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Abstract

Limb regeneration in salamanders proceeds by formation of the blastema, a mound of proliferating mesenchy-

mal cells surrounded by a wound epithelium. Regeneration by the blastema depends on the presence of regen-

erating nerves and in earlier work it was shown that axons upregulate the expression of newt anterior gradient

(nAG) protein first in Schwann cells of the nerve sheath and second in dermal glands underlying the wound

epidermis. The expression of nAG protein after plasmid electroporation was shown to rescue a denervated

newt blastema and allow regeneration to the digit stage. We have examined the dermal glands by scanning

and transmission electron microscopy combined with immunogold labelling of the nAG protein. It is expressed

in secretory granules of ductless glands, which apparently discharge by a holocrine mechanism. No external

ducts were observed in the wound epithelium of the newt and axolotl. The larval skin of the axolotl has dermal

glands but these are absent under the wound epithelium. The nerve sheath was stained post-amputation in

innervated but not denervated blastemas with an antibody to axolotl anterior gradient protein. This antibody

reacted with axolotl Leydig cells in the wound epithelium and normal epidermis. Staining was markedly

decreased in the wound epithelium after denervation but not in the epidermis. Therefore, in both newt and

axolotl the regenerating axons induce nAG protein in the nerve sheath and subsequently the protein is

expressed by gland cells, under (newt) or within (axolotl) the wound epithelium, which discharge by a holo-

crine mechanism. These findings serve to unify the nerve dependence of limb regeneration.
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Introduction

Regeneration of the limb occurs in various species of sala-

manders including the adult newt (Notophthalmus virides-

cens) and the paedomorphic larval axolotl (Ambystoma

mexicanum). Regeneration proceeds by formation of the

limb blastema, a mound of mesenchymal stem cells that

forms at the end of the stump (Brockes, 1997; Tsonis, 2000;

Stocum, 2004). The division of the blastemal cells depends

on the concomitant regeneration of axons in the major

peripheral nerve branches of the limb (Tassava & Mescher,

1976; Brockes, 1984). Nerve dependence is a common fea-

ture of appendage regeneration in many contexts and may

be a mechanism to ensure that the regenerate is function-

ally innervated (Brockes & Kumar, 2008). If the limb nerves

are transected in the flank at the base of the limb, this pre-

vents axonal regeneration and in turn prevents or arrests

limb regeneration (Singer, 1952). The cellular and molecular

mechanisms that link axonal regeneration to division of the

blastemal cells have been unclear but recent work has impli-

cated the newt anterior gradient (nAG) protein as playing a

key role (Kumar et al. 2007). nAG protein expression in the

limb is upregulated by regenerating axons as discussed

below and it has the critical ability to rescue regeneration

of a denervated blastema so that it can complete the prox-

imodistal axis and form digits. The recombinant nAG pro-

tein acts as a mitogen for cultured limb blastemal cells by

binding to its surface receptor, the glycosylphosphatidylino-

sitol-anchored protein called Prod 1 (Morais da Silva et al.

2002; Kumar et al. 2007; Garza-Garcia et al. 2009). Anterior

gradient proteins were discovered in studies on the devel-

opment of the Xenopus tadpole cement gland (Sive et al.

1989) and the Xenopus protein XAG2 is able to induce an

ectopic cement gland in addition to being expressed in the

gland (Aberger et al. 1998). The proteins have a thioredoxin

fold as well as an N-terminal signal sequence targeting

them to the secretory pathway (Persson et al. 2005). They

are widely expressed in vertebrates and are generally found
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in secretory epithelia (Sive et al. 1989; Aberger et al. 1998;

Kim et al. 2007; Kumar et al. 2007; Shih et al. 2007; Park

et al. 2009; Xia et al. 2009). There is now an extensive litera-

ture on upregulation of anterior gradient proteins in mam-

malian adenocarcinoma (Thompson & Weigel, 1998;

Fletcher et al. 2003; Barraclough et al. 2009) and the pre-

malignant condition called Barrett’s oesophagus (Pohler

et al. 2004; Wang et al. 2008).

In a regenerating newt limb, the axonal processes

extend along the nerve sheath. The Schwann cells of the

distal sheath show strong expression of nAG protein at 5–

7 days post-amputation and this is abrogated by prior

denervation (Kumar et al. 2007). At 10–12 days the protein

is expressed in glands in the dermis underlying the wound

epithelium and also by some glands under the skin just

proximal to the amputation plane. Interestingly, the gen-

eration of the glands is prevented by denervation. If nAG

protein is expressed after electroporation in a denervated

blastema, the secreted protein is able to induce the

appearance of nAG protein-positive glands under the

wound epithelium, an activity reminiscent of the Xenopus

protein in relation to the cement gland (Aberger et al.

1998). It is likely that the appearance of the dermal glands

during regeneration depends on the protein released by

the Schwann cells contacted by regenerating axons and

therefore is prevented by denervation. During the course

of regeneration the wound epithelium differentiates into

normal skin and the dermal glands lose expression of nAG

protein (Kumar et al. 2007).

The activities of the nAG protein offer a new perspective

on the role of gland cells in regeneration and raise a num-

ber of interesting issues. First, the most familiar configura-

tion for amphibian glands is to discharge into a lumen

ducted to the external surface of the skin where the secre-

tions may play various roles (Fox, 1986). This would not be

appropriate for a protein whose target is the mesenchymal

blastema. Second, a number of salamander species are pae-

domorphic (neotenic) and among these the axolotl has

been studied extensively as a model for regeneration (Kragl

et al. 2009; Voss et al. 2009), including the aspect of nerve

dependence (Tassava & Mescher, 1976; Endo et al. 2004;

Satoh et al. 2009). The larval epidermis of the axolotl is

different in several respects from the adult skin of the newt

(Hay, 1961; Fahrmann, 1971b; Fox, 1986; Jarial, 1989). It

features a glandular element, the Leydig cell, which is lost

after thyroxine-induced metamorphosis (Fahrmann, 1971a).

Furthermore, the wound epithelium of the axolotl limb

blastema appears not to have the underlying dermal glands

described in the newt, even though such glands are present

under the normal epidermis (Le Quang Trong, 1967; Holder

& Glade, 1984). We have explored these issues in more

detail using antibodies against both nAG and axolotl ante-

rior gradient (aAG) proteins, and employing transmission

and scanning electron microscopy in addition to light

microscopy.

Materials and methods

Animals and husbandry

Adult newts (N. viridescens) were obtained from Charles D. Sulli-

van & Co. (TN, USA) and maintained in the animal facility. For

regeneration experiments, bilateral amputation of the forelimb

was performed at mid-humerus level as described previously

(Kumar et al. 2007) and the newts were maintained at 24 �C in a

temperature-controlled facility. Axolotls were purchased from

Neil Hardy Aquatica (Croydon, UK) and maintained at 18 �C
throughout the experiments. Axolotls of various sizes [small

(5 cm, snout to tail tip), medium (8–10 cm) and large (14–16 cm]

were used in various experiments. Bilateral amputation of the

forelimb was performed as for newts and the animals were

maintained in individual containers. For axolotls, denervation of

the limb was performed under anaesthesia as described previ-

ously (Tassava & Mescher, 1976). Briefly, the brachial plexus of

the right forelimb was exposed and transection of the nerve

branches was performed above the brachial plexus. In small and

mid-sized animals the wound surface was sealed with a wound-

ing adhesive, whereas in large axolotls the wound was closed

using ophthalmic micro sutures. The animals were returned to

individual containers for recovery. Amputation of the right

denervated and left control limbs was carried out at 72 h after

denervation and the animals were allowed to regenerate.

Tissue processing and histology

The limb blastema was collected from animals and fixed in 2.5%

glutaraldehyde in 0.1 M cacodylate buffer (pH 7.3) for 2 h at

room temperature (25�C). The fixed tissues were washed twice

in 0.1 M cacodylate buffer, dehydrated and embedded in Histoc-

ryl (Leica, Wetzlar, Germany) following the manufacturer’s

instructions. The sections were cut on a rotary automatic micro-

tome (RM 2155; Leica) at 2–4 lm thickness, collected on Super-

frost plus slides, dried and stained with toludine blue.

Scanning electron microscopy

The limb blastema with the stump was collected and fixed by

immersion in 2.5% glutaraldehyde in 0.1 M cacodylate buffer

with 3 mM CaCl2 for 2 h. After rinsing in the buffer, the samples

were post-fixed in 1% OsO4 in cacodylate buffer for 2 h at room

temperature. Samples were then processed twice with thiocar-

bohydrazide followed by OsO4 (Davies & Forge, 1987), before

dehydration in an ethanol series and critical point drying.

Samples were mounted on scanning electron microscope stubs

using silver paint as adherent and then sputter-coated with

platinum. The samples were examined in a JEOL 6700 field

emission scanning electron microscope (JEOL (UK) Ltd, Welwyn

Garden City, UK) operating at 3 or 5 kV.

Transmission electron microscopy

The limb blastema was collected without the stump tissue and

fixed as described above. During dehydration in an ethanol ser-

ies, the tissues were en-bloc stained in saturated uranyl acetate

in 70% ethanol overnight, before continuing with dehydration

followed by embedding. Thin sections were cut and stained
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with uranyl acetate and lead citrate. At least one set of sections

from each sample was mounted on formvar-coated single-slot

grids to allow uninterrupted examination of the entire epithe-

lium of the sample.

Immunogold labelling

The limb blastema samples were fixed by immersion in freshly

prepared 4% paraformaldehyde containing 0.025% glutaralde-

hyde for 2 h at room temperature. The tissues were dehydrated

to 100% ethanol and during dehydration the samples were

cooled in stages to )30 �C in a freeze-substitution device. The

samples were embedded in Lowicryl K4M and polymerized

under UV light at )30 �C. Thin sections were mounted on nickel

grids and the grids were floated on a droplet of 10% goat

serum containing 0.15% Tween-20 in phosphate-buffered saline

(PBS) for 1–2 h. The grids were reacted with the primary anti-

body (nAG peptide antibody 223), diluted 1 : 50 in 100 mM

lysine in PBS with 0.15% Tween, overnight at 4 �C. After washes

in PBS-Tween, the sections were incubated in goat anti-rabbit

secondary antibody conjugated to 10-nm gold particles at a

dilution of 1 : 50. They were then exposed briefly to 0.1% glu-

taraldehyde in PBS followed by washing in distilled water. Sec-

tions were counterstained with uranyl acetate and lead citrate.

For negative controls, the primary antibody was omitted or the

sections were reacted with concentration-matched non-specific

primary rabbit antibody.

Antibodies and immunofluorescence staining

Peptide antibody to aAG protein was raised in rabbit. Rabbits

were immunized (Eurogentec, Seraing, Belgium) with Keyhole

Limpet Hemocyanin conjugated to peptides for amino acids 20–

34 (reagent 398) and 132–147 (reagent 399) of the aAG protein

sequence and the sera were affinity purified by adsorption and

elution from the appropriate immobilized peptide (Eurogentec).

The specificity of the antibody was assayed in cross-sections of

the axolotl limb tissue (see Results).

The tissues were fixed in 4% paraformaldehyde overnight at

4 �C. The samples were washed in PBS and embedded in Tissue-

Tek (Sakura Finetek, Thatcham, UK). Serial longitudinal or cross-

sections were cut in a cryostat at 12 lm, collected on Superfrost

plus slides (Thermo-Fisher Scientific, Loughborough, UK) and air

dried at room temperature for 15 min. The slides were rinsed in

PBS to remove the embedding media and incubated in PBS con-

taining 0.2% Triton-x100 for 10 min. Tissue samples were

A B

DC

Fig. 1 Ultrastructure of glands under the wound epithelium (WE) of the newt limb blastema. (A) A gland that has formed under the WE at

12 days post-amputation. (B) A higher magnification image of the gland in (A). A single cell (asterisk) is discharging its contents into the

extracellular space, whereas another cell (arrowed) has discharged its contents. (C) A more mature gland under the proximal WE. The morphology

resembles the adult gland type and is associated with the progressive differentiation of the regenerate. (D) A higher magnification of the gland in

(C) showing secretory granules with moderate electron density (dotted line) that have accumulated at the leading edge of the cell. N, nucleus.

Scale bars: 20 lm (A and C) and 10 lm (B and D).
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A C

B

Fig. 3 Scanning electron micrograph of wound epithelium (WE) in the newt blastema. (A) Low-power scanning electron microscopy of a newt limb

blastema at 12 days post-amputation. The dotted line indicates the boundary of the sample and conductive silver paint. (B) A higher magnification view

of the boxed area from (A) showing the surface of the WE of the limb blastema. Unlike adult skin, the WE is devoid of any glandular openings. (C) An

area showing the boundary between the limb stump and regeneration blastema. The dotted line demarcates the old skin from the WE. Note the

presence of glandular openings in the old skin (arrows), which is entirely absent in the WE. Scale bars: 100 lm (A and B) and 20 lm (C).

A

C D

B

Fig. 2 Immunogold labelling of the newt anterior gradient (nAG) protein in dermal glands of a newt limb blastema. (A) Section of a gland after

reaction with rabbit antibodies to nAG protein, followed by gold-labelled anti-immunoglobulin reagent. Gold particles are visible in the secretory

granules and cytoplasm. (B) A higher magnification of the boxed area from (A) showing labelling of the endoplasmic reticulum (ER). (C) A high-

magnification image of a granule (GR) showing gold labelling. (D) A section after reaction with a non-specific antibody shows little or no reaction

with the gland cells. An occasional gold particle is visible (arrowed). Scale bars: 0.2 lm (A and D) and 0.5 lm (B and C).
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blocked in PBS containing 10% goat serum for 45 min. Primary

antibody (aAG peptide antibody 398) was diluted in PBS con-

taining 10% goat serum at 1 : 200 and spun in a centrifuge at

20 500 g for 15 min. The slides with primary antibody were

incubated overnight at 4 �C in a humidified chamber. The slides

were washed twice in PBS and reacted with Alexa 488 goat

anti-rabbit secondary antibody (Invitrogen, Paisley, UK) at

1 : 500 dilution for 1 h. Sections were further washed in PBS

and the nuclei were counterstained with Hoechst 33258

(2 lg mL)1). The slides were mounted in Dako (Ely, UK) fluores-

cent mounting medium.

For localization of serotonin in axolotl limbs, the tissues were

processed as above and reacted with anti-serotonin, clone

YC5 ⁄ 45 rat monoclonal antibody (Millipore, Watford, UK) at

1 : 75 dilution for 4 h at room temperature. Alexa 488 goat

anti-rat antibody (Invitrogen) was used as the secondary layer at

1 : 250 dilution. In double-immunofluorescence staining to

localize aAG protein- and serotonin-reactive cells, Alexa 568

goat anti-rabbit antibody was employed to identify the aAG

protein reactivity in tissues. The slides were observed under a

Zeiss (Welwyn Garden City, UK) Axioskop 2 microscope and

the images were acquired using an Orca ER digital camera

(Hamamatsu Photonics, Welwyn Garden City, UK) driven by

Openlab software (Perkin Elmer, Cambridge, UK). For analysis of

control and denervated limb tissues, the images were acquired

with identical camera settings and illumination. Post-processing

of the images was performed in Openlab and the images were

exported to Adobe Photoshop 7.0 for further processing.

A B C

Fig. 4 Scanning electron micrograph showing the surface features of an axolotl limb blastema. (A) Low-magnification view of an axolotl limb

blastema. (B) Boxed area from (A), showing the surface morphology of the wound epithelium (WE). Note the nature of the smooth WE lacking

any glandular openings. (C) A magnified area showing the boundary between the limb stump and regeneration blastema. The skin of the limb

stump has ciliated glandular pores (arrows), whereas the WE lacks any glands. Scale bars: 100 lm (A and B) and 10 lm (C).

B

A

C

Fig. 5 Axolotl anterior gradient (aAG) protein. (A) Alignment showing the amino acid sequence of the aAG protein with newt anterior gradient

protein. Highlighted amino acids represent the two peptides, 398 and 399, which were used as immunogens to raise antibodies in rabbits. (B) A

section of nerve bundles in an axolotl forelimb (arrows) after reaction with the 398 antibody and detection by indirect immunofluorescence. Note

the specific reactivity of the antibody to nerve bundles. (C) Immunoreactivity of a non-specific rabbit antibody reacted at a matched concentration

to (B) in a cross-section of axolotl forelimb. N, nerve. Scale bars: 200 lm (B and C).
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Results

The dermal glands under the wound epithelium of the

regenerating newt limb were analysed by electron micros-

copy. A representative example of such a gland at 12 days

post-amputation is shown in Fig. 1A. The gland is sus-

pended in the dermis and no ducts were observed that con-

nect it to the overlying wound epithelium. This has been

confirmed by analysing serial sections of such glands. The

images of granular discharge and loss of cell contents are

consistent with a mode of holocrine release shown at

higher power in Fig. 1B. As the regenerate undergoes pro-

gressive differentiation the glands under the epithelium

take on a more adult morphology (Fig. 1C,D). The dermal

glands under the skin of a normal newt limb were analysed

both by light (Fig. S1) and electron (Fig. S2) microscopy,

and were consistent with images of mucous and serous

(granular) glands previously described in adult salamander

species (Le Quang Trong, 1967; Holder & Glade, 1984; Fox,

1986; Reyer et al. 1992). It was not possible to unambigu-

ously relate the gland shown in Fig. 1A to a type in normal

skin but the absence of ducts suggests that it may not be a

mucous gland.

The dermal glands under the wound epithelium were

further analysed by reacting sections with rabbit antibod-

ies to a peptide sequence in newt nAG protein, followed

by gold-labelled anti-rabbit antibodies. Gold particles

were observed over both the granules and the endoplas-

mic reticulum, consistent with the secreted identity of the

nAG protein (Fig. 2A–C). When sections were reacted

with control rabbit antibodies at the same concentration,

followed by the gold-labelled reagent, there were com-

paratively few gold particles (Fig. 2D). The specific immu-

nogold labelling confirms that the ultrastructural images

correspond to the nAG protein-positive glands previously

observed by immunofluorescence (Kumar et al. 2007).

The external surface of the limb blastema was imaged by

scanning electron microscopy and views of the 12-day blas-

tema are shown in Fig. 3A–C. The wound epithelium was

devoid of any glandular openings, in contrast to the normal

skin which showed, as expected, an array of such openings

(Fig. 3C). This is consistent with the absence of ducted

glands in the dermal layer of the wound epithelium. The

axolotl limb blastema was analysed by scanning microscopy

and it also showed an absence of openings in the wound

epithelium, whereas the larval skin showed ciliated glandu-

lar pores (Fig. 4A–C).

The amino acid sequence for the nAG protein orthologue

in the axolotl (aAG protein) is shown in Fig. 5A and is 83%

identical to nAG protein. Two antibodies, denoted 398 and

399, were raised against peptides from the aAG protein

sequence and tested on sections of axolotl limb. Reagent

398 showed specific staining of peripheral nerve bundles as

compared with control rabbit antibodies (Fig. 5B,C) and

Fig. 6 Localization of axolotl anterior gradient (aAG) protein in the

axolotl limb blastema by indirect immunofluorescence. (A) Expression

of aAG protein in a section of a blastema at 11 days post-amputation.

Note the reactivity of the nerve sheath as well as cells in the wound

epithelium and the general lack of reactivity in mesenchymal cells. (B)

A higher magification image of the boxed area from (A). Note the

characteristic reactivity with a subset of cells. (C) Higher magnification

image of the nerve sheath from (A). (D) A composite overlay of the

boxed area in (A) using differential interference contrast and the

nuclear stain Hoechst 33258. The arrows identify the cells expressing

aAG protein in (B). M, mesenchyme; N, nerve. Scale bars: 200 lm (A)

and 50 lm (D).

A

B C

D
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was selected for further study. In sections of the 11-day axo-

lotl limb blastema, the antibody reacted with the nerve

sheath cells (Fig. 6A,C) and with distinctive cells in the

wound epithelium with the appearance of Leydig cells

(Fig. 6A,B). The wound epithelium was analysed by electron

microscopy (Fig. S3A) and characteristic images of Leydig

cells in early (Fig. S3B) and late (Fig. S3C) stages of holocrine

secretion were observed as described previously (Jarial,

1989).

Leydig cells have been reported to stain with antibodies

to serotonin (Toyoshima & Shimamura, 1992) and when the

wound epithelium was double stained with antibodies to

aAG protein and serotonin there was a close correspon-

dence of staining in these cells, although the antigens

appeared to be in distinct locations within the cell (Fig. 7A–

D). The co-expression of aAG protein and serotonin in Ley-

dig cells of the normal epidermis was also observed

(Fig. S4). No staining for serotonin was observed in the

adult newt skin or wound epithelium.

Dermal glands were observed in the skin of the normal

axolotl limb (Fig. S5A) but not under the wound epithe-

lium, in contrast to the newt (Fig. S5C). Glands were found

in the dermis just proximal to the amputation plane

(Fig. S5B). Such glands were stained by the 398 antibody, as

shown for the 9-day regenerate (Fig. S6A,B), but were unla-

belled in the contralateral limb that was denervated prior

to amputation (Fig. S6C,D). The nerve sheath cells showed

strong reactivity with the antibody in the innervated blas-

tema, whereas the sheath in the contralateral denervated

blastema was negative as noted previously in the newt (Ku-

mar et al. 2007).

The effect of denervation on aAG protein expression by

Leydig cells in the wound epithelium was analysed in an

experiment where axolotl limbs were denervated unilater-

ally at 72 h prior to bilateral amputation. The innervated

limb showed strong antibody reactivity at 9 days post-

amputation as before but this was greatly diminished in sec-

tions from the contralateral denervated limb processed in

parallel (Fig. 8A,B). This decrease did not result from the

absence of Leydig cells in the denervated wound epithelium

as these cells could be readily observed by staining with

antibody to serotonin (data not shown). These experiments

were performed on mid-sized (8–10 cm) larvae. We noted

that the wound epidermis of larger (14–16 cm) larvae

showed low antibody labelling of both innervated and

denervated blastemas.

Discussion

The ultrastructural analysis of the regenerating adult newt

limb has extended the earlier findings on the dermal glands

that express nAG protein. The protein is expressed in the

secretory granules of cells that apparently discharge their

contents in close proximity to the mesenchymal blastema.

The images from both transmission and scanning electron

microscopy indicate that the glands underlying the wound

epithelium are not ducted to the exterior surface. It is not

clear if the nAG protein-positive glands correspond to a

A

C

B

D

Fig. 7 Localization of axolotl anterior gradient (aAG) protein and serotonin in Leydig cells of the wound epithelium by double fluorophor

immunofluorescence. (A) Expression of aAG protein detected with rabbit antibody 398. (B) Expression of serotonin in Leydig cells detected with rat

monoclonal anti-serotonin. (C) Composite overlay showing that serotonin-positive Leydig cells express aAG protein. (D) Composite overlay of

differential interference contrast and nuclear dye showing morphological features of the wound epithelium. WE, wound epithelium; M,

mesenchyme. Scale bars: 200 lm (A–D).
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particular population in the normal skin, as the appearance

of the serous glands is quite variable at different stages of

maturation and secretion. The earlier study presented evi-

dence that the dermal glands of the wound epidermis arise

as a result of the activity of the nAG protein released by

Schwann cells associated with regenerating axons (Kumar

et al. 2007). The presence of this protein in the nerve sheath

has also been observed in relation to axolotl limb regenera-

tion in the present study and this critical aspect of nerve

dependence is therefore conserved. The dermal glands are

present in the normal epidermis of the axolotl and glands

located at the proximal boundary of the wound epithelium

upregulate the expression of nAG protein in an innervated

limb. Nonetheless, the absence of these glands under the

wound epidermis is a distinction between newt and axolotl

as described in the Introduction.

Leydig cells are associated with the epidermis of larval

salamanders and are lost after metamorphosis (Hay, 1961;

Kelly, 1966; Fahrmann, 1971a,b; Jarial, 1989). They con-

tinue to be present in paedomorphic species such as the

axolotl, as well as after experimental arrest of metamor-

phosis (Ohmura & Wakahara, 1998). Although the mor-

phological features of these cells have been described in

detail, the functional role of their secretory products is

unclear (Hay, 1961; Warburg & Lewinson, 1977; Fox, 1986;

Jarial, 1989; Reyer et al. 1992). It is therefore a significant

finding that the Leydig cells of the normal epidermis and

wound epithelium express the orthologous anterior gradi-

ent protein. The holocrine release of their contents, which

was observed earlier (Jarial, 1989) and is confirmed here,

is appropriate for activity on the cells of the mesenchymal

blastema. The effect of limb denervation on the wound

epithelium is to downregulate the expression of aAG pro-

tein in the Leydig cells but not to induce the loss or non-

appearance of these cells. Interestingly, the denervation

of a normal (non-amputated) limb led to no change in

aAG protein expression in the epidermis. In an earlier

study, denervation of the sacral plexus in Ambystoma tigr-

inum induced progressive degeneration of Leydig cells

(Hui & Smith, 1976) but this was not observed with bra-

chial denervation in the axolotl. It is important to note

that the Leydig cells in the wound epithelium could be

derived by differentiation of progenitors in this location

or alternatively by migration of mature cells from the

wound edges of the epidermis. It is more straightforward

to interpret the nerve dependence in terms of an effect

of nAG protein on differentiation but this is a question

that will require further investigation. Nonetheless, the

present findings serve to bring the overall mechanism of

nerve dependence of limb regeneration into register

between the newt and axolotl. In both species the regen-

erating axons induce anterior gradient protein expression

in the nerve sheath and thereafter the protein appears in

gland cells associated with the wound epithelium that

release by a holocrine mechanism. The protein acts

directly on the mesenchymal cells of the blastema to stim-

ulate division, as shown by its action on primary cells in

culture (Kumar et al. 2007). The present findings should

provide a framework for further studies on the establish-

ment of nerve dependence during embryonic and larval

development.
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Supporting information

Additional Supporting Information may be found in the online

version of this article:

Fig. S1 Light microscopic morphology of the dermal glands in

the skin of adult newts. (A) An area of the skin showing

different dermal glands. The glands with dense vesicles (white

arrow) are similar, except that one of them shows a regres-

sive morphology corresponding to the secretory cycle of the

gland. The second type of gland (black arrow) does not show

any clear vesicles or granules. (B) Of the three glands present

here, two (white arrow) show morphology similar to that of

glands in (A), whereas the third type of gland (black arrow)

appears distinct. E, epidermis; D, dermis. Scale bars: 100 lm (A

and B).

Fig. S2 Transmission electron micrograph of dermal glands in

the adult newt skin. (A) Low-magnification montage of a der-

mal gland showing accumulation of granules of light and dense

electron density towards the lower section of the gland. The

upper part of the gland shows large vesicles. The association of

vesicles to individual cells is not clear in the gland. (B) Example

of another gland with a different vesicular morphology. A

lumen is present in this gland and the nucleus of each cell is

arranged towards the periphery of the gland. (C) Another gland

from the newt dermis showing a large accumulation of glandu-

lar vesicles. The secretory material in these vesicles is of more

amorphous nature compared with the other types of glands.

(D), (E) and (F) Higher magnification of the boxed areas from

(A), (B) and (C), respectively. Scale bars: 10 lm (A–C and F) and

5 lm (D and E).

Fig. S3 Morphological features of the wound epithelium of an

axolotl limb blastema. (A) Low-magnification transmission elec-

tron microscopy (TEM) of the distal tip of a wound epithelium.

The arrows indicate Leydig cells at two phases of secretion. (B)

A cell in (A) (lower white arrow) is magnified to show its mor-

phology. The cell is at an early stage of the secretory cycle

showing a clear nucleus and accumulation of granules of vary-

ing density, as well as vacuoles. (C) A Leydig cell at a late stage

of secretion. The cell has emptied most of its contents by its

holocrine secretory mechanism. Scale bars: 50 lm (A) and 5 lm

(B and C).

Fig. S4 Expression of axolotl anterior gradient (aAG) protein

and serotonin in the skin of an axolotl limb. (A) Expression of

aAG protein in epidermal Leydig cells proximal to the amputa-

tion plane of a limb blastema. (B) The section of (A) showing

reactivity of Leydig cells to antibody to serotonin. (C) Composite

overlay of (A) and (B) showing that Leydig cells express aAG

protein. (D) Composite overlay of differential interference

contrast and the nuclear stain showing morphology of cells. E,

epidermis. Scale bar: 200 lm (A–D).

Fig. S5 Dermal glands in normal and regenerating limbs of

axolotls. (A) Light microscopic image of dermal glands in the

dermis of axolotl (arrows). (B) A developing gland in the proxi-

mal region of the limb blastema in axolotl (arrow). These glands

develop from the basal layer of the differentiating wound epi-

thelium and submerge into the mesenchyme during limb blas-

tema differentiation. (C) Low-magnification image of a limb

blastema of axolotl. Note the absence of any glandular struc-

tures under the wound epithelium. E, epidermis; D, dermis; M,

mesenchyme; WE, wound epithelium. Scale bars: 100 lm (A and

B) and 200 lm (C).

Fig. S6 Immunofluorescence staining of dermal glands in axo-

lotl. (A) A dermal gland showing reactivity to axolotl anterior

gradient (aAG) protein in a 9-day-old limb blastema. The gland

is located proximal to the amputation plane of the limb. (B) A

composite overlay of differential interference contrast and

nuclear stain, showing the morphological features of the gland

in (A). (C) Section of the denervated contralateral limb. The

glands proximal to the amputation plane of the limb are non-

reactive to the antibody against aAG protein. (D) A composite

overlay of the glands shown in (C). E, epidermis; D, dermis. Scale

bar: 200 lm (A–D).
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