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A B S T R A C T

After tail loss in the African gecko Lygodactylus capensis (Smith, 1949) a new tail is regenerated, including caudal
adhesive pads. The axial skeleton of the regenerating tail consists in an elastic cartilaginous tube replacing the
original vertebrae that allows interacting with the substrate like in the original tail. The formation of adhesive
setae has been analyzed using transmission and scanning electron microscopy coupled to immunolabeling for
Corneous Beta Proteins. During progressive stages of epidermal differentiation new setae are developed at stage
4 of the shedding cycle and contain Corneous Beta Proteins. These structural proteins are faintly localized in the
Oberhäutchen but are abundant in the beta-layer, indicating that the two epidermal layers have a different
protein composition. The setae originate from the growth of Oberhäutchen spinulae into the cytoplasm of clear
cells and the latter produce a thick fibrous meshwork of keratin and other unknown proteins localized around
the growing setae. This cytoskeleton likely allows molding tail setae like for digital setae. A graded development
of setae is observed from the base to the tip of regenerated pads and from the periphery to more central areas.
The terminal end of the setae is subdivided into numerous filamentous spatulae that increase the adhesion
contact. Sensory boutons are frequently detected at the margin of tail scales and adhesive pads, likely improving
compliance with the substrate. The present study indicates that tail regeneration is a convenient experimental
model to analyze adhesive setae formation, microstructures that allow to these lizards climbing vertical and
arboreal substrates.

1. Introduction

Among the modified scales of lizards, the formation of soft and sticky 
outer (dorsal) surfaces, occurs in adhesive pads, as summarized in 
Maderson, 1964, 1970) and Russel (2002). These pads are usually found 
in digits that are utilized for clinging and climbing onto almost any type 
of substrate, allowing to these geckos to move on vertical and inverted 
surfaces and defeating gravity (Autumn and Peattie, 2002; Russel, 2002; 
Gao et al., 2005; Niewiaroski et al., 2016). The external layer of these 
adhesive digital scales, the outer scale surface, presents micro- 
ornamentation derived from the most external layer of the epi dermis, 
called Oberhäutchen. These microstructures grow in length for 5 to 
above 100 μm, depending from the species (Maderson, 1970), and form 
long bristles termed setae that terminate with an enlarged ad hesive 
nanostructure, the spatula (Rizzo et al., 2006; Alibardi, 2009,200; 
Alibardi, 2018; Alibardi and Meyer Rochow, 2017).
The cellular process at the origin of setae remains unknown but previous 
comparative ultrastructural studies on different species of

lizards have indicated the formation of a cytoskeletal meshwork around 
the growing setae while they accumulate large amounts of Corneous Beta 
Proteins, a family of small proteins previously indicated as beta keratins 
(Alibardi, 1999; Alibardi and Meyer Rochow, 2017). The study on the 
origin of these microstructures has become important also for various 
technological applications, and numerous studies have been carried out 
aiming to produce artificial materials of multiple utiliza tions with 
adhesive properties similar to those of geckos (Ge et al., 2007; Autumn 
and Gravish, 2008; Carbone et al., 2011).

In addition to digital pads some geckos also possess adhesive pads by 
the tip of the tail, as summarized by Maderson (1971), and Bauer,(1998). 
Caudal adhesive pads were initially described since the end of the 19th 

Century by Tornier (1899) and from other subsequent authors (Muller, 
1910; Schmidt, 1919; FitzSimons, 1943; Mertens, 1964) in  numerous 
species of geckos. This anatomical specialization further helps these 
lizards to move across the arboreal environment where they live. Since 
the tail can also regenerate in case of loss, also normal scales and even 
those modified as pads can regenerate (Mertens, 1964;
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Maderson, 1971; Alibardi and Meyer Rochow, 2017). Tail regeneration 
in lizards allows the new formation of numerous tissues and in parti- 
cular of neogenic scales in the skin (Maderson et al., 1978; Bellairs and 
Bryant, 1985; Alibardi, 2010). Regenerating scales derive from an in 
vagination of the epidermis into the dermis, and this process give rise to 
epithelial pegs that progressively generate the new epidermal layers of 
the new scales, although these are smaller and often irregularly dis 
tributed with respect to the original ones (Bryant and Bellairs, 1967; Liu 
and Maneely, 1969; Alibardi and Toni, 2006; Wu et al., 2014). During 
regeneration an epidermal generation made of six main layers are 
produced, indicated from outside inward as Oberhäutchen, beta layer, 
mesos layer, and finally the alpha layer that is subdivided into a la- 
cunar, alpha mature and clear layer (Maderson et al., 1978, 1998; 
Alibardi and Toni, 2006). The latter layer forms a temporary connection 
with the Oberhäutchen layer of the following epidermal generation, a 
connection that is destined to be eventually degraded at molting. The 
cells of the clear layer of the outer epidermal generation, destined to 
molt, initially forms inter digitations with the Oberhäutchen of the 
successive generation, the inner generation, destined to replace the 
outer generation at shedding: the two layers form the so called “shed 
ding complex”, a unique specialization of squamates (Maderson et al.,

1998). The shedding complex of adhesive pads is complicated by the 
elongation of the micro ornamentation of the Oberhäutchen into long 
setae.

The study of regenerating scales and adhesive pads in geckos can 
provide further details on the cytological process of formation and 
shedding in these specialized scales, and in the present study we focus 
on this experimental system to analyze in particular the origin of setae 
using immunohistochemistry and electron microscopy, a stage that was 
missing in a previous study on another species of gecko (Alibardi and 
Meyer Rochow, 2017). The study confirms that working on re- 
generating scales and adhesive pads is a useful experimental system for 
future studies on the role of the cytoskeleton for the origin of the setae.

2. Materials and Methods

2.1. Animals and fixation

Two juvenile specimens of the African gecko Lygodactylus capensis 
(Smith, 1849) were utilized for this study. The animals were purchased 
in an authorized pet shop, and they were kept in cages at Summer 
temperatures (25 30 °C), and fed with small earthworms alternated to

Fig. 1. Histology of normal tail scales (A-B)
and on progressive stages of scale regeneration
(C-F). A, beginning of formation of the shed-
ding line (arrows) within the epidermis. Bar,
10 μm. B, detail on the shedding line (arrow)
separating the clear from the Oberhäutchen.
Bar, 10 μm. C, regenerating tail at 25 days of
regeneration showing the wound epidermis
forming pegs. Bar, 50 μm. D, detail on peg
elongation at 25 days, from right to left, with
the oriented fibroblasts (arrows) in the forming
dermis. Bar, 20 μm. E, detail on layer stratifi-
cation within a peg at 25 days of regeneration.
The arrow points to presumptive spindle-
shaped Oberhäutchen-beta-cells. The arrow-
head indicates presumptive clear cells. Bar, 10
μm. F, regenerated (neogenic) scale with a thin
Oberhäutchen-beta-layer located above an in-
complete alpha-layer at 35 days of regenera-
tion. Bar, 20 μm. Legends: ba, basal layer; cl,
clear layer; cw, corneous layer of the wound
epidermis; d, dermis; e, epidermis; h, hinge
region (interscale); i, inner scale surface; mu,
regenerating muscles; ob, Oberhäutchen; obe,
Oberhäutchen-beta layer; p, epidermal peg; t,
tip of the tail; asterisks indicate an artifact
detachment of the outer layer due to sec-
tioning.



vinegar flies (Drosophila) and small crickets. The amputation of the tail 
was done inducing autotomy near the tail tip and the collected normal 
tail of about 3 mm was immediately fixed for histology. The re 
generating tails were collected from one individual at 25 days (2 mm 
long), when the skin appeared smooth and un scaled. From the other 
individual a regenerating tail of 3 mm was collected at 35 days, when it 
was showing some scaling in the proximal part attached to the original 
tail. A second round of collection from the same individuals was done 
on regenerating tails of about 2 mm in length after 35 days from the 
second amputation in one gecko, and another regenerated tail of 45 
days and about 2 mm in length from the second gecko: therefore in total 
four samples at different regenerative periods (25, 35 and 45 days) were 
studied in order to capture progressive stages of scale regeneration, and 
in particular of setae formation in caudal scales.

The collected tails were delicately halved with a sharp scalpel for 
improving fixation and embedded in Bioacryl resin (Scala et al., 1992) 
for Histology and TEM (transmission electron microscopy), aside few 
sampled of the normal and regenerated tail that were kept for the study 
under SEM (scanning electron microscopy). Fixation was done for 10 
12 hours at 4 °C in 5% formaldehyde in 0.2 M Phosphate buffer at pH 
7.4, then tissues were dehydrated in ethanol, immersed in Bioacryl for 
3 4 hours, and then were inserted into gelatin capsules and exposed at

4 °C to UV light for 2 days for hardening the resin. Other samples of the 
skin of normal tails (n = 2) and regenerated tail (at 45 days of re- 
generation, n = 1) were instead dehydrated 2 3 times in pure ethanol, 
dried at room temperature and prepared for Scanning Electron Micro- 
scopy.

2.2. Histology and Immunohistochemistry

The tissues in resin were sectioned at 2 4 μm using a Leika Nova 
ultramicrotome for histology and immunohistochemistry. In the first 
case the collected sections were stained with 1% Toluidine blue while 
for immunohistochemistry they were collected over a film of distilled 
water, dried for about 2 hours on a hot plate at about 40 °C, and reacted 
with the antibody. The pre core box antibody raised in rabbit (see de 
tails in Alibardi and Meyer Rochow, 2017) was utilized for detecting 
corneous beta proteins (formerly indicated as beta keratins), at a dilu- 
tion of 1:50 100 in 0.05 M Tris Buffer at pH 7.4, containing 5% of BSA 
(Bovine Serum Albumin) and 2% NGS (normal goat serum). In order to 
inhibit non specific antigenic sites, a pre incubation of 30 minutes was 
done in the incubating solution without the primary antibody. In con- 
trols sections, the incubating solution did not contain the primary an- 
tibody. After the incubation with the primary antibody and three rinses

Fig. 2. Histology of regenerating tail and ad-
hesive pads (A-D) and immunofluorescence
(TRITC) for Corneous Beta Proteins (CBP, E-H)
at 35 days of regeneration. A, general aspect of
the tip of a regenerating tail with the axial
cartilage and a well scaled new epidermis. The
arrows point to two pads. Bar, 50 μm. B, detail
on the axial cartilage (metachromatic) with the
enclosed ependymal canal. Bar, 20 μm. C, close
image of two pads featuring the mature and
unstained, outer setae, and the shedding line
(arrows). Bar, 20 μm. D, close-up image of the
inner setae present in a caudal pad. Bar, 10 μm.
E, normal tail scale showing the highest im-
munofluorescence over the outer beta-layer
and the inner beta-layer. Dashes underline the
epidermis. Bar, 10 μm. F, closer view of the
inner beta-layer and of the weakly stained
shedding line in a normal scale. Bar, 10 μm. G,
section of a pad showing intensely labeled
outer setae, and their sustaining
Oberhäutchen-beta layer. Also the forming
inner setae appeared intensely labeled. Bar, 10
μm. In the inset (Bar, 10 μm) most outer setae
have been cut in cross section. H, immune-
negative control section (CO) of normal scale.
Dashes underline the epidermis. Bar, 10 μm.
Legends: a, alpha-layer (mature); b, beta-
layer; d, dermis; e, epidermis; ep, ependymal;
h, hinge region; i, inner scale surface; ib, inner
(forming) beta-layer; is, inner (forming) setae;
m, mesos-layer; mu, muscles; ob,
Oberhäutchen; obe, Oberhäutchen-beta layer;
rc, regenerated cartilage; s, setae (fully corni-
fied); sc, scale; sl, shedding line; asterisks in-
dicate an artifact detachment of the outer layer
due to sectioning.



with the buffer, a secondary antibody conjugated to TRITC (Tetra- 
methyl Rhodamine, Sigma, USA) was applied to the sections at 1:200 
dilution for about 1 h at room temperature. Observations were carried 
out using a fluorescence microscope with a Rhodamine filter, and 
images were recorded on a digital camera.

2.3. Transmission and scanning electron microscopy

For transmission electron microscopy immunogold labeling, thin 
sections of the tissues were collected on Nickel grids (200 300 mesh) at 
40 90 nm thickness. The sections on grids were initially pre incubated 
for 10 minutes in an incubating solution containing 5% cold Water Fish 
Gelatin in 0.1 M phosphate buffer at pH 7.2 7.4. The following in 
cubation with the pre core box antibody lasted for 6 hours at room 
temperature, using a dilution of 1:100 in the incubating solution. In 
controls the primary antibody was omitted. After rinsing, a goat anti- 
rabbit secondary antibody conjugated to 20 nm large gold particles was 
applied to the sections at 1:100 dilution in buffer for 1 h at room 
temperature. After rinsing in buffer and in distilled water, the dried grids 
were observed using a Zeiss 10C/CR transmission electron microscope 
operating at 40 60 kV. Images were collected with a digital camera, and 
selected images served to compose the figure plates using the Adobe 
Photoshop program 8.0. For SEM, the dehydrated samples where dried 
in air, and later coated with Gold using a BIO RAD Sem Coating System 
SC502 working at 12 mA for 60 sec. and observed under a SEM Hitachi S 
2400 operating at 20 kV.

3. Results

3.1. Light microscopy and immunocytochemistry

The present description briefly summarized the principal and new 
observations, and more detailed descriptions of normal and re- 
generating scales have been amply published (Maderson et al., 1978, 
1998; Alibardi et al., 2004; Alibardi and Toni, 2006). The histology of 
normal scales in the sampled tail tips showed the coexistence of two 
epidermal generations, an incomplete outer generation and a forming 
inner generation, separated by a pale line that represents the shedding 
layer between the two generations (Fig. 1 A, B). The outer generation 
comprised a thin Oberhäutchen beta layer, followed underneath by an 
immature alpha layer (not yet completely cornified), and terminating 
with a clear layer that appeared separated from the large polygonal cells 
of the inner Oberhäutchen layer of the incomplete inner genera tion by 
the pale shedding line (Fig. 1 B). The nature of the shedding line was 
later confirmed under the electron microscope observation (see later 
description).

The regeneration of the new tail tip was followed until from 25 to 45 
days post amputation in Lygodactylus capensis at the employed tem 
peratures, and the tail tip was initially (25 days of regeneration) cov- 
ered by a linear multilayered epidermis which became waved and 
formed pegs in more proximal direction (Fig. 1 C). These pegs became 
asymmetric moving proximally, at about 1 mm from the tail tip, and 
fibroblasts underneath appeared stretched perpendicularly to the epi- 
thelium. In more differentiated pegs at 35 days, the epidermis showed a

Fig. 3. Transmission electron microscopy
images on the surface of normal scale epi-
dermis (A-B) and of a regenerating pad (C-D),
studied using immunogold labeling for
Corneous Beta Proteins. A, labeled
Oberhäutchen-beta layer, but not in the spi-
nulae and the underlying (alpha-) layers. Bar,
0,25 μm. B, lower part of the epidermis
showing some layers of the alpha-stratum and
of pre-corneous and basal cells located under-
neath. Dashes underline the epidermis. Bar, 2
μm. C, intensely labeled Oberhäutchen-beta
layer, including the setae of an adhesive pad.
Bar, 0.5 μm. D, general view of the shedding
line (between arrows) formed between the
clear layer above and the Oberhäutchen below.
Bar, 2 μm. Legends: a, mature alpha-layer; b,
beta-layer; ba, basal layer of the epidermis; cl,
clear layer; m, mesos-layer; me, melanosomes;
mp, melanophore in the dermis; n, nucleus; ob,
Oberhäutchen; obe, Oberhäutchen-beta layer;
sp, spinula.



stratification of new layers, starting with the spindle shaped cells of the 
new beta generation (Fig. 1 E). The latter eventually packed into a 
compact but very thin beta layer (Fig. 1 F), that covered the largely 
formed but still immature neogenic (regenerating) scales at 35 and 45 
days (Fig. 1 F).

The histological examination revealed that the axial skeleton of the 
tail at 25 45 days of regeneration was formed by an elastic type of 
cartilage, very cellular and with scarce intercellular and metachromatic 
matrix, that enchased an ependymal epithelium (Fig. 2 A, B). The latter 
included roundish paler cells, identified as Cerebro Spinal Contacting 
Neurons (data not shown). Among most normal scales, also those 
showing longer extensions of pale and unstained bristles, the adhesive 
pads, were seen in the ventral region of the regenerated tail tip (Fig. 2 A, 
C). The length of the setae increased abruptly toward the tip of the pad. 
The pale shedding line consisted in weakly stained setae of 2 4 μm in 
length, generally shorter than the outer setae (Fig. 2 C). In some pads at 
35 days however, the inner setae were almost as long as those of the 
outer generation and the alpha layer appeared mature and largely 
cornified (Fig. 2 D). This histological condition suggests that these re- 
generated pads were close to shedding. At 45 days only one generation 
of setae was seen, as the pads were completely regenerated.

After immunostaining, normal scales showed intensely fluorescent 
the outer beta layer and also intense was the fluorescence observed on 
the differentiating and fusiform beta cells of the inner generation (Fig. 2 
E, F). Also, the shedding line showed a weak fluorescence while no other 
part of the epidermis or dermis was labeled. The regenerated scales 
showed an intense fluorescence in both outer and inner setae, and in the 
Oberhäutchen beta layer sustaining the setae (Fig. 2 G).

Control sections of normal scales or pads were not immunofluorescent 
(Fig. 2 H).

3.2. Transmission electron microscopy and immunogold

In normal tail scales, the mature and compact Oberhäutchen beta 
layer was variably labeled while no gold particles were seen in the 
remaining layers present underneath, including the mature alpha layer 
(Fig. 3 A, B). The mature Oberhäutchen beta layer of regenerated scales 
and pads at 35 days was intensely immunolabeled, especially the lower 
beta component while the merged superficial Oberhäutchen and its 
setae were less labeled (Fig. 3 C). In regenerating pads at 35 days, the 
plane of sectioning often intercepted the forming shedding line of pads 
tangentially, revealing numerous cross sectioned setae of the 
innergeneration that formed 4 5 rows of circular structures (Fig. 3 D).

The observation at higher magnification revealed that these inner- 
setae were immunolabeled with gold particles, and also the base of the 
forming setae accumulated labeled corneous material (Fig. 4 A). This 
labeling revealed that Corneous Beta Proteins are accumulated in the 
forming setae. Each seta was surrounded by the pale cytoplasm of clear 
cells that contained a dense meshwork of fibrous material similar to 
keratins bundles, with a circular disposition around the setae (Fig. 4 A). 
No labeling was instead seen in either clear cells surrounding the setae 
or in control sections (Fig. 4 B).
The remaining cytoplasm of the Oberhäutchen cells was poorly and 
diffusely labeled for Corneous Beta Proteins while the highest immune 
labeling was present in the forming beta layer located underneath the 
shedding line (Fig. 4 C, D). Differentiating beta cells were packed with

Fig. 4. Immunogold labeling for Corneous Beta
Proteins in the forming setae. A, detail of the
shedding line featuring the immunolabeled
corneous material incorporating into the de-
veloping setae (arrows). Arrowhead indicate
corss-sectioned setae while the double arrow
point to the denser fibrous meshwork sur-
rounding the setae. Bar, 200 nm. B, Immuno-
negative control (CO) section of centered on
the shedding line. Bar, 200 nm. C, low magni-
fication image showing beta-cells rich in gold-
labeled bundles of corneous material (beta-
packets), in continuity (arrows) with the im-
munonegative Oberhäutchen layer. Bar, 0.5
μm. D, detail on the intensenely labeled beta-
packets of a differentiating beta-cells (dashes
outline the boundary with an immune-negative
Oberhäutchen cell). Bar, 200 nm. Legends: cl,
clear layer/cytoplasm; k, keratin bundles; n,
nucleus; ob, Oberhäutchen layer; s, forming
setae.



slightly more electron dense and large bundles of corneous material than 
in Oberhäutchen cells (Fig. 4 D). These bundles merged into a compact 
and highly immunolabeled beta layer in more differentiated scales at 45 
days of regeneration, like for regenerated scales at 35 days (Fig. 3 C).

3.3. SEM observations on normal and regenerated scales

The observations at low magnification of normal scales of different 
size (Fig. 5 A) showed over most of scales a spinulated surface, gener- 
ated from the Oberhäutchen (Fig. 5 B, C). These spinulae were about 1.5 
2.0 μm high and tended to curve backward, sometimes intercepting and 
perforating occasional fragments the shed clear layer (Fig. 5 B, C). In- 
fact, the observation of these fragments often showed that the sharp tips 
of the Oberhäutchen spinulae had formed holes in these fragments (Fig. 
5 C and the inset). In some scales an un usual pattern of micro- 
ornamentation was observed, representing microstructures generated 
from the Oberhäutchen layer in the range of 5 15 μm in length. The 
latter consisted in some elongation from the Oberhäutchen with a pe- 
culiar branching pattern of thin filaments of 0.3 0.5 μm in diameter, and 
along these branches a series of terminal clubs were formed, perhaps 
representing a type of spatula ends (Fig. 5 E). Therefore the sur face of 
these scales appeared covered with tiny clubs like endings of 0.2 0.4 μm 
in diameter, a frequent size for spatula endings in gecko setae.

Fully formed pads were observed at the tip of the regenerated tail at 
45 days (Figs. 6 and 7). Various pads were seen concentrated by the tail 
tip, mainly on the ventral surface (Fig. 6 A), and each pad showed 
numerous cylindrical shaped setae of 30 40 μm in length for a diameter 
of 1 2 μm. The setae were localized toward the tip of the outer (dorsal) 
surface, from about the half of the distal region of these modified scales, 
and terminated at their tip forming a linear row of setae (Fig. 6 B). Along 
the right and left borders of these modified scales, setae de creased in 
length and diameter to the size of spinulae (Fig. 6 B, C). The decrement 
in size was also present toward the proximal surface of the

scales, otherwise covered by small Oberhäutchen spinulae. The setae 
appeared either isolated or clumped into bundles of 2 6 setae, and also 
single setae were present (Fig. 6 B, C, D). The irregularity of these 
clumping indicated that this is an artifact derived from preparation for 
SEM. Like the more elaborated digital setae, also the caudal setae ter- 
minated into a tufts of smaller filaments of 50 150 nm, each terminating 
in a spatula surface (Figs. 6 D, E, 7 A). High magnification observations 
showed that by the apical part of each seta, from about 3 6 μm from the 
tip, branched into 3 6 smaller branches that eventually terminated in 3 6 
spatular surfaces in each branch.

At the tip of pads, only long setae were seen, a broad contrast with the 
much smaller spinulae present in the inner scale surface at the tip of these 
pads (Figs. 6 B, 7 B, E). Also, along the tip of some tail scales and pads, 1 
up to 5 ampullary sensory organs were detected (Fig. 6 B, 7 C, D, E). The 
ampullae were enclosed in seemingly concavities, and con sisted in a 
circular arrow of Oberhäutchen spinulae bearing a central tuft of 3 5 long 
filaments with the size of small setae, 15 20 μm in  length by 0.5 μm in 
diameter each (Fig. 7 D, E).

4. Discussion

4.1. Caudal setae formation

Compared to previous reports (Maderson, 1971; Alibardi and Meyer 
Rochow, 2017), the present study has detected the key stage in which 
spinulae are forming in normal scales and also pads where setae are 
forming at 35 days of tail regeneration, corresponding to stage 4 of the 
epidermal shedding cycle (Maderson, 1964, 1970; Maderson et al., 1998). 
The present electron microscopic observations, coupled to im- 
munolabeling for Corneous Beta Proteins, confirm that setae contain 
these small proteins with a central beta sheet region, and that a dense 
fibrous cytoskeletal meshwork present in the cytoplasm of clear cells 
surrounds the growing setae, like during the differentiation of the di gital 
setae (Hiller, 1972; Alibardi, 1999, 2003, 2009; Alibardi, 2018; Alibardi 
and Meyer Rochow, 2017; Rizzo et al., 2006). The present

Fig. 5. Scanning electron microscopy of caudal
scale in regenerated tails. A, general view
showing variations in the scale size. Bar, 250
μm. B, detail on the Oberhäutchen spinulae of
a normal scale. Arrows indicate the point of
merging of the spinulae with fragments likely
left from the clear layer after shedding. Bar, 2
μm. C, close up image to show the tip of spi-
nulae (arrows) inserted in cell fragments, likely
clear cell remnants. Bar, 2 μm. The inset (Bar, 1
μm) shows numerous holes (arrowheads) in a
cell fragment, likely left from Oberhäutchen
spinulae during penetration into the clear
layer. D, other detail of a fractured area re-
vealing the beta-layer underneath the spinulae
(arrows). Bar, 2.5 μm. E, longer Oberhäutchen
elongation observed in tail scale that shows a
branching pattern (arrows) and the formation
of rows of terminals club-like, spatula endings
(arrowheads). Bar, 10 μm. Legends: b, beta-
layer; ls, larger scale; ss, smaller scale; ob,
Oberhäutchen spinulae; s, setae.



study shows that the cytoskeleton present inside clear cells contains 
keratin fibrils but also other, unknown components. It is believed that 
this cytoskeletal reinforcement of the cytoplasm surrounding the 
growing setae contributes to their molding into definitive setae and for 
shaping the terminal end termed spatula, the site of adhesion on the 
substrate (Alibardi, 1999; Rizzo et al., 2006). The nature of the non- 
keratinocus cytoskeletal material remains unknown but this caudal 
model of pad morphogenesis appears appropriate for analyzing protein 
composition in future studies.

The study using the pre core box antibody has shown a weak la- 
beling in the corneous material accumulated in Oberhäutchen cyto- 
plasm, in the spinulae of normal scales, but increases in the setae of 
adhesive pads. However, the immune localization of Corneous Beta 
Proteins in setae is lower in comparison to that detected in beta cells 
during differentiation and after their complete maturation into a com- 
pact beta layer. This observation further indicates a different compo- 
sition of the Corneous Beta Proteins synthesized in the two different 
layers, although eventually they merge in a sincytium at maturity, here 
indicated as Oberhäutchen beta layer (obe, see Fig. 1). This difference 
was previously detected in both lizard and snake Oberhäutchen, which 
contains granules of dense corneous material rich in sulfur, absent in 
beta cells (see summary in Alibardi and Toni, 2006). The Oberhäutchen 
incorporates more histidine than the beta layer, another indication that 
some histidin rich proteins are accumulated among keratin bundles. 
Conversely beta cells take up proline in much higher degree than the 
Oberhäutchen (Alibardi et al., 2004; Alibardi et al. 2004). In snakes, the 
Oberhäutchen contains some unique Corneous Beta Proteins rich in

cysteine that are absent in the beta layer (Alibardi, 2014). The Ober 
häutchen constitutes the layer of transition between the alpha and the 
beta epidermal generation, and therefore unique proteins are synthe- 
tized in this monolayer of transitional cells. Most of proteins in the 
Oberhäutchen remain to be characterized, but they are likely re- 
sponsible for the huge variation in micro ornamentation patterns formed 
in different species of squamates (Price, 1982; Irish et al., 1988; Arnold, 
2002). The smaller setae degrading to spinulae size (Fig. 6 B, C), suggest 
a progressive lateral growth of the setae, especially those present in the 
proximal area of these modified scales. The static images cannot tell us 
whether the short setae represent a series of growing (regenerating) 
setae or merely the termination of the area where setae are located. The 
former hypothesis is suggested by the localization of mRNAs for 
Corneous Beta Proteins in the inner and also outer setae, and from the 
uptake of tritiated histidine in setae (Alibardi et al., 2007).

4.2. Caudal setae morphology in relation to adhesion and sensorial 
reception

The present SEM observations have revealed a micro ornamentation 
pattern never seen before in other squamates to the best of the present 
authors’ knowledge, with branching micro ornamentation that appear to 
give off to rows of endings along the branching system of these thin setae 
like structures. It is uncertain whether the scales containing this 
elaborated micro ornamentation (Fig. 5 E) represent a transition from 
the Oberhäutchen of normal scales and pads or a stage of development 
of pads from normal scales. Whether this system may enhance further

Fig. 6. Scanning electron microscopy images
on regenerated pads and setae at 45 days. A, a
group of pads covered by a bed of setae (ar-
rows), and located by the tip of the regenerated
tail. Bar, 100 μm. B, a single pad shows a group
of setae on the tip of the scale, surrounded by
smaller spinulae. The arrow indicates an apical
sensory organ. Bar, 50 μm. C, detail on a row of
setae that confine with smaller setae (arrow-
heads) and more peripherally with small
Oberhäutchen spinulae. Bar, 25 μm. D, detail
on the fluffy tip of isolated (arrows) or
clumped (arrowheads) setae. Bar, 5 μm. E,
other detail on the terminal branching (ar-
rowheads) of setae. Bar, 2 μm. Legends: fs,
front setae; o, outer (dorsal) scale surface; ob,
Oberhäutchen; s, setae; sc, scales.



adhesion on the very irregular surfaces encountered in the arboreal 
environment by these geckos remains unknown, but it would deserve a 
specific analysis.

The proximal area of the pads, near the hinge region, is largely 
overlapped with the other pads, so cannot actively participate to the 
adhesion and is therefore devoid of setae. Only the distal region of the 
pad, the exposed area of the pads, actively interacts with the substrate, 
and therefore most setae of the mature outer generation are con- 
centrated by the tip of the pad, like in the digits. During tail re- 
generation, the axial skeleton regenerated in this arboreal gecko is 
composed by an elastic cartilage, so that the new tails remains almost as 
flexible as the original one (Alibardi and Meyer Rochow, 1989; Alibardi 
and Meyer Rochow, 2017). The differentiation of elastic chondrocytes, 
initially noted for the New Zealand gecko Hoplodactylus maculatus, 
probably also occurs in other species of geckos with prehensile tails 
(Bauer, 1998), and appears as a generalized mechanism aiming to 
maintain tail efficiency despite the anatomical simplification of the 
regenerated tail that lacks of a segmented vertebral column. The ex 
tensive apical branching of caudal setae is comparable to that of digital 
pads, suggesting that caudal setae efficiently complement the adhesive 
behavior of these arboreal lizards (Bauer, 1998). The setae are likely 
shed from the apical region of the pad when the inner setae generation

is formed underneath, as previously indicated for digital scales in other 
geckos (Alibardi et al., 2007). The frequency of skin shedding in these 
pads however remains unknown.

The presence of numerous sensory organs, also in the regenerated 
scales and pads of the new tail, indicates that these mechanoreceptors 
are very important for recovering the orientation and maneuverability 
of the new tail in the arboreal environment. Similar sensory structures, 
indicated as tactile organs, have been described in other geckos where 
they regenerate after skin shedding (Hiller, 1977; von During and 
Miller, 1979). In conclusion, the present study further indicates that the 
cellular process of setae formation in geckos can be conveniently stu- 
died in the regenerating caudal pads (Alibardi and Meyer Rochow, 
2017).
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Fig. 7. Other scanning electron microscopy
images on regenerated pads and setae at 45
days. A, high magnification detail on the
terminal branching (arrows) of setae. Bar, 1
μm. B, detail on isolated setae with fluffy apex
(arrow) located at the periphery of an adhesive
pad, in continuation with Oberhäutchen spi-
nulae. Bar, 5 μm. C, view of tail scale with
indicated five sensory organs (arrowheads)
localized along the front of the scale tip. Bar,
20 μm. D, detail on a sensory organ with the
central filaments (arrow). Bar, 5 μm. E, detail
showing a sensory organ with its sensorial fi-
laments (arrow), located at the tip of a pad.
Bar, 10 μm. Legends: ob, Oberhäutchen; s,
setae; sp, spinulae of the Oberhäutchen.
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