plasmalemma
(large arrow). The plasmalemma exhibits microvilli (Mv) and microridges.

The epidermis of the regenerated tails also possessed Leydig cells, indicating its larval
condition. The structure of the pavement cells and basal cells of the regenerated tails also
corresponded to that of the cuffs (Figure 5D).
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3.4. Experiment III: Xeno-Transplantation of a Cuff of Tail Integument from an Adult Fire
Salamander on a Dark-Colored Axolotl Larva

Six months after transplantation, the epidermis of the salamander integument lacked a
stratum corneum, microvilli and microridges (Figure 6A), and contained Leydig cells with a
relatively sparsely developed Langerhans’ net, which is a characteristic of larval salamander
epidermis (Figure 6B). At that time, also the other cell types of the salamander epidermis
had largely reverted to a larval condition. Two types of pavement cells, exhibiting either
high or low electron-density, were observed (Figure 6A,D). Both types contained mucin
and promucin granules that differed in electron density (Figure 6A,D).
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Figure 6. Transmission electron microscopic images showing details of the epidermis of the trans-
planted cuff (A,B,E); originating from an adult Salamandra donor transplanted to a dark-colored
Ambystoma host), and epidermis of the regenerated tail (C,D) at the end of the experiment. (A): Smooth
apical plasmalemma (small arrows) of pavement cell (PC) lacking microvilli and microridges. Seam
of mucin granules (extension indicated by horizontal arrowheads) of higher (large arrows) or lower
(vertical arrowheads) electron density. (B): Detail of Leydig cell with Langerhans’ net (LN) attached
to the plasmalemma and irregularly shaped granules (arrows). (C): Portion of Leydig cell from
regenerated tail epidermis with clustered, partly confluent, atypically shaped granules (arrows)
overlain by an apoptotic pavement cell with condensed chromatin (arrowheads). (D): Portion of
newly established pavement cell from regenerated tail epidermis with smooth apical plasmalemma
(arrow). Note mucin granules (Mg) and promucin granules (arrowheads), Golgi complex (GC),
rough endoplasmic reticulum (ER), and nucleus (N). (E): Detail of Leydig cell from transplanted
cuff showing extended Langerhans’ net (LN) attached to the plasmalemma (arrow). G: Elongated,
irregularly shaped granules.
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The color of the regenerated tail corresponded to that of the host. Differences in
epidermal structure and epidermal organelles between transplanted cuff and regenerated
tail were not observed, except for the presence of condensed Leydig cells with irregularly-
shaped, elongated granules in the stratum intermedium of the latter (Figure 6C,E).

3.5. Experiment IV: Heterotopic Transplantation of Tail Buds from Yellow-Colored on Dark-Colored
Axolotl Embryos, and Tail Regeneration following Resection of the Heterotopic Tails

At both transplantation sites (head, anterior limb bud region), the transplanted tail
buds of the yellow-colored donor embryos developed into immotile yellow tails.

Following partial (25–75%) tail resection along a plane located entirely in the yellow
tail, the regenerated tail was free of melanin (Figure 7A). However, when the resection
plane included portions of the (dark) host integument, the basal portion of the regenerated
tails contained pigmented areas adjacent to the regions where the host integument had been
severed (Figure 7B,C). The amount of tail regeneration decreased sharply when about 95%
of the heterotopic tail were resected (Table 2). When the heterotopic tail was completely
resected, only a bulgy outgrowth developed from the severed host tissue. These outgrowths
lacked elements of the spinal cord and morphologically did not resemble tails (Figure 7D–F).
At the top of the bulgy outgrowths, a small crista or spike-like protuberance was present.

The spinal cord of the tails that developed from the transplanted tail buds as well
as that of the tail regenerates formed after partial tail amputation consisted of grey and
white matter and an ependyma-lined central canal (Figure 8B,C). However, during tail
regeneration a clear proximal to distal sequence was evident with respect to spinal cord
regeneration and the formation of other axial tail structures (muscles and skeletal elements).
Thus, in the tip region of the regenerating tail only an ependyma-lined central canal was
present (Figure 8A). A fully regenerated spinal cord, as well as spinal ganglia, axial muscles
and skeletal elements (cartilage and bone) were only present in the more proximal i.e.,
in the older portions of the regenerated tails (Figure 8B–D). The heterotopic tails were
immotile and did not respond to tactile stimulation.

In regenerated tails formed in the limb region following extensive resection (95%) of
the heterotopic tails, which partly included severing of the host integument, melanocytes
were present in the proximal portions of the regenerates adjacent to the severed host integu-
ment. The melanocytes were located directly underneath the basal lamella (Figure 9A,B).
As a dermis (stratum compactum and stratum spongiosum) had not formed in the regener-
ated tails, a layer of un-stratified connective tissue directly bordered on the basal lamella
(Figure 9B). The epidermis of the regenerated tails was of a larval nature, with numerous
Leydig cells and flattened pavement cells (Figure 9B).
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Table 2. Extent of tail regeneration following resection of heterotopic tails derived from transplanted tail buds of yellow-colored axolotl embryos on dark-colored
axolotl host embryos. Embryonic stages according to [35].

Animal
No.

Sex
(m/f)

Donor
Stage

Host
Stage

Time between
Transplanta-

tion and
Amputation of
Tail (Months)

Body Length at
Amputation

(cm)

Location of
Amputated

Tail Transplant
(Head, Limb)

Length of
Amputated

Tail Transplant
(cm, % of Total

Transplant)

Age at End of
Experiment

(months)

Body Length at
End of

Experiment
(cm)

Tail
Regenerate

(yes/no),
Length of Tail

Regenerate
(cm)

Presence of
Spinal Cord
(sc) or Only
Ependymal
Tissue (e) in

Tail
Regenerate

Figures

1 m 32 32 24 19.5 head 3.9 (50) 40 25.0 yes, 7.0 sc Figure 8D

2 f 32 32 24 19.0 limb 4.0 (50) 40 24.0 yes, 8.1 sc -

3 m 32 29 24 18.0 head 3.6 (50) 36 24.0 yes, 7.1 sc -

4 f 32 29 24 19.0 limb 4.1 (50) 42 26.0 yes, 8.6 sc Figure 7A

5 m 29 29 22 21.0 head 2.1 (25) 36 24.0 yes, 8.2 sc Figure 8B

6 f 29 33 22 18.5 head 5.5 (75) 40 24.5 yes, 6.9 sc Figure 8C

7 f 31 33 18 18.0 head 7.4 (95) 30 26.0 yes, 2.8 e Figures 7B and
10A,C

8 f 30 32 24 19.0 limb 7.6 (95) 36 25.5 yes, 4.1 e Figures 7C and
9A,B

9 m 32 30 18 18.5 head 7.5 (95) 28 22.5 yes, 1.7 e Figure 8A

10 m 29 29 15 18.5 head 5.7 (95) 28 20.0 yes, 2.2 e Figure 10B,D,E

11 f 28 30 19 18.0 head 7.6 (100) 30 22.5 no * neither Figure 7D,E

12 m 29 32 19 18.5 head 7.4 (100) 28 23.0 no * neither Figure 7F

13 f 29 32 20 18.0 limb 7.8 (100) 40 26.0 no * neither -

* only formation of a bulgy outgrowth that is not considered to represent a tail regenerate.
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Figure 7. Regenerated tails formed after partial resection of heterotopic tails in the anterior limb
region (A,C) and the head region (B) of dark-colored Ambystoma hosts, and bulgy outgrowths from
the head following complete resection of the heterotopic tails (D–F) (cf. Table 2). (A): Regenerated tail
(asterisk) following resection of the distal half of the transplanted tail. Note the distinct border (arrow)
between the yellow-colored transplant/regenerate and the dark-colored host. (B): Regenerated tail
following nearly complete resection (about 95%) of the transplant. The resection plane was partly
located in the integument of the host. In these areas, the proximal portion of the regenerate is covered
by dark-colored integument (asterisk). Note border (arrow) between the host’s head and the base
of the regenerated tail. (C): Regenerated tail in the limb region following nearly complete resection
(about 95%) of the transplant. Note border (arrows) between a basal dark-colored and a distal yellow-
colored portion of the regenerate. The right forelimb (asterisk) is directed upwards. (D): Dark-colored
bulgy outgrowth with median crista (arrow) that had formed following complete resection (100%) of
the transplanted tail. (E): Lateral view of the outgrowth with crista (arrow) shown in D. (F): Bulgy
outgrowth with small pointed protuberance (arrow) that had formed following complete resection
(100%) of the transplanted tail.
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Figure 8. Light micrographs of sections through regenerated tails (cf. Table 2). (A): HE staining, 
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Figure 8. Light micrographs of sections through regenerated tails (cf. Table 2). (A): HE staining,
(B–D): Azan staining. (A): Oblique section through the distal portion of a regenerated tail on the
head. Cartilage (Ca) and tangentially cut ependyma-lined central canal (arrows). Epidermis (E)
with underlying basal lamella (arrowhead). The subepithelial connective tissue (CT) shows no
stratification. (B): Oblique section through the proximal portion of a regenerated tail on the head.
The spinal cord (SC) is surrounded by developing cartilaginous elements (Ca). Spinal ganglia
(arrowheads) are visible. CT: connective tissue. M: musculature. (C): Transverse section through
the proximal portion of a regenerated tail on the head. The spinal cord contains grey (G) and white
(W) matter and ependymal tissue (arrow). The spinal cord is covered by developing meninges
with interspersed capillaries (asterisk) and surrounded by perichondral bone (B). Arrowhead: spinal
ganglion. (D): Transverse section through the distal portion of a regenerated tail on the head. Terminal
portion of spinal cord (arrow) surrounded by cartilage (Ca) and perichondral bone (B). Note presence
of dermis with stratum compactum (Stc) and stratum spongiosum (Sts). E: epidermis, H: hypodermis,
M: musculature.

Contrary to the regenerates in the limb region, the regenerated tails in the head
region contained a dermis. There was a successive differentiation of the subepithelial
connective tissue in proximal to distal direction that led to the formation of the dermal
strata and the underlying hypodermis (Figure 8D). The first step in dermal development
was the separation of the stratum compactum from the basal lamella, followed by the
invasion of fibrocytes into the cleft developing between the two structures (Figure 10A–C).
In more proximal portions of the regenerated tails, the initial cleft widened and became
populated by fibrocytes forming a stratum spongiosum (Figure 10D,E). In places, the
stratum compactum was breached by blood vessels that had formed in the underlying
hypodermis (Figure 10D,E).
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Figure 9. Light micrographs showing proximal portion of regenerated heterotopic tail from yel-
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Figure 9. Light micrographs showing proximal portion of regenerated heterotopic tail from yellow-
colored donor in anterior limb region (cf. Figure 7C); HE-stained. (A): Overview image showing
epidermis (E) and underlying connective tissue (CT) with blood vessels (V). Melanocytes are attached
to the basal lamella and present in the vessel walls. (B): Higher magnification of epidermis with
Leydig cells (LC) and apically located, flattened pavement cells (PC). Note cuboidal basal cells (BC)
near basal lamella (Bl). CT: connective tissue, ME: melanocyte.
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perforated by blood vessels (arrowhead). E: epidermis, H: hypodermis, M: musculature. (E): 

Higher magnification of region depicted in D, showing blood vessels (arrowhead) penetrating the 
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4. Discussion 

In experiment I, the color of the regenerated tails corresponded to that of the host, 

not that of the transplanted cuff. The formation of yellow-colored tail regenerates in yel-

low-colored host animals with dark-colored integumental cuffs suggested that the der-

mis of the transplanted cuff had not contributed melanocytes to the regenerate. In the 

case of dark-colored hosts, the black pigmentation of the regenerated tails was derived 

from melanocytes of the host. The dark patches that developed in the lateral portions of 

the yellow cuffs are likewise attributed to host melanocytes. The loss of pigmentation in 

Figure 10. Light micrographs showing different regions of regenerated heterotopic tails from yellow
-colored donors in the head region. Longitudinal sections; Azan stained. (A): Overview image near
distal tip (to the right of the image) showing beginning differentiation of the dermis into stratum
compactum (Stc) and stratum spongiosum (Sts). Bl: basal lamella, E: epidermis, H: hypodermis.
(B): Detail of distalmost (tip) region, showing epidermis (E) underlain by basal lamella. Note spindle-
shaped fibrocytes (arrows) attached to the basal lamella. (C): Regenerated tail portion located further
proximally than B, showing beginning differentiation of the dermis by separation (asterisk) of the
stratum compactum (Stc) from the basal lamella (Bl) and invasion of the resulting cleft space by
fibrocytes (arrow). E: epidermis, H: hypodermis. (D): Further proximally, the stratum spongiosum
(Sts) is present between basal lamella and stratum compactum (Stc). The latter is perforated by blood
vessels (arrowhead). E: epidermis, H: hypodermis, M: musculature. (E): Higher magnification of
region depicted in (D), showing blood vessels (arrowhead) penetrating the stratum compactum (Stc).
Note that stratum spongiosum (Sts) shows a denser structure than the hypodermis (H). Bl: basal
lamella, E: epidermis.

4. Discussion

In experiment I, the color of the regenerated tails corresponded to that of the host, not
that of the transplanted cuff. The formation of yellow-colored tail regenerates in yellow-
colored host animals with dark-colored integumental cuffs suggested that the dermis
of the transplanted cuff had not contributed melanocytes to the regenerate. In the case
of dark-colored hosts, the black pigmentation of the regenerated tails was derived from
melanocytes of the host. The dark patches that developed in the lateral portions of the
yellow cuffs are likewise attributed to host melanocytes. The loss of pigmentation in long-
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standing dark-colored cuffs on yellow-colored hosts is attributed to a lack of supply of new
melanocytes from the host.

Our findings suggest that the (deeper layer of the) hypodermis rather than the dermis is
the likely source of the melanocytes causing the dark pigmentation of the regenerated tails.
This interpretation is in line with findings of a previous study on cysts of normal skin that
developed after autologous transplantation of skin into the hypodermis of fire salamanders
(Clemen, unpubl. observ.). Also here, the melanocytes present in the newly formed connective
tissue of the cyst wall were derived exclusively from the surrounding hypodermis.

Using lineage tracing of GFP-labeled neural precursor cells (radial glial cells) of the
spinal cord, it has been demonstrated that these cells can differentiate into melanocytes in
the regenerated axolotl tail [44]. In the study by Echeverri and Tanaka [44], GFP-labeled
melanocytes were observed in 8% (2 of 25) of the experimental animals. In our experiment, a
contribution by spinal cord-derived precursor cells to the melanocytes of the tail regenerates
in dark-colored hosts is therefore considered possible. However, given the low frequency of
animals with melanocytes of neural origin in the study by [44], we suggest that in our case
the hypodermis of the dark-colored hosts served as the main source of the melanocytes
present in the regenerated tails and the pigment patches of the yellow cuffs.

Resection of heterotopic yellow-colored tails along a plane partly located in the dark-
colored host integument caused a dark pigmentation of basal portions of the regener-
ated tails. In these cases, the host integument is considered the only potential source of
melanocytes, as no spinal cord of the host was present along the resection plane.

Amputation of the tail tip is followed by re-epithelization of the wound from the
surrounding epidermis, dedifferentiation in the stump, and formation of a regeneration
blastema, i.e., an accumulation of undifferentiated/dedifferentiated cells [2]. The regener-
ated subepidermal structures are derived from this blastema. Using cell lineage tracing
(GFP-labeling), it has been demonstrated that the cells of the blastema formed during
axolotl limb regeneration do not represent a homogeneous population of pluripotent pro-
genitor cells, but constitute a heterogeneous assemblage, with individual cells retaining a
memory of their tissue of origin and re-differentiating according to this origin [11]. That
is, blastemal cells derived from the dermis make new dermis, former muscle cells remain
largely or exclusively restricted to the myogenic lineage, and cells derived from cartilagi-
nous elements form new cartilage. It has, however, been demonstrated that blastemal
cells derived from the hypodermis are capable to also differentiate into skeletogenic
cells [11,45–48]. As we did not perform lineage tracing in our experiments, the relative con-
tribution of cells derived from the dermis and hypodermis to the mesodermal component
of the regenerated tails, remains unknown.

Differentiation of the dermis during tail regeneration started with the separation of the
stratum compactum from the basal lamella, followed by invasion of fibrocytes and blood
vessels into the resulting cleft. During further development, this cleft became enlarged and
populated by fibrocytes that formed a stratum spongiosum. It is presently unclear why no
dermis had formed in the regenerated heterotopic tails in the anterior limb region, while it
was present in the regenerates formed in the head region.

Experiment II demonstrated that the epidermis of the regenerated tail, which was
derived from the metamorphosed epidermis of the transplanted cuff, exhibited a larval
condition, as was demonstrated by the presence of Leydig cells. Also the epidermis of
the remaining transplanted cuff reverted to a larval condition with presence of Leydig
cells. Twelve weeks after transplantation, this process was completed. This shows that
the metamorphosed state of differentiation of the epidermis cannot be maintained in a
larval environment.

In experiment III (xenoplastic transplantation), the larval condition of the epidermis of
the regenerated tail was demonstrated by the occurrence of salamander-typical pavement
cells and of atypical Leydig cells, as well as the lack of a stratum corneum. Thus, even
several years after metamorphosis there existed no stable state of differentiation of the adult
Salamandra epidermis. Our observations are in line with previous findings demonstrating
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that both the initiation of metamorphosis and the maintenance of the metamorphosed state
depends on the presence of sufficient amounts of thyroid hormones (T3/T4) [49,50].

Experiment IV demonstrated heterotopic tail development following transplantation
of tail buds to the head or anterior limb bud region. In all cases of heterotopic tail formation,
the spinal cord comprised grey and white matter surrounding an ependyma-lined central
canal. The lack of motility of the heterotopic tails and the failure of the animals to react to
tactile stimulation of the heterotopic tails suggests that a functional innervation of these
structures had not been established.

In the large tail regenerates that had formed after partial (25–75%) resection of the
heterotopic tails, a spinal cord and other axial structures (muscles and skeletal elements)
were eventually regenerated in a clear disto-proximal sequence. First evidence for the onset
of spinal cord regeneration was a tubular arrangement of ependymal cells around a central
canal. This stage was followed by the re-establishment of grey and white matter and of
spinal ganglia. However, in the small tail regenerates that had formed after almost complete
resection (95%) of the heterotopic tails, the regeneration of the spinal cord did until the
end of the experiment not proceed further than the formation of an ependyma-lined canal,
i.e., the regeneration process was truncated at an early stage of spinal cord restitution.
The bulgy outgrowths that had formed after complete (100%) resection of the heterotopic
tails contained neither a spinal cord nor an ependyma-lined canal. The formation of these
outgrowths is, thus, not considered a case of tail regeneration but may instead represent an
abortive regenerative attempt or an exaggerated unspecific wound healing response.

The dependence of vertebrate appendage regeneration on molecular signals produced
by neural tissue cells has repeatedly been demonstrated [51–53]. There is convincing
evidence that in regeneration-competent taxa, ependymal layer cells (ELCs) play a crucial
role in the process of spinal cord regeneration. The ELC population contains resident neural
stem/progenitor cells (radial glia cells) that following injury are activated to contribute
new neurons and new glia cells to the regenerating spinal cord [54,55].

The findings of the present study indicate that also in the case of the heterotopic
tails in axolotls, the presence of neural tissue along the resection plane is a prerequisite
for their regeneration. Thus, after complete resection of the heterotopic tails, no neural
tissue was present along the resection plane and, in consequence, tail regeneration did not
occur. These findings are in line with results from studies on neural-tissue dependence in
orthotopic appendage regeneration [51–53]. Our results further indicate that the amount of
neural tissue present in the stump area may be a crucial determinant for the extent of the
regenerative response. It has been shown that a first event following injury/amputation is
a retraction of the ruptured spinal cord into the vertebral canal. This is followed by cell
proliferation and blastema formation, with a first sign of spinal cord regeneration being the
tubular arrangement of an ependymal cell layer [55,56]. Later differentiation of cells of grey
and white matter occurs by differentiation of stem/progenitor cells from the ependyma.

It may be speculated that after nearly complete resection (95%) of the heterotopic tails,
the amount of remaining neural stem/progenitor cells in the stump area was too low to
enable full regeneration of the spinal cord so that the regeneration process was truncated at
an early stage (formation of an ependyma-lined canal). Only when sufficient neural tissue
was present in the stump area, i.e., after only partial (25–75%) resection of the heterotopic
tails, could a complete spinal cord eventually be regenerated. In the latter case, also the size
of the tail regenerate markedly exceeded that formed after nearly complete tail resection.

Interestingly, the originally formed as well as the regenerated heterotopic tails of
the axolotls from our experiments were immotile. This constitutes a difference to the
situation in spinal cord regeneration following orthotopic spinal cord ablation in axolotl
larvae [56]. Here, neural function for a coordinated mobility of hind limbs and tails was
re-established in a high percentage of the experimental animals. This indicates that a
functional innervation had not been established in the heterotopic tails.

In conclusion, the present study provided evidence for (1) the role of the hypodermis
as a local source of melanocytes in regenerated tails of axolotls, (2) the labile state of
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differentiation of the metamorphosed epidermis and its reversal to a larval condition in
the absence of stimulation by thyroid hormones, and (3) the dependence of heterotopic
tail regeneration on the presence and the amount of neural tissue in the amputation plane.
Studies using cell lineage tracing to further clarify the source of melanocytes in regenerating
appendages of amphibians are encouraged.
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