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Abstract

The development of claws in different reptiles and their cornifi-
cation are analyzed using histological, ultrastructural and auto-
radiographic methods. Claws develop at the tip of digits in rela-
tion to the growth of the terminal phalanx and appear as modi-
fied scales. The apical epidermis of digit becomes thickened
and is associated with a mesenchymal condensation or a dense
mesenchyme. The dorsal side of the digit becomes the unguis
while the ventral side becomes the sub-unguis. The corneous
layer in the unguis is thicker than in the sub-unguis and accu-
mulates hard-keratin while corneocytes remain separated or
partially fused. Bundles of hard-keratin tend to accumulate in
parallel orientation with respect to the surface and are directed
toward the claw tip. The sub-unguis is formed by a softer cor-
neous material and by a much thinner hard-keratin layer. Auto-
radiography after tritiated thymidine and histidine injection in-
dicates that the growth of reptilian claws occurs along the entire
epidermis of the claw. A proximal matrix zone for cell prolif-
eration like in mammalian nails and claws is therefore absent in
claws of reptiles. This observation indicates that the pattern of
growth of reptilian and probably avian claws is different from
that of mammals.
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Introduction

Claws consist of pointed corneous derivatives of dig-
ital tips sustained by the last phalanx of the digit. They
are present in most sauropsids (reptiles and birds), in
numerous mammals, and in few amphibian species
(Kreisa, 1979). The microscopic process of formation
of claws and their homologous skin derivatives such as
nails and hoofs, are known for only a few species of
mammals (Hashimoto et al., 1966; Baden, 1970;
Hashimoto, 1971; Kato, 1977; Baden and Kvedar,
1983; Chapman, 1986; De Berker and Angus, 1996;
Bragulla, 2003; Bragulla and Hirshberg, 2003; Ham-
rich, 2003; Wu et al., 2004; Alibardi, 2009a).

Claws were likely present in early tetrapods of the
Carboniferous (Maddin and Reisz, 2007) but recent
studies suggest that the pattern of development and
growth is different in claws of extant amphibians and
amniotes (Maddin et al., 2007, 2008). Recent studies
on lizard claws have further indicated that the pattern
of development and growth in reptiles is probably also
different in comparison to that present in mammals,
such that specific differences are also present among
different amniotes (Alibardi, 2008a, b; Alibardi and
Toni, 2009). In fact, the morphogenesis and growth
pattern of claws in the frog Xenopus laevis Daudin
1802 (Maddin et al., 2007, 2008), in a lizard (Alibardi,
2008a, b), and in the zebrafinch (Alibardi, 2009b), are
different from those in mammals. In particular, the re-
gion of cell proliferation and growth of claws appears
not to be localized in a proximal nail groove (matrix)
like for mammalian claws, but dividing cells appear
more evenly distributed along the epidermis of claws,
from their proximal base to the tip.

During development of mammalian claws, a thick-
ening of the epidermis in the dorsal tip of the digits is
associated with a mesenchymal induction and con-
densation (Hamrich, 2001, 2003). Some structural in-
formation is available for adult avian claws (Kerr,
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1919; Lucas and Stettenheim, 1972; Spearman and
Hardy, 1985), and only a recent study has shown the
cytological details of the process (Alibardi, 2009a).

In reptiles, the modern representatives of the first
amniotes, it is suggested that claws are modified scales
(Kreisa, 1979; Wu et al., 2004; Alibardi, 2008a, b).
The latter studies on the ultrastructure and morpho-
genesis of claws in lizards have indicated that the
curved dorsal side of claws (unguis or furcula) derives
from the modification of the outer scale surface of one
or more terminal scales of the digit. Therefore, the
modification of the reptilian scale to produce a claw
has maintained the pattern of growth typical for nor-
mal scales (Maderson, 1985; Landmann, 1986; Ali-
bardi, 1998, 2003, 2005). Although the morphogene-
sis of the lizard claw may also be similar in other rep-
tiles, the process has not been documented in the re-
cent literature for chelonians and crocodilians, or for
other species of lizards.

The knowledge of the microscopic process of for-
mation of the corneous layer in claws of reptiles is im-
portant to confirm a causal relationship between the
terminal phalanx and claw morphogenesis. In fact, this

inductive relationship appears to be present during the
formation of mammalian claws (Hamrich, 2001, 2003).
Moreover, the process of cornification of the claw can
then be compared among different reptiles, with that of
birds and mammals in order to analyze common as-
pects of the process in molecular terms.

The present study was performed to extend our
knowledge on the process of claw formation to repre-
sentatives of the main reptilian groups, lepidosaurians,
chelonians and archosaurs. Based on the embryonic
stages in the different reptiles analyzed here, the
present study emphasizes the peculiar aspects of the
process of cornification in reptilian and avian claws in
relation to the process present in mammals.

Materials and methods

The available material was derived from embryos and
some adults that were previously collected for the
analysis of skin morphogenesis: details on the experi-
mental and microscopic techniques are reported in the
cited papers below.

Fig. 1. Gross-morphological changes of the tip of the digits during claw formation in a lizard (L. delicata, A-D), a turtle (E. macquarii,
E-I), and the alligator (A. missippippiensis, J-M). A, cone-like claws (arrowheads) at embryonic stage 36. Arrows indicate the phalanx
as seen throughout the skin at this stage. Scale, 0.5 mm. B, elongating cone with curving sub-unguis (arrowhead) at stage 38. Scale, 0.25
mm. C, elongating unguis (arrow) and forming apical-ventral pad (arrowhead) at stage 39. Scale, 0.25 mm. D, long claw at stage 40.
The arrowhead indicates the small pad. Bar,0.25 mm. E, round digits at stage 18. Scale, 0.5 mm. F, elongating claw (arrowhead) at stage
20. Scale 0.5 mm. G, formation of the ventral claw pad (arrow) at stage 22. Bar, 0.5 mm. H, elongating claw with pad (arrow) at stage
23. Scale, 1 mm. I, formed pointed claw at stage 25. Scale, 1 mm. J, fingers with blunted tip (arrow) still united by the interdigital
membrane at stage 19. Scale, 0.5 mm. K, elongating claw at stage 21. The arrowhead points to the forming pad. Scale, 0.5 mm. L, curv-
ing elongated claw at stage 22 (the arrow indicates the accumulating pad tissue). Scale, 0.5 mm. M, latero-dorsal view of elongated claw
at stage 23 with lateral pad tissue (arrowheads). Scale, 1 mm.
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Briefly, late embryos of the Australian common
skink Lampropholis guichenoti Dumeril and Bibron,
1839, (Scincidae, Squamata, embryonic stages corre-
sponding to stages 34-40 in Lacerta vivipara, Jacquin
1787 , as described by Dufaure and Hubert, 1961) col-
lected in a previous study on scale development (Ali-
bardi and Thompson, 1999a), were utilized here for
the study of claws.

Other claw samples derived from embryos of the
lizard Anolis lineatopus Gray 1840, from adults of the
gecko Hemidactylus turcicus Linneo 1758, and from
adults of the turtle Chrysemys picta Schneider 1873.
These animals were previously treated with tritiated
histidine or tritiated thymidine for the study of keratin
synthesis and cell proliferation in normal scales (see
details in Alibardi, 1998, 2003, 2004b, 2005). The liz-
ards and the turtle were injected with tritiated thymi-
dine (5-6 uCi/g body weight), tritiated histidine (3-4
1 Ci/g body weight). Claw skin samples were collected
and fixed 3 hours, 1 and 5-6 days post-injection (see
details in the above cited references).

Embryos from the turtle Emydura macquarrii Gray
1831 (stages 18-25 according to Yntema, 1968, for
Chelydra serpentina Linneo 1758), previously studied
for scale morphogenesis (Alibardi and Thompson,
1999b), were used for the study on claw development.
Also embryos of the American alligator (Alligator
mississippiensis Daudin 1802) at stages 19-25 accord-
ing to Ferguson (1987), previously analyzed for scale
morphogenesis (Alibardi and Thompson, 2001), were
further utilized for the study of claw development. Tis-
sues were fixed for 8-12 hours in 2.5% glutaraldehyde
in 0.1 M phosphate buffer at pH 7.4. The tissues were
post-fixed for 90 minutes with 2% osmium tetroxide,
dehydrated in ethanol, infiltrated in propylene oxide
for 1 hours, then in Epon resin for 16-24 hours at room
temperature, and finally embedded in Epon resin at
60°C for two days.

Finally, few available stages from embryos of the
tuatara (Sphenodon punctatus Gray 1842) correspond-
ing to lizard stages, from 35-36 to 39-40, see Alibardi
and Gill, 2007) were also analyzed in this study on
claw development. The latter tissues were derived
from embryos, fixed in formaldehyde and maintained
in 70% ethanol in museum collections. Some sample
claw tissues were re-fixed in 2.5% glutaraldehyde in
0.1M phosphate buffer at pH 7.2, post-fixed for two
hours at room temperature in 2% Os O4 in the buffer,
dehydrated with ethanol, and embedded in Epon resin
for ultrastructural analysis (see details in Alibardi and
Gill, 2007).
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Sections of 1-3 ym in thickness were obtained using
an ultramicrotome, and were stained with 0.5% tolu-
dine blue and observed under light microcopy. From
regions at the apex of digits, thin sections (40-80 nm
thick) were collected on copper grids, routinely stained
with uranyl acetate and lead citrate, and observed un-
der transmission electron microscope operating at 80-
60 kV.

Results

Macroscopic changes during claw morphogenesis in
reptiles

The gross morphology of developing claws in lizard,
turtle, and alligator is exemplified in Fig. 1. In all cas-
es, at the digit tip a round outgrowth is initially formed,
which becomes conical and elongates mainly in the
progressively curved dorsal side (unguis) while the
ventral side (sub-unguis) remains linear or convex.
Besides the specific curvature and size of the claw in
each species, the shape of the developing claw tip is
initially rounded and becomes more and more pointed
approaching hatching. A ring-like fold appears at the
base of the claw, delimiting the growing claw from
proximal scales. While the unguis forms, in the apical
and lateral part of the sub-unguis there is an accumula-
tion of tissue that forms the claw pad or neonychium.
The latter is a temporary tissue destined to be shed
around hatching but it maintains the blunted shape of
the claw tip, delaying the appearance of a sharp claw
tip. In the lizard embryos (P. muralis Laurenti 1768, A.
lineatopus Gray 1840, L. delicata De Vis 1888) the
claws are conical and less elongated than in the tuatara
S. punctaus, in the turtle E. macquarii, the tortoise Tes-
tudo hermanni Gmelin 1789, or the alligator A. missip-
pippiensis.

The following descriptions deal with the histologi-
cal and ultrastructural analysis of the main features
that take place during claw morphogenesis in repre-
sentative species of the main reptilian groups, lizards
and tuatara (lepidosaurs), turtle (chelonians), and alli-
gator (crocodilians).

Lizard claw morphogenesis and epidermal differentia-
tion

During development in lizard embryos, digits become
separated from inter-digital membranes around stage
35 according to Dufaure and Hubert (1961). At stages
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34 in Anolis lineatopus the tip of digits was covered by
bi-layered epidermis, like in the remaining body. No
scale anlagen were visible yet. However, the epidermis
at the tip of the digit was thicker than in the other areas
of the digit, and basal cells became elongated, like in a

Fig. 2. Histological modifications of rep-
resentative stages of developing claws in
embryos of the lizard Anolis lineatopus.
Toluidine blue stain. A, Longitudinal
section of the tip at stage 34 featuring the
thickened apical epithelium (arrow).
Scale, 40 ym. B, elongating unguis (ar-
row) at stage 35. The tip shows layers of
stratified keratinocytes (double arrow-
head), in part destined to form the claw
pad. The arrowhead indicates the form-
ing sub-unguis. Scale 20 ym. C, devel-
oping claw at stage 37 showing a large
claw pad and a cartilaginous phalanx. In
the unguis, elongating keratinocytes are
directed backward (arrows) or forward
(arrowhead). The double arrowhead
points to the beginning of the corneous
layer of the unguis. Scale, 30 ym. D,
overview of the forming claw at stage 38
with a thick corneous layer in the unguis
(arrow) and a thin corneous layer of the
ventral pad (arrowhead) The terminal
phalanx starts to turn into bone. Scale,
100 ym. E, detail of claw tip at stage 38.
Arrows indicate an elongated keratiniz-
ing cell pointing forward in the unguis
while the double arrow indicates those
pointing backward. Arrowheads indicate
keratinocytes of the sub-unguis. The
double arrowhead indicates the corneous
layer covering the ventro-apical pad. 38
Scale, 10 ym. Legends: bo, bone form-
ing in the phalanx; bv, blood vessel; c,
corneous layer; ds, dorsal proximal scale;
e, epidermis; h, hinge region (between
claw and scale); m, apical mesenchyme;
p, claw pad (neonychium); ph, palanx;
su, sub-unguis; t, claw tip; u, unguis; vs,
ventral proximal scale.

placode (Fig. 2A). The mesenchyme in front of the ter-
minal phalanx was closely connected to this thickened
epidermis, but typical mesenchymal condensations
were not clearly seen.

At a later stage (35 and 36), the digital epidermis
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formed undulated or slanted curves along the surface,
an indication of the formation of scales. However, the
epidermis remained mainly bi-layered and few supra-
basal cells were seen at this stage. Different from the
more proximal regions, the epidermis of the dorsal
part at the digit tip elongated and appeared thicker
than in the non-apical epidermis, with 3-4 layers of
flat suprabasal cells in the dorsal side covering the
digital tip (Fig. 2B). At the very tip of the forming
claw, a pad-like stratified tissue was present, forming
a slightly folded cushion (double arrowheads in Fig.
2B). The ventral part of the tip of the digit was also
thicker than the remaining epidermis, but it was less
stratified than in the dorsal side. The mesenchyme be-
neath the thickened claw epidermis contained many
cells and was in connection with the perichondrium of
the terminal phalanx.

In the following stage (37), the skin of the digit was
scaled and 1-2 suprabasal layers were present beneath
the superficial, thin periderm. The terminal phalanx at
this stage was still cartilaginous and reached the tip of
the claw. The epidermis of the forming claws was much
more complex at this stage than the other digit epider-
mis (Fig. 2C). In the dorsal side or unguis, the epider-
mis was made of a bi-layered stratum in the proximal
(hinge) region, in continuity with the inner surface of
the adjacent scale. Moving toward the tip of the digit,
the epidermis progressively formed 3-5 layers of po-
lygonal- to spindle-shaped cells in the external layers
where keratinization occurred. In the distal regions of
the unguis, the upper cells of this stratified epithelium
appeared flat and elongated with their main axes ori-
ented backward (arrows in Fig. 2C). The elongated
cells appeared in continuation with the initial corneous
layer of the unguis (double arrowhead in Fig. 2C). Oth-
er elongated cells, located near the tip of the unguis,
were instead oriented with their main axis toward the
tip of the claw (arrowhead in Fig. 2C). The latter cells
were filled with filamentous material but appeared less
differentiated than the backward-oriented cells.

The ventral epidermis forming the sub-unguis was
composed of 2-3 layers of spindle-shaped or flat cells
at this stage, and was apparently in continuation with
an accumumlation of polygonal cells present at the
ventral tip of the claw, indicated as the pad (Fig. 2C).
This pad extended over the more apical region of the
forming claw and was made of cells containing granu-
lated material.

At stage 38 the claw was more elongated than in
previous stages. The corneous layer of the unguis was
thickened in comparison to the previous stage, and
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cells appeared more compacted into a dense corneous
stratum (Fig. 2D). The stratum corneum of the unguis
is derived from the agglutination of elongate and
keratinized cells present in the transitional layer. Like
in the previous stage, elongate cells at the tip of the
claw were tilted forward forming the compact cor-
neous tip of the claw (Fig. 2E, arrows).

Apparently the orientation of the main axes of these
keratinizing cells changed in more proximal regions of
the claw, as the axes turned backward (compare cells
indicated by arrowheads versus those indicated by ar-
rows in Fig. 2E). Also the epidermis of the more distal
part of the sub-unguis appeared to be stratified, as indi-
cated by the presence of 3-4 thin layers of elongated,
keratinized cells, in continuation with those of the un-
guis (see arrowheads in Fig. 2E).

The large pad localized in the ventral side of the
claw tip was composed of polygonal or irregular cells
containing large granules with high affinity to toluid-
ine blue (Fig. 2E). Also a sparse filamentous material
was observed in the pad cells.

The ultrastructural analysis was specifically focused
on the accumulation of keratin and corneous material
in the elongating cells of the unguis and on cells of the
ventral pad present at stage 37. Basal and suprabasal,
polygonal-shaped cells contained sparse keratin fila-
ments, but also in the elongating cells localized in the
upper layer very few tonofilament bundles were seen
(Fig.3A,B). Cells were joined by numerous desmosos-
mes and appeared elongated toward the surface of the
epidermis. The next layer of keratinocytes consisted in
elongated cells containing numerous, parallel bundles
of dense keratin material surrounding the nucleus (Fig.
3C). Examination of the apparently homogenous cor-
neous material (see inset in Fig. 3B) at high magnifica-
tion revealed the presence of the typical electron-lucid
filaments of 3-4 nm among a thin denser matrix (i.e.,
the beta-keratin pattern, see Landmann, 1986). Keratin
filaments increased in more external elongated cells
while their plasma membrane appeared interrupted
(Fig. 3D). In the external corneous layer, elongated
cells were no longer separated one from another, and
they were filled with parallel bundles of corneous ma-
terial, among which groups of ribosomes were present
(Fig. 3C). No other organelles were seen in these cells,
including the large part of the plasma membranes and
this tissue appeared to be formed by partially merged
cells.

At this stage of development (37), the ventral pad of
the claw tip appeared to be formed by irregularly dis-
placed cells of the embryonic epidermis. The ultrastruc-
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Fig. 3. Ultrastructural detail of differen-
tiating cells in the epidermis of the un-
guis of claws in embryos of A. lineatopus
at stage 37 (position as arrows in figure 1
C). A, basal cells are cubic and supraba-
sal cells elongate and accumulate bun-
dles of keratin (arrows). Scale, 2.5 ym.
B, detail of elongating cells to show the
numerous and parallel (berta-)keratin
bundles (arrows, see detail in the inset,
Bar, 250 nm). Arrowheads point to small
(alpha-)keratin bundles. Scale, 1 ym. C,
detail of the cytoplasm of elongating cell
filled with large (beta-)keratin bundles
and few ribosomes in between. Most of
the plasma membrane in these cells have
disappeared at this level. Scale, 0.5 ym.
Legends: ba, basal cell; ec, elongating
cell; k, keratin bundle; m, mesenchymal
cell; n, nucleous; r, ribosomes; sb, supra-
basal cell.
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tural analysis of the cells within the claw pad showed
the presence of numerous and irregular aggregates of
dense granules and coarse filaments of 20-30 nm in
thickness (Fig. 4A). These filaments often surrounded
or contacted (merging?) the dense granules (Fig. 4B).
The pad was surrounded by the external periderm
and by two flat layers containing sparce tonofilaments
and lipid-like or pale vesicles. The periderm layer con-
tained microvilli and pale vesicles. Small keratohya-
line-like granules (0.1-0.5 gm) were seen in the exter-
nal cells, while large keratohyaline-like granules (0.1-
2.5 pm) were present in the inner cells (Fig. 4C). The
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Fig. 4. Ultrastructural detail of the pad
tissue in A. lineatopus at embryonic stage
37 (position as in figure 1-c). A, the ve-
sicular cytoplasm contain sparse keratin
mass, ribosomes, and dense organelles
(arrows) made of a network of coarse
filaments/granules. Scale, 0.5 pm. B, de-
tail of a dense organelle (arrow) reveal-
ing distinct coarse filaments (arrowhead)
in its peripheral region. Scale, 200 nm.
C, detail of the two first corneous layers
(1 and 2) surrounding the claw pad. Mi-
crovilli (arrowheads) are present in the
superficial (periderm) layer. Numerous
vesicles are seen. The arrows indicate
two large keratohyaline-like granules.
Scale, 2 ym. Legends: ee, embryonic
epidermis (first two layers); k, keratin
material; n, nucleous; r, ribosomes
(sparse); ve, vesicles.

cytoplasm of the latter contained few other organelles.
In particular sparse and short bundles of keratin fila-
ments of 10 nm in diameter (alpha-keratin) were ob-
served.

Formation of claws in the Tuatara

The available embryos from this rare species (S. punc-
tatus, see Alibardi and Gill, 2007), allowed the evalu-
ation of important comparative aspects with the devel-
oping claw observed in lizards. Like in lizards, the
epidermis at the tip of digits in early stages (corre-
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sponding to embryonic stage 36 in lizards) was more
stratified than in the remaining epidermis of the digit.
The epidermis comprised 3-5 intermediate cell layers
above the basal layer, followed by 3-4 flat layers of
embryonic epidermis on the surface (Fig. 5A). In the
available material, the underlying mesenchyme, lo-
cated in front of the terminal phalanx, appeared slight-
ly condensed. Cells of the basal layer of the epidermis
at the tip of the claw were more columnar, while basal
cells of non-apical regions tended to be more cubic.
In the next stage available, interpreted as an inter-
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Fig. 5. Light microscopic (A-D, toluidine blue
stain) and ultrastructural (E-F) images of three
progressive stages of claw development in
Sphenodon punctatus. A, frontal section of a
developing claw in a relative early stage (cor-
responding to stage 36 in lizards). A stratified
epidermis and a dense mesenchyme are present.
Arrows indicate the initial differentiating cells
beneath those of the embryonic layers. Scale,
25 ym. B, intermediate stage claw, roughly cor-
responding to that present at embryonic stage
39 in lizards. The corneous layers (compact
pale and softer dark) of the unguis are quite
thick in comparison to the thin layer present in
sub-unguis (arrows). Scale, 50 ym. C, detail of
the tip of the claw in the previous figure, show-
ing the elongation of pre-corneous cells enter-
ing the dense corneous layer (arrow). The ar-
rowhead indicates the thin corneous layer of the
sub-unguis. Scale, 15 ym. D, apical part of a
claw at a late stage, roughly corresponding to
stage 40 in lizards. Most of the claw is made of
the compact and pale corneous layer, but the
sub-unguis is still coated by a softer keratin
layer (arrow). Scale, 25 ym. The inset (Scale,
10 ym) shows the cellular aspect of the pad tis-
sue. Arrowhead on a nuleous. The arrow indi-
cates granular material in the cytoplasm. E, de-
tail of transitional cells in the sub-unguis con-
taining keratin bundles (arrowhead) and dense
round granules (arrow). Embryo at an interme-
diate stage roughly corresponding to stage 39 in
lizards. Scale, 1 ym. F, detail of cells of the cor-
neous layer in the unguis at an intermediate
stage. The perimeter of extremities of hard-
keratin cells presents spiny protrusions con-
nected by desmosomal remnants (arrows). Rare
melanosomes are incorporated (arrowhead).
Scale, 1 ym. Legends: c, corneous layer; ca,
corneous (alpha-)layer; cl, compact corneous
layer; de, dermis; ec, elongating (hard beta-
keratin) cells; ee, embryonic epidermis; es, epi-
dermis of the sub-unguis; eu, epidermis of the
unguis; m, apical mesnechyme; n, nucleous; p,
claw pad; ph, phalanx; t, claw tip.

mediate developing stage (corresponding to stage 38
of a lizard), the morphogenesis of the claw was large-
ly completed (Fig. 5B-C). Intermediate stages show-
ing more details of the morphogenesis of the claw, in
particular documenting the progressive formation of
unguis and sub-unguis in this species, were not avail-
able. Despite the shortcomings, the claw at this stage
showed a thick corneous layer in the unguis, a thin
corneous layer in the sub-unguis, and the presence of
a cellular ventral pad near the tip of the claw, like that
in lizards.
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The observation of the epidermis of the unguis at
higher magnification showed elongated fusiform cells
in the transitional layers containing filaments of stained
material, in contact with the dense corneous layer (Fig.
5C). These keratinizing cells maintained their perime-
ter after incorporation into the corneous layer where
they stick together as a compact mass. The external
part of the corneous layer appeared pale and its cell
structure was not clearly visible. This indicated that
cornified cells in part maintain their identity also in the
outer, paler stratum corneum. Finally, the outermost
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Fig. 6. Light microscopic views of develop-
ing claws in the turtle Emydura macquarii
(Toluidine blue stain). A, digit tip (toe) with
axial phalanx and an apical mesenchymal
condensation localized near the epidermal
thickening (arrows) at stage 18. Arrowheads
indicate the thinner non-apical epithelium.
Scale, 40 ym. B, detail of apical digit tip at
stage 18. Arrows indicate the close contact
between apical mesenchyme and the thick-
ened epithelium. Scale, 20 ym. C, elongated
claw at stage 22. The ventral proximal scale
is more advanced than the dorsal proximal
scale. A large part of the thick unguis epider-
mis is occupied by a pale, compact corneous
layer that thins out at the tip of the claw (ar-
row). Scale, 100 ym. D, detail of the tip of
claw at stage 22 to show that the embryonic
epidermis is continuous with the claw pad
epidermis. The compact corneous cells
(double arrowhead) are also continue in the
ventral part of the claw tip (arrowhead), and
with the dark, differentiating cells of the un-
guis epidermis (arrows). A thin layer of cor-
neous cells (double arrow) is present in the
sub-unguis. Scale, 20 ym. E, close-up to the
very tip of claw at stage 22 showing the saw-
like outline (arrowheads) of the cells incor-
porated in the compact stratum corneum.
The more advanced hard-keratin cells (dou-
ble arrowhead) form a dark, curved line be-
low the embryonic epidermis, and are di-
rected to the ventral side of the claw tip.
Scale, 10 ym. Legends: bv, blood vessel; cl,
compact (hard beta-keratin) layer; de, der-
mis; ds, dorsal proximal scale; ee, embry-
onic epidermis; es, epidermis of the sub-un-
guis (tangentially sectioned); eu, epidermis
of the unguis; h, hinge region; m, apical
(condensed) mesenchyme; p, claw pad; ph,
cartilaginous terminal phalanx; su, sub-un-
guis; t, claw tip; u, unguis; tr, transitional
layer (hard-keratin cells); vs, ventral proxi-
mal scale.

embryonic epidermis was formed of a dark stratum of
elongated cells.

The ventral claw pad was composed of an accumu-
lation of pale cells storing granular material, similar to
those of the thinner embryonic epidermis covering the
unguis.

The final stage available, a late embryo probably
close to hatching (corresponding to stage 40 in a liz-
ard, see Alibardi and Gill, 2007) showed a compact
corneous layer formed by agglutinated cells (Fig. 5D).
The ventral pad contained large and pale cells, some of
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which were probably degenerated (pycnotic nuclei).
However, most of the polygonal and pale cells of the
pad, probably already keratinized, contained coarse
granular material or large granules (inset of Fig. 5).
The ultrastructural examination of the epidermis of
the sub-unguis in the sample of the intermediate em-

Fig. 7. Ultrastructural details of
claws in the turtle E. macquarii. A,
detail of the irregular perimeter (ar-
rows) of the cells of the embryonic
epidermis at stage 22. Desmosomes
(arrowheads) connect the embryonic
cells to the initial corneous cells of
the unguis. Scale, 2.5 ym. B, transi-
tional cells between embryonic epi-
dermis and corneoeus layer of the
unguis at stage 23. Numerous alpha-
keratin bundles (arrowheads) and
some melanosomes (arrows) are in-
corporated in these cells. Bar, 1 ym.
C, detail of hard-keratin bundles
(arrows) among free ribosomes in
differentiating keratinocyte of the
unguis at stage 23. Scale, 0.5 ym. D,
detail of compact pale corneous
layer of the unguis at stage 23.
Boundaries among cells are partially
visible. Arrowheads indicate denser
areas among pale areas of mature
corneocytes. Scale, 0.5 ym. E, detail
of passage layers (asterisks) between
embryonic and differentiating cor-
neocytes of the sub-unguis (arrow-
head) at stage 22. Arrows indicate
the initial concentration of alpha-
keratin bundles along the cell perim-
eter. Scale, 2 ym. F, detail of transi-
tional cells in the sub-unguis at stage
23.Scale, 1 pm. Legends: ak, alpha-
keratin bundles; bf, hard (beta)-ker-
atin filament bundles; c, thin alpha-
keratin cells of the corneous layer of
the sub-unguis; ee, embryonic epi-
dermis; k, alpha-keratin bundles; n,
nucleus; r, ribosomes; tr, tansitional
cells; ve, pale vesicles.

bryonic stage, showed the presence of transitional cells
containing a vesicular, probably artifact pale cyto-
plasm, sparse keratin bundles and round, dense kerato-
hyalin-like granules of 0.1-0.3 gm in diameter (Fig.
5E). Corneocytes of the stratum corneum in the sub-
unguis were thin (0.2-0.4 ym) and electrondense, with
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a relatively smooth border, as typical for alpha-kerati-
nocytes. In the unguis, corneous cells were larger,
electron-pale, and spindle-shaped. The corneocytes
showed a spiny surface, especially in their spindle-
shaped endings that determine a tight cell connectivity
within this hard corneous layer (Fig. 5F). Corneocytes
were largely separated in the stratum corneum of the
unguis, and their thickened cell membranes were con-
nected by desmosomal remnants.

Morphogenesis and cornification in turtle claws

The developing digits at stage 18 often showed a mes-
enchymal condensation in front of the phalanx and
beneath the apical, columnar epithelium of the digit
tip (Fig. 6A, B). The perichondrion of the phalanx
was in contact with the apical mesenchyme, which
cells showed a close link with the placode-like, apical
epithelium.

Intermediate, embryonic stages (19-21), were not
available. At stage 22 the claw was elongated and a
thick, and a pale corneous layer was formed in the
unguis but was absent in the sub-unguis (Fig. 6C).
Also in this case the terminal phalanx, composed of
ossifying cartilage, approached the tip of the claw. The
unguis epidermis was composed of a basal layer, 3-5
suprabasal layers of fusiform cells, and by 4-6 layers
of darkly stained spindle-shaped keratinocytes (Fig.
6D). The latter formed an irregular, sometimes jig-saw
like border with the pale and compact corneous layer
located beneath 4-6 layers of pale cells of the embry-
onic epidermis (Fig. 6E). The latter extended over the
tip of the claw and formed a pad in the ventral side of
the apical part of the claw which was continuous with
the embryonic epidermis of the sub-unguis.

A dark, thin corneous layer was present in the sub-
unguis while a thin, pale corneous layer was absent or
very thin at this stage (22). However, a thin pale and
hard layer was formed in the sub-unguis at later stages
of embryogenesis and was also present in adult claws
(data not shown).

The ultrastructural analysis showed the irregular
cell boundaries present among keratinocytes of the
embryonic epidermis, which cells were filled with nu-
merous keratin filaments (Fig. 7A). The underlying
corneous layer was formed by corneocytes with a cy-
toplasm filled with corneous material, which showed
pale and dense areas. The perimeter of these thin cor-
neocytes was less irregular than that observed among
cells of the embryonic epidermis, and showed numer-
ous desmosomes.
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At stage 23, transitional cells of the stratum cor-
neum (those stained with toluidine blue in light micro-
scopic observation) appeared to contain sparse keratin
bundles together with dark granules of 0.2-0.3 ym and
some pale vesicles (Fig. 7B). The higher magnification
of the keratin bundles revealed that they were com-
posed of irregular material with the characteristics of
hard-keratin, surrounded by ribosomes. At high mag-
nification the corneous material was made of 3-4 nm
electron-lucid filaments among a scarce denser matrix,
like in the compact corneous layer (Fig. 7C, D). In the
mature corneous layer, desmosomal remnants were
seen among cells. Cell boundaries among pale corneo-
cytes were not complete, indicating a partial process of
fusion among corneocytes.

In the sub-unguis at stage 23, two main regions were
seen, one distal region closer to the tip, and a more
proximal region located toward the ventral fold between
sub-unguis and the next ventral scale. In the more apical
part of the sub-unguis, beneath 3-5 layers of embryonic
epidermis similar to that present over the unguis, 0.6-
1.5 um thin corneocytes were seen (Fig. 7E). Most
tonofilaments (alpha-keratin) were localized along the
plasma membrane while the central cytoplasm was pale,
perhaps containing lipid material. Occasional cell or-
ganelles were present in corneocytes at this stage.

The medio-proximal region, occupying most of the
sub-unguis except the zones near the tip, was made of
thin alpha-keratin corneocytes (0.4-0.6 ym) with ir-
regular and interlocked surface (Fig. 7F). Pre-corneous
cells contained numerous but thin bundles of alpha-
keratin filaments among empty spaces probably occu-
pied by lipid material.

Morphogenesis and cornification in claws of the alli-
gator

The digit at stage 19 was mainly composed of a two-
layered epidermis where few suprabasal cells were
seen. The mesenchyme was denser toward the tip of
the digit (Fig. 8A) where a pre-cartilaginous condensa-
tion was seen, and the epidermis formed an apical
thickening in this region.

At stage 20 the cartilaginous terminal phalanx was
surrounded by a thickened epidermis (2 layers of su-
prabasal cells beneath the flat periderm) at the tip of
digits (Fig. 8B). Dorsal and a ventral grooves were
formed at the base of the claw.

At stage 21 the claw was much elongated and sup-
ported by a terminal phalanx composed of numerous
hypertophic cartilaginous cells, which was surround-
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ed by arelatively denser mesenchyme at the tip of the
claw (Fig. 8C-D). The epidermis of the forming claw
was much thicker than in the remaining epidermis of
the digit. In fact, beneath the flat periderm, 6-8 layers
of keratinocytes were seen, and the more superficial
2-3 layers were made of fusiform and large pale cells
of the embryonic epidermis, which will be shed at

Fig. 8. Light (A-F) and ultratructural (G)
features of developing claw in Alligator
mississippiensis. A, elongating digit with
a nearly apical epidermis (arrow) at stage
20. Scale, 50 pm. B, formation of proxi-
mal claw hinge regions (arrowheads) at
stage 20. The thickened epidermis at the
claw tip shows the cornifying cells of the
embryonic epidermis (arrow). Scale, 20
pm. C, apical part of a long claw at stage
21.The unguis (arrow) is elongating while
embryonic cell form the claw pad (arrow-
head). Scale, 25 pm. D, detail of the api-
cal part of the claw at stage 21 with initial
hard-keratin cells (arrow) accumulating
underneath the embryonic layers. The ar-
rowhead points to keratinizing cells of the
claw pad. Scale, 20 ym. E, frontal section
of developing claw at stage 22 showing
flat differentiating hard-keratin cells (ar-
rows) beneath the embryonic layers.
Scale, 25 ym. F, detail of the claw tip at
stage 23. The arrow indicate the transition
layer between the embryonic epidermis
and the definitive corneous layer. The ar-
rowhead shows the boundary between
pad cells and sub-unguis corneous layer.
Scale, 25 ym. G, ultrastructural detail of
transitional cell and corneous cells in the
unguis at stage 25. Hard(Beta)-keratin
packets (arrowheads) are packed in long
filaments (double arrow) that merge into a
compact corneous material. The arrow in-
dicates a desmosomal remnant. The dou-
ble arrowhead indicates the thickened
plasma membrane. Scale, 250 nm. H, de-
tail of corneocytes of the unguis at stage
25. The arrows indicate the thickened
plasma membrane. Arrowheads point to
keratin filaments among amorphous cone-
ous material. Scale, 200 nm. Legends: ap,
apical epidermis; c, corneous layer; cu,
corneous layer (cellular) of the unguis; de,
dermis; e, epidermis; ee, embryonic epi-
dermis; es, epidermis of the sub-unguis; k,
alpha-keratin bundles; m, apical mesne-
chyme; me, melanophores; p, claw pad;
ph, cartilaginous terminal phalanx; su,
corneous layer of the sub-unguis; t, claw
tip; tr, trasnitional layer/cell; u, unguis;
ue, epidermis of the unguis.

hatching. At the very tip of the claw, the epidermis
showed a corneous layer that extended from the dor-
sal (unguis) to the ventral (sub-unguis) side of the
forming claw. Also, at this stage in the apical part of
the sub-unguis, the embryonic epidermis formed an
apical pad (Fig. 8C, D). Beneath the embryonic epi-
dermis, some layers of flat cells indicated the differen-
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tiation of the first cells containing hard keratin (Fig.
8E). At this stage, no cells containing hard keratin
were observed in the scales of other regions of the
embryo.

At stage 22 the thickness of the living part of the
epidermis of the claw remained the same as the previ-
ous stage, but the corneous layer became thicker (data
not shown). At stage 23 the thick corneous layer of the
unguis was paler and contained corneocytes still sepa-
rated from each other. In contrast, the darker and thin-
ner layer of the sub-unguis was made of 6-10 layers of
thin and intensely stained corneocytes that were in
continuation with the paler corneocytes of the unguis
at the claw tip (Fig. 8F). The more external layer over
the unguis was composed of corneous cells of the em-
bryonic epidermis.

In the corneous layer of the sub-unguis, cells ap-
peared flat and sometimes frayed upon sectioning. In
the apical part of the sub-unguis, close to the pointed
tip, a corneous mass of cells of the embryonic epidermis
formed the ventral pad, superficial to the corneous
layer of the sub-unguis.

The ultrastructural examination of the corneous
cells of the unguis showed that they were filled with a
mass of corneous material of low density, mixed with
denser areas (Fig. 8G). In transitional cells packets
these filaments were observed, while in lower layers,
smaller filaments or smaller hard(beta)-keratin packets
were present among the sparse alpha-keratin bundles.
The cell membrane of mature corneocytes, 0.3-0.8 ym
thick, appeared irregularly thickened (15-30 nm) by
the deposition of a dense material along the plasma
membrane (Fig. 8H). Desmosomal remnants were
commonly seen among these corneous cells.

The examination of the cells of the epidermis of the
sub-unguis revealed the formation of numerous
hard(beta)-keratin packets in transitional cells while
mature corneocytes appeared relatively thin and sur-
rounded by a thickened, dense plasma membrane.

Autoradiographic observations on developing and
growing claws

Only a qualitative description on sites of labeling with-
in late developed claws and in adult claws is presented
here. The aim is to show the main sites of cell prolif-
eration (thymidine incorporation) and protein synthe-
sis (histidine incorporation) in the claw epidermis of
lizards and a turtle.

The developing claw of the iguanid lizard A. lineat-
opus at late stage of development (37) showed tritiated
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thymidine-labeled nuclei after 1 and 6 days from injec-
tion (Fig. 9A). At both these periods, labeled cells were
not localized in a specific area of the epithelium of
claws but were present along most epidermis, includ-
ing the tip.

After 3 hours from the injection of tritiated histi-
dine, the entire epidermis of the claw in the gecko H.
turcicus was labeled, from the ventral hinge regions to
the most dorsal part of the unguis of the claw (Fig. 9B,
C). Most silver grains were seen in the upper layers of
the epidermis and in the transitional layer, and often a
higher labeling was seen toward the claw tip. An even
labeling pattern was also seen in the surrounding scales
(data not shown).

After one day post-injection of tritiated thymidine in
the turtle C. picta, labeled cells were present along the
basal layer of the entire epidermis, from the proximal
hinge regions at the base of the claw to the unguis or
dorsal side. Labeled nuclei were commonly seen in the
epidermis of the sub-unguis and also in the epidermis at
the tip of the claw (Fig. 9D-F). Thymidine-labeled nu-
clei were seen dispersed along most of the basal layer
and occasionally in suprabasal layers of the epidermis of
the claw of this turtle. No labeled nuclei were present in
the transitional and corneous layer at 1 day post-injec-
tion, but labeled cells located above the basal layer were
observed at 5-6 days post-injection (data not shown).

Discussion
Claw formation and growth in reptiles

The drawings presented in Fig. 10A and B summarise
two different interpretations on claw formation in rep-
tiles. In Fig. 10A-A3, from a symmetric, terminal scale
at the digital tip in early embryonic stages (closely sur-
rounding the terminal phalanx), the dorsal side of the
scale expands distally and laterally more than the ven-
tral side. Fig. 10B-B3 shows that the terminal area of
the digit is occupied by an extended hinge region, lo-
cated between the dorsal and the ventral scales. Ac-
cording to this interpretation, it is the prevalent growth
of the dorsal scale over the ventral scale, both distally
and laterally, that determines the coverage of the dig-
ital apex by cells derived from the unguis and that also
forms part of the sub-unguis (curved arrows in Fig.
10A1-2 and B1-2).

The pattern of uptake of histidine in claws, that is
connected to the synthesis of keratin, and the pattern
of uptake of thymidine, indicating main areas of cell
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proliferation, are different from the pattern of prolif-
eration present in mammalian nails (Zaias and Alvarez,
1968; De Becker and Angus, 1996). In fact, in reptilian
claws thymidine-labeled nuclei are present along the
entire epidermis of the claw, and are not localized in
proximal, matrix zones like in mammalian nails/claws
(Fig. 10, compare C3 and C7). Also, the even labeling
of the claw epidermis after injection of tritiated amino
acids, with a prevalent labeling near the tip of reptilian

Fig. 9. Light autoradiographic im-
ages of claws of an embryonic lizard
A. lineatopus (A), an adult gecko H.
turcicus (B, C), and an adult turtle
(C. picta, D-F). A, frontal section of
claw autoradiography at stage 37.
Six days after injection of tritiated
thymidine (THY) most epidermal
cells are labeled (arrows). Scale, 20
um. B, frontal-section of a digit at 3
hours post-injection of tritiated histi-
dine. The epidermis is evenly labeled
(arrows) but a denser labeling is seen
at the tip (arrowhead). Scale, 15 ym.
C, detail of the evenly labeled un-
guis epidermis in cross section (ar-
rowhead on the top indicates the dor-
sal part) 3 hours post-injection of
tritiated histidine (HIS). A reduced
labeling is present in the hinge re-
gion. Scale, 30 ym. D, longitudianl
section of turtle claw 1 days after in-
jection of tritiated thymidine. La-
beled nuclei (two are enlarged in the
inset, Scale, 15 um) are present
along the entire epidermis (arrows),
including the proximal dorsal and
ventral hinge regions (arrowheads).
Bar, 100 ym. E, detail of labeled nu-
clei (arrowheads) in the dorsal hinge
region 1 days post-injection of triti-
ated thymidine. Scale, 30 ym. F, de-
tail of tritiated thymidine labeled
nuclei (arrowheads) located by the
apex of the claw one day after injec-
tion. Scale, 30 ym. Legends: c, cor-
neous layer; cl, claw epidermis; de,
dermis; e, epidermis (normal scales);
h, hinge region; me, melanophores;
ph, palanx; t, tip fo the claw; u, un-
guis; Dashes underline the epider-
mis.

claws, is different from that of mammals, where most
labeling is localized in matrix regions and moves grad-
uvally distally (Zaias and Alvarez, 1968). The results
derived from the present observation with triated histi-
dine suggests that, like in scales, no localized matrix
regions (germinative) are present in reptilian claws.
This is also confirmed using tritiated proline (Alibardi,
personal observations). This autoradiographic labeling
is different with the labeling previously observed in
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Fig. 10. Schematic drawing illustrating
two hypotheses on the evolution of claws
in reptiles (A-B) in comparison to the
claws in other amniotes (C) (see details
in the text). In the first hypothesis (A),
from a terminal, symmetric scale under
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* _ods influence of the mesenchyme associated

B P r D‘-'o, o K > - with the last phalanx, one side of the
—) scale elongates more than the other side

ph B1 h B2 (A1) determining the downward growth

of the scale. The active mesenchyme
grows in front of the terminal phalanx
that elongates inside the forming claw
(A2-A3). The overgrowth of corneous
tissues over the tip of the claw determines
the accumulation of a folded pad of em-
bryonic epidermis, the transitory neon-
ichium. In the second hypothesis (B), the
claw derives from the elongation of the
outer side of the terminal, dorsal scale of
the digit under influence of the phalan-
EPZ geal mesenchyme (B1). The latter is in

ER contact with the flat end of the digit that
— L=k +aKAPS?
o u *

— k+mKAPs
PL = j*
o PZ*
mammals C3 C3'
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is occupied by a broad hinge region ex-
* tended between the dorsal and ventral
scales. The prevalent growth of the outer
side of the dorsal terminal scale under the
influence of the phalanx extends these
scales over the tip of the digit. Also in
this case, the overgrowth of corneous tis-
sues over the tip of the claw forms the
transitory neonichium. The formation of
digits in developing embryos of reptiles
(C) is related to the localized apical epi-
dermal ridge at the tip of each digit (C1).
The latter, potentially under the influence
of the terminal phalanx (? Among the
two arrows in C1), can produce the three
different claws types found in mammals (C2-C3) , reptiles/birds (C4-CS), and amphibians (C6-C7). While in mammals proliferating
zones are mainly localized in dorsal, lateral and ventral matrix areas (C3), in reptiles/birds (C5) and likely also in amphibians (C7), the
proliferating zones are extended to the whole length of the claw. While in mammals specific hair-like keratins are surrounded by keratin-
associated proteins (HGT/HSP/UHSP), in reptiles and birds keratin associated proteins (formerly called beta-keratins) are rich in
cysteine or glycine (HCPS/HGPS). In amphibians it is unknown whether keratin-associated proteins accumulate around specific claw
alpha-keratins. Legends: AER, apical epidermal ridge; ok, alpha-keratins (tricocytic keratins); Bk, beta-keratins (now indicated as
sKAPs); eu, elongating unguis; eds, extending dorsal scale; EPZ, extended proliferationg zone; fe, forming claw pad; fu, forming un-
guis; h, hinge region; mKAPs, mammalian Keratin Associated Keratins; m, mesenchyme; p, claw pad or neonychium; ph, phalanx; PZ,
proliferating (matrix) zone; su, sub-unguis; sK APs, sauuropsid Keratin Associated Keratins (= f-keratins); tds, terminal dorsal scale; tvs,
terminal ventral scale.

amphibians C5

mammalian nails whereas proximal growing regions
(matrix) are instead present (Baden and Kvedar, 1983;
see Fig. 10C-C7). Recent studies have also indicated
that amphibian claws grow with a similar pattern than
that of reptiles (Maddin er al, 2007, 2008; Alibardi,
personal observations; Fig. 10C5).

The prevalent expansion of the unguis over the sub-
unguis probably derives from a higher rate of cell pro-
liferation that occurs in the dorsal side. This pattern in

the lizard claw resembles the prevalent expansion of
the developing outer side of normal scales (Alibardi,
1998, 2003, 2005). Part of the cells containing hard
keratin produced from the unguis, move around the tip
of the forming claw (curved arrows in Fig. 10A2, B2).
This movement allows the coverage of the apical re-
gion of the sub-unguis, which is otherwise formed by
cells with alpha-keratin like characteristics, including
the presence of keratohyalin-like granules. The distal,
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curved movement of the apical hard-keratin cells is
also indicated by the formation of the folded embry-
onic epidermis that gives rise to the ventral or sub-un-
guis pad in all species analyzed. This temporary re-
gion, which will be shed at hatching, is formed by in-
ner periderm cells that accumulate coarse filaments of
20-22 nm diameter, organelles that are also present in
embryonic layers of reptilian scales (Alibardi, 1998;
Alibardi and Thompson, 1999a, b, 2001; Alibardi and
Dipietrangelo, 2005; Alibardi and Gill, 2007).

The formation of this folded peg and of the hard-
keratin type of conification of the unguis, suggest that
the morphogenesis of the reptilian claw is a specific
modification of the development from terminal scales
of digits. Like in developing mammalian claws (Ham-
rich, 2001, 2003), also the morphogenesis of reptilian
claws may be driven by the growth of the terminal
phalanx (Fig. 10C-C1). This hypothetical influence in
reptiles however remains to be proven and substanti-
ated by molecular data.

The claw is initially covered by an embryonic epi-
dermis consisting of an outer periderm involved in an
intense exchange activity with the amniotic fluid, and
by a multilayered inner periderm. These layers form
the ‘embryonic epidermis’, a temporary tissue that will
be lost around hatching. It is unexplained why the em-
bryonic epidermis, normally formed by 2 layers of
outer and inner periderm cells in embryonic scales, be-
comes thicker over tissues destined to form thick cor-
neous layers made of hard keratin as in the claw or
over scutes of the shell of turtles. The ultrastructural
analysis of the embryonic layers confirms the presence
of 25-40 nm thick coarse filaments, previously ob-
served in embryonic epidermal cells of normal scales.
The presence of these organelles in cells forming the
ventral pad confirms that this region derives from the
accumulation of embryonic epidermal cells coming
from the sub-unguis and is contributed to by the mi-
gration of cells from the elongating unguis (see curved
lines in Fig. 10A2, B2). The ventral pad of reptilian
claws corresponds to the ‘neonychium’ or claw-pad of
bird claws, a cushion of embryonic tissues suggested
to prevent the damage on embryonic tissues caused by
the presence of an unprotected, sharp claw tip (see
Kerr, 1919; Alibardi, 2009a).

The dispersion of fine alpha-keratin filaments
among coarse filaments produces a soft form of kerati-
nization in the embryonic epidermis. In the claw no
shedding layer is evident, including the claws of liz-
ards, and corneocytes remain at least partially sepa-
rated in the mature, external layers. Superficial cells

may be lost either with a slow but continuous process
of wearing or by a periodical shed similar to that re-
ported for avian and mammalian claws (Cane and
Spearman, 1967; Kreisa, 1979). The lack of a shedding
complex in claws allows the accumulation of numer-
ous layers of hard-keratin cells that merge into a com-
pact and resistant corneous stratum.

The thinner keratinocytes in the inner side of the
claw (sub-unguis) have been shown to possess mainly
alpha-keratin cells characteristics of all reptilian
groups. In fact, these cells flake off relatively easily,
possess a corneous cell membrane, and contain small
keratohyaline-like granules at the beginning of their
differentiation. The alpha-type keratinocytes are more
electron-dense than keratinocytes accumulating
hard(beta-) keratin, and contain numerous tonofila-
ments but no beta-packets. The presence of lipid drop-
lets, pale vesicles, and of extracellular lipids indicates
these cells as alpha-keratinocytes. The cells are prob-
ably lost periodically and superficially like those
present in the hinge region of normal scales. At later
embryonic stages and in the adult claw, a thin and
compact layer is also present in the sub-unguis, a con-
dition also observed in avian claws (Lucas and Stet-
tenheim, 1972). The presence of softer and harder cor-
neocytes is probably related to the amount of keratin-
associated proteins (or beta-keratins) accumulated in
corneocytes during the process of cornification, as dis-
cussed in the next section.

Cornification in reptilian claws in comparison to scales

Beneath the embryonic epidermis, a definitive stratum
corneum containing hard-keratin cells (formerly called
beta-keratin cells) is formed well in advance of hatch-
ing. The formation of hard-keratin cells in the claw
prior to the development of beta-cells in the scales of
the skin remains to be explained. Also, it is unclear why
hard-keratinocytes remain discrete cells in the stratum
corneum of the claws while they tend to merge into a
sincytium in the scale. This process may be related to
the lack of a shedding layer in claws while a shedding
layer is present in the epidermis of scales in lepidosau-
rians (Maderson, 1985; Alibardi, 2008b). While the
evolution of the scale epidermis has progressed toward
the improvement of a scission (shedding) layer in lepi-
dosaurians, the functional demand of the claw requires
an increase in the thickness of the stratum corneum.
Therefore a shedding layer is not formed and the claw
surface is worn with use or may be lost in irregular
flakes in some periods, although the latter process has
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not been histologically documented from the available
literature. The mechanism that determines this differ-
ence between claws and normal scales (where a shed-
ding layer is formed) remains unknown.

The present study has shown that hard-keratin cells
of claws possess a variable shape, elongation and di-
mension in different species of lizards, Sphenodon, al-
ligator and turtles. Keratinizing cells are fusiform in
all species but they tend to elongate in some species
more than in others. In claws of some lizards (Lampro-
pholis and Podarcis) hard-keratin cells have a spindle-
shape and accumulate hard-keratin in the form of an
irregular mass, as in normal scales. These filaments
have a prevalent parallel disposition and are orientated
along the longitudinal plane of the digit, roughly paral-
lel with respect to the epidermis surface. This preva-
lent orientation of bundles of keratin also occurs in the
mammalian nail, which consists of hair-like keratins
and in matrix or keratin associated proteins (Baden,
1970; Gillespie, 1991; Rogers, 2004).

In the claw of S. punctatus Gray 1842 and in that of
the alligator, corneous cells become quite elongated
and they stick together at the apex of the claw to form
the pointed tip. A further elongation of corneocytes is
seen in the beta-layer of the claw in A. lineatopus Gray
1840 where cells accumulate long and parallel bundles
of hard (beta-) keratin. After incorporation into the
stratum corneum these cells stick together and largely
merge with each other into a compact corneous layer.
This type of cornification may also occur for the claw
in other iguainid lizards, such as A. carolinensis
Duméril and Bribon 1837 (Alibardi, personal observa-
tions) and Crotaphytus collaris Say 1823 (see Fig. 2 in
Maddin et al., 2007).

A process of extreme cell elongation is observed in
specialized digital scales localized near the claw, in the
digital adhesive lamellae of anoline lizards. The latter
represent a gripping device that improves the (primi-
tive) claw grip. The resemblance of elongating beta-
cells in claws of iguanid lizards with setae of the near-
by pad lamellae suggests that while claws evolved by
fusion of these elongated corneous cells, pad lamellae
evolved by separating the elongated cells through the
interposition of cells of the clear layer. The bundles of
hard-keratin are oriented along the main axis of these
cells, a process that resembles that of elongating bar-
bule cells of feathers.

In conclusion, the different growth patterns in am-
phibian, reptile, bird, and mammalian claws appears
related to their specific skin derivation (Fig.10 C2-C7).
The derivation from a scale indicates that reptilian and
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avian claws are not homologous to claws in either am-
phibians or mammals that are not derived from scales.
Therefore in reptiles and birds, claws obtain their pat-
tern of growth from the pattern of growth in scales in
which proliferating cells are mainly found in the outer
scale surface. The latter becomes the unguis while the
sub-unguis, like the inner surface of body scales,
shows a lower number of dividing cells. Different from
reptiles, mammalian claws grow from proximal cent-
ers of cell proliferation, termed matrix zones, linked
with the evolution of a proximal groove with an asso-
ciated dermal papilla. Therefore in tetrapods claws are
corneous structures that evolved by a process of con-
vergence associated with the growth of the last pha-
lanx, and permitted grasping, clinging, manipulation,
offence and defence.
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