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ABSTRACT

Considering that the identification of equivalent entities is the basis
for any comparative analysis, we compare the histology, histochemistry,
shape and dimensions of epiphyses, carpal and sesamoids in two anuran
frogs. Our goal was to explore the morphological correspondence among
these three skeletal elements in order to clarify the sesamoid identity. We
studied the skeletogenesis, contour geometric morphometry and dimen-
sions of forelimb elements of juveniles of two anurans species Leptodacty-
lus bufonius and Rhinella arenarum. Skeletogenesis in anurans present a
common trait between carpals and sesamoids: both elements exhibit endo-
chondral ossification. A difference between these elements is the presence
of fibrocartilage in the development of sesamoids. The geometric mor-
phometry does not allow us to establish a shape pattern that can be com-
pared either between sesamoids and epiphyses or carpals. With regard to
dimensions, our data indicate that bones categorization based on these
aspects is ambiguous and therefore is useless to classify of skeletal bones.
The data about tissue differentiation of sesamoids provide evidence that
support the idea that these elements should be considered part of the typ-

ical endowment of the vertebrate skeleton. Anat Rec, 00:000—-000, 2015.
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The forelimb skeleton of tetrapods is composed of
three elements: long bones, short bones (carpals) and
sesamoids. Short bones are those having their three
dimensions equally developed, with a thin cortex of com-
pact bone tissue and spongy bone tissue inside (Tortora
and Derrickson, 2006; Ross and Pawlina, 2007). The
word sesamoid comes from seed-like, morphology as ses-
ame seed (Vickaryous and Olson, 2007). These elements
are rarely mentioned in the descriptions of normal anat-
omy of any tetrapod skeleton because of their alleged
variability (but see Jerez et al., 2009; Ponssa et al.,
2010). It has been proposed that sesamoids originate
through persistent mechanical stimuli on tendons that
wrap around an epiphysis (Carter et al., 1998). However,
Ponssa et al. (2010) demonstrate that differentiation of
many sesamoids begins well before the tendinous tissue
is recognizable. Their histological data show that the
main stimulus eliciting the graciella sesamoid genesis
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should be genetic because the cartilage precursor is pres-
ent before the dense connective tissue differentiates into
a tendon (Ponssa et al., 2010). They also interpreted
that if a whole group includes a particular sesamoid, it
will be constant, and its origin could be mainly linked to
genetic stimulus; lack of regularity could be showing a
preeminence of extrinsic factors over those genetic ones
(Ponssa et al., 2010). Thus, sesamoid origin is still a
matter of debate (Le Minor, 1987; Giori et al., 1993; Car-
ter et al., 1998; Sarin et al., 1999; Ponssa et al., 2010).

The development of the sesamoids in tetrapods was
studied generally in larval/postnatal and adult stages
(Bland and Ashhurst, 1997; Doherty, 2010; Olson, 2000;
Prochel, 2006; Kim et al.,, 2009; Ponssa et al., 2010;
Shearman and Maglia, 2015). In lizards, many sesamoids
appear in post-hatching specimens (Jerez et al., 2009).
Fabrezi et al. (2007) showed that sesamoids of this group
undergo endochondral ossification, a complex process by
which the growth cartilage within the bone cortex is pro-
gressively replaced by bone tissue (Felisbino and Car-
valho, 2001). Doherty (2010) provided data of
endochondral ossification of sesamoids in mammals. She
described the presence of hypertrophic chondrocytes
within the calcifying core of the sesamoid, similar to that
observed in the epiphyseal growth plates of the phalanges
and metapodophalangeal bones. In anurans, data about
sesamoid skeletogenesis are very scarse (Ponssa et al.,
2010), they appear mostly at metamorphic stages, reach-
ing a cartilaginous phase at the moment of the metamor-
phosis (Ponssa et al., 2010; Vera and Ponssa, 2014).

The juvenile period in anurans typically involves the
passage from aquatic to terrestrial environments
(McDiarmid and Altig, 1999; Fabrezi et al., 2014); thus,
it is a critical phase in the development of the osteologi-
cal elements, because they affect the locomotor capacity
of the froglet and its adaptation to the terrestrial habitat
(Vera and Ponssa, 2014). The changes in the skeletal tis-
sue development occurring through the juvenile phase -
when the limbs are fully functional- are relevant to
understand its relation with the acquisition of locomotor
capacities. In spite of the pervasive relationship that has
been proposed between sesamoids and locomotion (Sarin
et al., 1999; Vickaryous and Olson, 2007), data about
skeletogenesis of these structures during the juvenile
anuran stages are lacking. In this work we present data
about the skeletogenesis of the sesamoids in juveniles of
two anuran species, and relate them with the acquisition
of terrestrial locomotion.

Bone classifications based on their shape have been
widely used (Tortora and Derrickson, 2006; Ross and
Pawlina, 2007) highlighting the biological meaning
attributed to shape. Thus, it can be a source of evidence
to find out whether sesamoids could be defined as short
bones. Methodologies such as morphometric geometry
allow a rigorous analysis of shape variations.

Here, we integrate several lines of evidence as an
attempt of to fill the gaps in our knowledge of sesa-
moids, probably one of the most neglected and enigmatic
structures of the vertebrate skeleton. We compare for
the first time a) the skeletogenesis sequence of the juve-
nile stages between short bones such as ulnare and radi-
ale, long bones epiphyses, and sesamoids such as the
palmar sesamoid, and b) the shape and dimension of all
those structures to identify common traits that allow us
to consider them anatomically equivalent. To discard

that sesamoids undergo only a mineralization process
like the long bone epiphyses of anurans (Ecker, 1889,
Haines, 1942; Dickson, 1982; DellOrbo et al., 1992), we
include epiphyses in our study.

MATERIALS AND METHODS
Histological and Histochemical Analyses

We analyzed samples of radio-ulna epiphyses, carpals
and sesamoids of post-metamorphic specimens of Lepto-
dactylus bufonius and Rhinella arenarum. We chose
these species because they left the aquatic habitat after
the metamorphosis and face terrestrial locomotion by
two highly different locomotor modes: jumping (Lepto-
dactylus bufonius) and walking (Rhinella arenarum).
The specimens examined belong to the herpetological
collection of Fundacion Miguel Lillo and are identified
as follows: L. bufonius (FML 27869, FML 27873, FML
27874, FML 27870, FML 27871, FML 27872, FML
27875, and FML 27876); R. arenarum (FML 27877, FML
27878, FML 27879, FML 27880, FML 27881, FML
27882). All specimens were measured with digital cali-
pers (Mitutoyo CD-30C and CD-15B; +0.01 mm) (Table
1). The size of the specimens was used as a proxy of the
development rate of the specimens (Dickson, 1982). How-
ever, this criterion should be considered with caution
because a direct relationship between age and size has
not been proven in anurans (Rozenblut and Ogielska,
2005). The stages of individuals were determined accord-
ing to the relative percentage of the maximum length,
which corresponds to the length of the adult specimen of
each studied species (Table 1). Each stage represents a
percentage range (+=1%) (e.g., stage 2 includes individu-
als which have a SVL that correspond to the 19-21% of
the total length of the adult), thus, some specimens with
similar but not identical SVL could be the same stage.
The specimens were fixed in a 10% formaldehyde solu-
tion for 24 hr. The extracted forelimbs were decalcified
with 5% formic acid (5 mL of formic acid, 5 mL of form-
aldehyde and 100 mL of distilled water) for 1-6 weeks,

TABLE 1. Juvenile’s stages according to the relative
percentage of the total length of the adult, SVL of
Leptodactylus bufonius: 51.6-53.6 mm, SVL of Rhine-
lla arenarum: 80-100 mm (Cei, 1980)

Rhinella arenarum
% Of the total length

Stage SVL (mm) of the adult
1 17.3 18.21%

2 20.43 21.5%

5 25.75 27.1%
13 41 43.15%
16 47.36 49.85%
28 70.48 74.18%
30 40.9 77.97%

Leptodactylus bufonius

14 23.68 45.14%
22 32.32 - 32.92 61.62%— 62.76%
25 35.45 67.58%
29 39.52 75.34%
30 40.9 77.97%
34 45.29 86.34%
35 46.48 88.61%
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depending on the sample size. The material was then
dehydrated in a graded ethanol series and in n-butyl
ethanol, and embedded in Histoplast embedding
medium. Serial sagittal sections 7-um thick were cut
with a rotary microtome (Microm HM 325) and stained
with Mallory trichrome, Hematoxylin-Eosin and alcian
blue-periodic acid-Schiff. With the Mallory trichrome
technique, the collagen fibers present in the extracellu-
lar matrix (ECM) and the fibrocartilage are stained blue
and the cellular nucleus and the glycosaminoglycans
(keratan sulphate) of the osseous matrix are stained red.
The compounds of the cartilage ECM, such as the glycos-
aminoglycans and proteoglycans, react with basic dyes
staining purple with Hematoxylin. The ECM reacts posi-
tively with Alcian-Blue because the acid mucins, such as
glycosaminoglycans and proteoglycans. A high concen-
tration of neutral mucins, such as collagen fibers, pres-
ent in the mineralized ECM also reacts positively with
the periodic acid-schiff dye, getting a pink coloration
(PAS-positive). While the histological techniques show
the acidic and basic properties of the tissues, histochem-
istry involves a chemical and physical reaction that indi-
cates the molecular content of the tissue (Humason,
1962). Histological samples were observed under optical
microscopy (Leica ICC 50 HD) and photographed with
Nikon Coolpix P6000digital camera. Terminology of dig-
its and carpal osteology follows Fabrezi (1992), and sesa-
moids terminology follows Ponssa et al. (2010).

Morphometric Analysis

To compare shape among humerus epiphyses, carpals
and sesamoids, a contour geometric morphometric anal-
ysis was performed. We select the humerus for this
analysis because it has only one epiphysis, whereas the
radio-ulna presents two fused epiphyses, making the
comparison of their shapes not possible. This method is
based on the concept that the two figure contours are
homologous, and it was initially thought for objects
without discrete landmarks (Toro Ibacache et al., 2010).
To obtain the contour the dots must be taken around
that contour, and must be positioned equidistantly (Toro
Ibacache et al., 2010). The digitized dots are adjusted to
an ad-hoc function, such as harmonics of Fourier analy-
sis, which was recalculated inversely using an eigen-
vector matrix, letting the score on a particular PC be
equal to the mean + 2 s.d. (standard deviation); finally,
the function coefficients are used as components of the
shape (Rohlf, 1990). It is known that information about
shape is conveyed via the curves of an object boundary
lines (Freeman, 1974). We extirpated the humerus, two
carpal bones (ulnare and radiale) and two sesamoids
(pararadial and palmar sesamoids) of 11 stained and
cleared adults Leptodactylus bufonius specimens from
the Herpetological Collection of Fundacion Miguel Lillo
(FML-589, FML-672, FML-3568, FML-3868, FML-4366,
FML-9779, FML-9780, FML-9782, FML-9783, FML-
4908 (two specimens). Radiale and ulnare were selected
because, along with element Y, they seem to be highly
conservative elements of anuran carpus (Fabrezi and
Barg, 2001). Long bones epiphyses, carpal bones and
sesamoids were photographed with a Nikon Coolpix
P6000 digital camera. The images were previously proc-
essed with the software Photoshop to delimit the outline
of each bone (i.e., carpals, sesamoids) and the epiphyses

of the humerus. We did not consider the size of the
bones in this analysis. Each photograph was saved as a
bmp image and then processed with the software
SHAPE ver. 1.3 (Iwata and Ukai, 2002). This software
package evaluates contour shapes based on Elliptic Fou-
rier descriptor (EFDs). EFDs have been effectively
applied to the analysis of various biological shapes in
animals (Rohlf and Archie, 1984; Ferson et al., 1985;
Bierbaum and Ferson, 1986; Diaz et al., 1989; Liu
et al., 1996; Laurie et al., 1997) and plants (Yoshioka
et al.,, 2004). The SHAPE software contains four pro-
grams: ChainCoder, Chc2Nef, PrinComp and PrinPrint
(Iwata and Ukai, 2002). ChainCoder converts a full
color image to a binary (black and white) image,
reduces noise, traces the contours of objects and
describes the contour information as chain-code;
Chc2Nef calculates the normalized EFDs from the
chain-code information exported by the ChainCoder pro-
gram. We used the normalization method based on the
first harmonics ellipse (20 harmonics), which corre-
sponds to the first Fourier approximation to the contour
information; the size and orientation of the contour is
standardized according to the size and alignment of the
major axis of the ellipse (Iwata and Ukai, 2002). The
PrinComp program performs a principal component
analysis (PCA) to summarize the information of the
Fourier coefficients. Actually, PCA is based on a covari-
ance—variance matrix of the coefficients and not on the
correlation matrix. PCA may be used to reduce the
dimensionality of the data by analyzing a limited num-
ber of PC (principal component) scores of the specimens
instead of the original data (Sheets et al., 2006). Finally,
we used the PrinPrint program to visualize shape varia-
tion. First, the coefficients of the elliptic Fourier
descriptors are calculated, letting the score for a partic-
ular PC be equal to the mean plus or minus two (£2)
times the standard deviation and the scores of the
remaining components be zero. Then the contour shape
on each condition can be reconstructed from the coeffi-
cients by inverse Fourier transformation. The use of
elliptic Fourier descriptors and principal component
analysis (EF-PCA) is advantageous because, on the one
hand, the method can accurately detect small shape
variations and, on other hand, EF-PCA can evaluate
the shapes of objects independently of size. This inde-
pendence is a great advantage because human visual
judgment of shape is often misled by size factors.

To detect differences in shape among long bone epi-
physes, carpal bones and sesamoids, we performed a
MANOVA (homogeneity of slopes test), with the PCs as
dependent variables and bones as grouping factor, using
the software Statistica (2004).

The three elements studied (epiphysis, carpal and ses-
amoid) were compared with one-way ANOVA followed by
Tukey’s test using Infostat software (Di Rienzo et al.,
2013). The measurements considered were maximum
length and maximum width of five elements of the
manus; humerus epiphyses; ulnare and radiale; palmar
and pararadial sesamoids. These measurements were
taken considering the elements according its physiologi-
cal position. P values less than 0.05 were considered as
significant. Although the definition of short bones con-
siders three dimensions, length, width and height (Ross
and Pawlina, 2007), the bidimensional analysis allowed
us to gather important data for this study.
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Fig. 1. Stage 5 of Rhinella arenarum. A: section of Metacarpal V
stained with Hematoxylin-Eosin. B: section of Distal carpal 5+ 4+3
stained with Hematoxylin-Eosin. C: section of radio-ulna stained with
alcian blue-periodic acid-schiff. D: section of Distal carpal 5+ 4+3
stained with alcian blue-periodic acid-schiff. E: detail of section of lat-

RESULTS
Histological and Histochemical Analyses

The histological analysis showed that the evaluated
bones (radio-ulna, carpals, and sesamoids) underwent
chondral (perichondral and endochondral) ossification
process. This technique helped us both to determine the
timing of ossification during postmetamorphic stages
and to compare the elements (long bones epiphyses, car-
pals and sesamoids) among them and between the two

'

eral articular cartilage of the epiphyses of radio-ulna stained with
Hematoxylin-Eosin. (DC) Distal carpal, (MC) metacarpal, (GS) glide
sesamoid, (Ph) phalange, (RU) radio-ulna, (ig) isogen groups, (ol)
osteochondral ligament, (mm) mineralized matrix. Scale bar 200 pm.

analyzed species. The stages with the most relevant
changes are described below.

Rhinella arenarum

Stages 1, 2, and 5 (Fig. 1): In the epiphyses of long
bones and carpals, a cartilaginous ECM with isogenous
groups is visible (Fig. 1A,B,D). The ECM stains blue
with Hematoxylin-Eosin, suggesting a high concentra-
tion of glycosaminoglycans and proteoglycans (Fig. 1A—
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Fig. 2. Stage 5 of Rhinella arenarum. A: section of glide sesamoid between metacarpal and phalange
IV stained with Hematoxylin-Eosin. B: section of pararadial stained with Hematoxylin-Eosin. (GS) glide
sesamoid, (PrR) pararadial sesamoid, (t) tendon. Scale bar 200 um.

C). The radio-ulna diaphyses show the growth cartilage
with its characteristic zones (Fig. 1C). In Stage 5, the
diaphyses of radio-ulna show mineralization in the ECM
of the hypertrophic zone of the growth cartilage (Fig.
1C). A detail of the lateral articular cartilage of the
radio-ulna epiphyses, and the osteochondral ligament
with its collagens fibers, which run parallel to the bone
axis, is shown in Fig. 1E. A glide sesamoid between the
phalange and the metacarpal of digit IV (Fig. 2A), and
the pararadial sesamoid between the ulnare and ulna
(Fig. 2B) show hypertrophic chondrocytes; they are
immersed in a tendinous tissue.

Stage 13 (Fig. 3): In the epiphysis of the phalange of
digit IV, the lateral articular cartilage is still not fully
formed. The diaphyses of this phalanx exhibit the
growth cartilage and osteocytes within the marrow cav-
ity (Fig. 3A). In the joint between metacarpal II and
phalanx of digit II, the collagen fibers of the immature
ligaments show abundant nuclei (Fig. 3B). Carpals show
no major changes. A glide sesamoid, which is visible as
fibrocartilaginous tissue, is conspicuous on one side of
this joint (Fig. 3B).

Stage 16 (Fig. 4): In the long bones, the diaphyses of
the metacarpal II display endochondral trabeculae (Fig.
4A). Carpals continue without major changes. The para-
radial sesamoid of fibrocartilage is visible between the
ulna and the ulnare (Fig. 4B). Fibrocartilaginous tissue
is also evident in the menisci (Fig. 4A).

Stage 28 (Fig. 5): Both the diaphyses of long bones
and carpals (radiale and the distal carpal 3 +4+5) show
endonchondral ossification (Fig. 5A,B,D,E). The carpals
present a small marrow cavity with cartilaginous spi-
cules, osteoblast and trabeculae of endochondral bone
(Fig. 5B,E); the presence of abundant erythrocytes inside
the blood vessels is also noticeable (Fig. 5E). The palmar

sesamoid shows a cartilaginous ECM with isogen
groups. This sesamoid is surrounded by tendinous tissue
(Fig. 5C,F).

Leptodactylus bufonius

Stage 14 (Fig. 6A,B): The radio-ulna diaphyses and
the core of the carpals show hypertrophic chondrocytes
that area arranged concentrically. A myotendinous junc-
tion is distinguishable between the radio-ulna epiphyses
and the pronator quadratus (Fig. 6D). In the cartilage
ECM of the long bone epiphyses, the presence of nega-
tive sulfate groups is evident (Fig. 6C). In the epiphyseal
cartilage of radio-ulna, the articular cartilage, lateral
articular cartilage and growth cartilage are observed
(Fig. 6C); a thin layer of immature tendon with many
nucleus is evident around the radiale (Fig. 6B).

Stage 22 (Figs. 7 and 8): The long bone diaphyses and
carpals show an increment of the medular cavity size
and cartilage spicules (Fig. 7A,B; 8A, C, E). In one speci-
men, the ECM is mineralized, as shown by the high col-
lagen concentration around the isogen groups and the
hypertrophic chondrocytes in diaphysis and epiphysis
(Fig. 7D,E). Other specimens do not show mineralization
in the matrix of the metacarpal III (Fig. 8B,D,F). Hya-
line cartilage of the developing palmar sesamoid
emerges from a fibrocartilaginous transition area into
the tendinous tissue (Fig. 7C).

Stage 25 (Fig. 9): Endochondral bone trabeculae
appear in the medular cavity of both long bone diaphy-
ses and carpals, but not in the epiphyses of long bone.
The ECM stains blue with Hematoxylin-Eosin, suggest-
ing a high concentration of proteoglycans and is not min-
eralized. Abundant collagen is evident in the bone
trabeculae and bone edges.
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Fig. 3. Stage 13 of Rhinella arenarum. A: section of phalange IV stained with Hematoxylin-Eosin, the
cartilage growth zones are noticeable. B: section of metacarpal Il stained with Mallory trichrome, a fibro-
cartilage tissue is noticeable. (fc) fibrocartilage, (GS) glide sesamoid, (hc) hypertrophic chondrocyte zone
(o) osteocytes, (MC) metacarpal, (pc) proliferation cartilage zone, (rc) reserve cartilage zone, (sg) serous
gland. Scale bar 200 pm.

Fig. 4. Stage 16 of Rhinella arenarum. A: section of metacarpal Il stained with Hematoxylin-Eosin. B:
section of fibrocartilaginous tissue stained with Hematoxylin-Eosin. (PrR) pararadial sesamoid, (et) endo-
chondral trabeculae, (fc) fibrocartilaginous tissue. Scale bar 200 pum.

Stage 29 (Fig. 10): The trabeculae of endochondral The ECM of the cartilage in the epiphyses of the long
bones and an increased size of the marrow cavity in the bones and in diaphyses is mineralized (Fig. 10D, E). A
long bone diaphyses and carpals are evident (Fig. 10A, B). large amount of osteocytes and blood vessels with
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Fig. 5. Stage 28 of Rhinella arenarum. A: section of metacarpal Il
stained with Hematoxylin-Eosin. B: section of Y element stained with
Hematoxylin-Eosin. C: section of palmar sesamoid stained with
Hematoxylin-Eosin. D: section of metacarpal Il stained with Mallory tri-

erythrocytes is evident in the marrow cavity in both car-
pal and diaphyses of the long bones (Fig. 10G). The pal-
mar sesamoid is cartilaginous, and a fibrocartilaginous
transition between this sesamoid and its tendon is visible
(Fig. 10C). The fibers of the osteochondral ligament (Felis-
bino and Carvalho, 2000) are visible (Fig. 10F).

Stage 30 (Fig. 11): The trabeculae of endochondral
bones in long bones diaphyses and carpals (Fig. 11D) are
conspicuous. In the epiphyses, the osteochondral ligament
(Felisbino and Carvalho, 2000) between the periosteal
bone and the lateral articular cartilage is evident (Fig.
11A). The joint capsule is formed by dense fibrous connec-
tive tissue that adheres firmly to the bones via the
attachment-zone tendinous-cartilage (Fig. 11A). The car-
pal bone ulnar is rounded by tendinous tissue (Fig. 11B).

Stage 34 (Fig. 12) and Stage 35: Diaphyses of long
bones, carpals and palmar sesamoid show a bigger mar-
row cavity and even more endochondral trabeculae than
in the previous stages (Fig. 12A, B, C, F). In the speci-
men in Stage 34, the tendinous tissue surrounding the
ulnare is evident (Fig. 12B). The osseous matrix shows
considerable amount of keratin sulphate (Fig. 12D, E);
this is noticeable in the endochondral trabeculae, which
stains red. A big amount of osteocytes and blood vessels
with erythrocytes are evident in the marrow cavity in
carpals (Fig. 12D, E).

Morphometric Analysis

The PCA of the bone data set (N =51) of the contour
morphometric geometric analysis is shown in the scatter

chrome. E: section of Y element stained with Mallory trichrome. D:
section of palmar sesamoid stained with Mallory trichrome. (cs) carti-
lage spicules, (e) erythrocytes, (et) endochondral trabeculae, (0) osteo-
cytes, (PS) palmar sesamoid, (t) tendon. Scale bar 200 pm.

plot of the first and second principal components (PC1
vs. PC2; Fig. 13). PC1 and PC2 captured 43.28% and
20.02% of the total shape variation, respectively, and
together with PC3 accounted for 72.29%; the remaining
percentages are listed in Appendix . The effects of each
PC on bone (epiphyses, carpal, and sesamoid) shape are
visualized in the Fig. 14. These reconstructed shapes
indicate that the first PC described shape change associ-
ated with an enlargement of the maximum longitudinal
diameter, this expansion being stronger in the left por-
tion of the element. On PC2, shape variation was deter-
mined by expansion in the extreme sides, which gave a
triangular configuration to both extreme shapes, with
the more expanded sides in opposite areas (above and
below) of the variation.

The PCA of the contour morphometric variables of
the five osteological elements shows a clear separation
through PC1 of a group composed of the radiale,
whereas PC2 separated a cluster of the epiphyses, and
a group formed by the sesamoids (palmar and parara-
dial) and the ulnare. The MANOVA shows significant
differences among bones (Wilk’'s A Fi319=0.05,
P <0.000). Subsequent univariate F-test showed that
this difference was significant for each principal compo-
nent (PC1, PC2 and PC3) (Table 2). Bone-bone compar-
isons (Table 3) show that the shape of radiale
significantly differed from those of paradial sesamoid,
palmar sesamoid, ulnare, and epiphyses of humerus
(P <0.00).

The ANOVA including the length and the width of the
five elements of the manus revealed a significant
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Fig. 6. Stage 14 of Leptodactylus bufonius. A: section of radio-ulna
stained with Hematoxylin-Eosin. B: section of radial stained with
Hematoxylin-Eosin. C: section of radio-ulna stained with alcian blue-
periodic acid-schiff. D: section of radio-ulna and the myo-tendinous

difference (P <0.05) in all the elements, except for the
radiale bone (P = 0.64) (Table 4).

DISCUSSION

Of the three analyzed aspects (skeletogenesis, shape
and proportions of sesamoids), skeletogenesis is clearly a
shared configuration between carpal bones and sesa-
moids. Even when the ossification process shows an
important difference in sesamoids—the appearance of
fibrocartilage in the transition between the tendon and

junction stained with Hematoxylin-Eosin. (ac) articular cartilage, (gc)
growth cartilage, (lac) lateral articular cartilage, (mtj) myo-tendinous
junction, (ol) osteochondral ligament, (RU) radio-ulna, (R) radial, (t) ten-
don. Scale bar 200 pm.

the hyaline cartilage during their development—both
structures present the same pattern of endochondral
ossification. It should be considered however, that sesa-
moids exhibit a pervasive relationship with tendons that
has not been described in carpal bones or long bones epi-
physes. With regard to sesamoid shape and dimensions,
our data indicate that bones categorization based on
these aspects-particularly those that stay that short
bones are those having their three dimensions equally
developed (Ross and Pawlina, 2007) is vague and there-
fore is ineffective to classify the skeletal bones.
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er

Fig. 7. Stage 22 of Leptodactylus bufonius (specimen FML 27873;
SVL 32.32mm) A: section of metacarpal IV stained with Hematoxylin-
Eosin. B: section of radial stained with Hematoxylin-Eosin. C: section of

palmar sesamoid stained with Hematoxylin-Eosin. D: section of

Histological and Histochemical Analyses

The sequence of skeletogenesis shows that all three
structures (epiphyses, carpals and sesamoids) undergo a
cartilaginous and a mineralized phase in their develop-
ment. Only sesamoid and carpal bones exhibit endochon-
dral ossification. Finally, only sesamoids show
fibrocartilaginous tissue (Table 5), although it was
detected using unspecific techniques. Perichondral and
endochondral ossification is evident from the first exam-
ined juvenile stages in carpal bones and sesamoids,
which previously go over a mineralized stage (Table 5).
Sarin and Carter (2000) mentioned that most of sesa-
moids develop by endochondral ossification, similarly to
long bones and following the same chondrogenic and
osteogenic pathways. In most anurans, however, the epi-
physes show a mineralized matrix, which never ossified
(Haines, 1940; Felisbino and Carvalho, 1999), making
the comparison among these structures less straightfor-
ward. This lack of endochondral ossification is a funda-
mental difference with the epiphysis of birds and

metacarpal |V stained with alcian blue-periodic acid-schiff. E: section of
radial stained with alcian blue-periodic acid-schiff. (c) cartilage, (cs)
cartilage spicules, (fc) fibrocartilage, (MC) metacarpal, (mm) mineralized
matrix, (PS) palmar sesamoid, (R) radial, (t) tendon. Scale bar 200 um.

mammals; although, Dickson (1982) reported a reduced
endochondral bone in older individuals of Rana tempora-
ria, and DellOrbo et al. (1992) for Rana esculenta.

It has been demonstrated that the collagen molecules
act as templates for mineral deposition (Landis et al.,
1996; Landis and Silver, 2002; Doherty, 2010; Bonucci
and Gomez, 2012). Thus, mineralization can be inferred
by the increase of the areas stained in pink in the carti-
lage ECM, which indicate an increase in the collagen
secretion. All three studied structures: long bone epiphy-
ses, carpal bones, and sesamoids, go through a minerali-
zation stage. Our data allow us to infer calcium deposits
because the heterogeneity of the histochemistry staining
of the ECM of long bones epiphyses and carpal bones.
Some cartilaginous areas presented high concentration
of glycosaminoglycans, with the mineralized areas exhib-
iting an increment of collagen fibers, and a deposition of
calcium salts. However, the mineralization process not
always is a previous step to the ossification process. In
L. bufonius, there is an apparently variable pattern.
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Fig. 8. Stage 22 of Leptodactylus bufonius (specimen FML 27874,
SVL 32.92mm). A: section of metacarpal Ill stained with Hematoxylin-
Eosin. B: section of distal carpal 5+ 4+3 stained with Hematoxylin-
Eosin. C: section of phalange Il stained with alcian blue-periodic
acid-schiff. D: section of distal carpal 5+ 4+3 stained with Mallory

trichrome. E: section of phalange Il stained with Mallory trichrome. F:
section of distal carpal 5+ 4+3 stained with Mallory trichrome. (cs)
cartilage spicules, (DC) distal carpal, (et} endochondral trabeculae,
(MC) metacarpal, (0) osteocytes, (Ph) phalange. Scale bar 200 pum.



Fig. 9. Stage 25 of Leptodactylus bufonius. A: section of metacarpal
Il stained with Hematoxylin-Eosin. B: section of distal carpal 5+ 4+3
stained with Hematoxylin-Eosin. C: section of metacarpal and pha-
lange IV stained with alcian blue-periodic acid-schiff. D: section of dis-
tal carpal 5+ 4+3 stained with alcian blue-periodic acid-schiff.

E: section of metacarpal Il stained with Mallory trichrome. F: section
of distal carpal 5+ 4+3 with Mallory trichrome. (DC) distal carpal, (et)
endochondral trabeculae, (MC) metacarpal, (ol) ostochondral ligament
(Ph) phalange. Scale bar 200 pm.
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Fig. 10. Stage 29 of Leptodactylus bufonius. A: section of metacar-
pal IV stained with Hematoxylin-Eosin. B: section of distal carpal
5+ 4+83 stained with Hematoxylin-Eosin. C: section of palmar sesa-
moid stained with Hematoxylin-Eosin. D: section of metacarpal IV
stained with alcian blue-periodic acid-schiff. E: section of distal carpal
5+ 4+3 stained with alcian blue-periodic acid-schiff. F: section of

radio-ulna stained with Mallory trichrome. G: section of distal carpal
5+ 4+3 stained with Mallory trichrome. (c) cartilage, (DC) distal car-
pal, (e) erythrocytes, (et) endochondral trabeculae, (Ey) Y element, (fc)
fibrocartilage, (MC) metacarpal, (ol) osteochondral ligament, (PS) pal-
mar sesamoid, (R) radial, (RU) radio-ulna, (mm) mineralized matrix, (t)
tendon. Scale bar 200 pm.
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Fig. 11. Stage 30 of Leptodactylus bufonius. A: section of phalange
IV stained with Hematoxylin-Eosin. B: section of ulnar stained with
Hematoxylin-Eosin. C: section of metacarpal IV stained with alcian
blue-periodic acid-schiff. D: section of distal carpal 5+ 4+3 stained

Specimens in Stages 22 (Fig. 9) and 29 (Fig. 12) showed
a mineralized matrix in their carpal bones before bone
trabeculae formation; whereas other specimens of Stages
22 and Stage 25 showed a cartilaginous matrix first, and
then bone trabeculae; and a stage of mineralization was
not observed. Felisbino and Carvalho (2001) stressed
that the formation of bone trabeculae is not dependent
on cartilage mineralization, since osteoblast can deposit
bone on the surface of unmineralized cartilage. Our find-
ings in L. bujfonius supports the idea of Felisbino and
Carvalho (2001) regarding the lack of spatial or tempo-
ral association with calcium deposition and trabeculae
formation; accordingly, many events occurring during

with alcian blue-periodic acid-schiff. (az) attachment-zone fibrocarti-
lage, (DC) distal carpal, (et) endochondral trabeculae, (MC) metacar-
pal, (ol) osteochondral ligament, (Ph) phalange, (t) tendon, (U) ulnar.
Scale bar 200 pm.

endochondral ossification are not necessarily related to
each other. Matrix mineralization could be explained as
a consequence of epigenetic factors acting on each indi-
vidual; that is, some specimens could be subjected to
higher mechanical force in their lives than others (Van’t
Veen et al., 1995). Thus, matrix mineralization in Rana
catesbeiana is variable, and occurs as a reinforcement
event of bones in adulthood (Felisbino and Carvalho,
2001); whether this is the case in the species here stud-
ied remain as an open question.

The sequence of mineralization and ossification proc-
esses is equivalent in long bones epiphyses, carpals and
sesamoids, although their timing is not synchronic.
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Fig. 12. Stage 34 of Leptodactylus bufonius. A: section of distal
carpal 5+ 4+3 stained with Hematoxylin-Eosin. B: section of ulnar

stained with Hematoxylin-Eosin. C  section of palmar sesamoid
stained with Hematoxylin-Eosin. D: section of distal carpal 5+ 4+3

Thus, in one specimen (L. bufonius Stage 25, SVL
35.45 mm), the carpal bones showed bone trabeculae in
the marrow cavity, whereas sesamoids exhibited incipi-
ent endochondral trabeculae only in bigger specimens

PC1(43.28 %)

PC2 (20.02%)

Fig. 13. Principal component analysis. The percentage of variance
explained by each of the axes is indicated. Red dots: radial; green
dots: pararadial sesamoid; purple dots: palmar sesamoid; blue dots:
ulnar; yellow dots: epiphyses. The red figures represents some of the
elements; radial and palmar on the positive and negative Y axe,
respectively; epiphyses and ulnar the negative Y axe there is palmar,
on the positive and negative X axe, respectively.

stained with Mallory trichrome. E: section of ulnar stained with Mallory
trichrome. F: section of palmar sesamoid stained with Mallory tri-
chrome. (DC) distal carpal, (et) endochondral trabeculae, (0) osteo-
cytes, (PS) palmar sesamoid, (t) tenddn, (U) ulnar. Scale bar 200 pm.

(Stage 34, SVL 45.29 mm). Similarly, in Rhinella arena-
rum the carpal bones and sesamoids were cartilaginous
in all the observed specimens, except in the biggest one.
This specimen showed carpal bones with endochondral
ossifications but the palmar sesamoid was still cartilagi-
nous. On the contrary, the long bones epiphyses of both
species did not ossify even in adults specimens, which is
in agreement with previous findings (Ecker, 1889; Hin-
chliffe and Johnson, 1983; Duellman and Trueb; 1994;
Felisbino and Carvalho, 2002; Vera and Ponssa, 2014).
Ossification process in long bone diaphyses started ear-
lier than in carpal bones and sesamoids. Our data indi-
cate that the epiphyses of long bones exhibit a common
trajectory with short bones and sesamoids; then, the epi-
physes arrested their skeletogenesis process, remaining
in the phase of mineralization, whereas the other ele-
ments continued to develop wuntil ossification is
complete.

Of the three elements analyzed, only the sesamoids
showed a fibrocartilaginous configuration recognizable
in the glide sesamoid located adjacent to the joint
between the metacarpal and the first phalange of digit
IV, in the pararadial sesamoid, and in the palmar sesa-
moid. Sesamoid fibrocartilage was also reported in the
proximal interphalangeal joints of the finger and toes in
humans, specifically on the extensor tendon (Benjamin
et al., 1993; Lewis et al., 1998; Benjamin and Ralphs,
1998); on the deep surface of the Achilles tendon of
mammals (Rufai et al., 1992, 1995); in the suprapatella,
which lies proximal to the patella and forms an
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Fig. 14. Effects of each principal component on bones (sesamoid, carpal, and epiphyses). Each column
shows the case where the scores takes -2s.d (standard deviation), mean, or +2 s.d., the left-hand column

shows the overlaid drawings of the three cases.

TABLE 2. Univariate Results of MANOVA for each
principal component (PC)

F P
PC1 27.63 0.00
PC2 19.60 0.00
PC3 2.76 0.03

Low values of p show that difference among bones is signifi-
cant for each principal component.

TABLE 3. Bonferroni post hoc test results of the
MANOVA test, showing the comparison between pair

of bones
Radial Paradial Palmar Ulnar
Epiphysis 0.00 1.00 1.00 0.73
Ulnar 0.00 1.00 0.05
Palmar 0.00 1.00
Pararadial 0.00

P values indicating significant differences are in bold.

extension of the articular surface (Ralphs and Benjamin,
1994), and in the patella of Gallus gallus (Vickaryous
and Olson, 2007). A fibrocartilaginous tissue has been
reported also in the capsule of the same joint (Ralphs
and Benjamin, 1994; this work). The presence of a fibro-
cartilaginous tissue in such a diversity of tetrapod taxa
suggests that it must be part of the normal sequence in
the sesamoid development. However, there are papers
about sesamoid development without mentions to a
fibrocartilage stage (Ponssa et al., 2010) this is probably
because they are focused on too early stages. The

TABLE 4. ANOVA Tukey test showing mean values, F-
scores and their P-values of length and width meas-
urements for four elements (long bone epiphyses,
radial, ulnar, palmar, and pararadial sesamoids)

X F P d.g
Epiphyses 36.05 < 0.0001 1
Length 3.35
Width 2.36
Radial 0.22 0.6415* 1
Length 1.70
Width 1.63
Ulnar 19.61 0.0003 1
Length 2.35
Width 1.66
Palmar sesamoid 113.14 < 0.0001 1
Length 2.05
Width 1.18
Pararadial sesamoid 9.44 0.0066 1
Length 0.59
Width 0.43

d.g: degrees of freedom. *Non-significant P-value.

fibrocartilaginous matrix originates as a modification of
the ECM of tendon or ligaments at sites where these ele-
ments are under compression (Ralphs and Benjamin,
1994, 1998). Our data show that in the structure of the
fibrocartilage there is a continuum spectrum of tissues
between dense fibrous connective tissue and hyaline car-
tilage (see also Ralphs and Benjamin, 1994). The fibro-
cartilage cells are interwoven collagen fibers or lie in
rows between parallel fibers (Benjamin et al., 1995). The
precise composition of the fibrocartilage is likely to
depend on at least three factors: their developmental
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TABLE 5. Resume of the tissue present through postmetamorphic development, shape, and dimensions of the
osteological elements of the forelimb in anuran

cartilage

fibrocartilage mineralization Endochondral ossification Tendon relationship

shape dimension

Epiphysis
Radiale
Ulnare

Sesamoid

postmetamorp >

juvenil

—

The same color in cells indicates common features among epiphyses of long bones, carpal bones and sesamoids in anurans.
Orange cells indicate the change from aquatic to terrestrial locomotion parallel to tissue differentiation.

origins, the tensile loading, and age (Benjamin and
Ralphs, 1998). Based on our data, we propose a tissue
development sequence in the sesamoid: (1) cartilage
(Ponssa et al., 2010; this work); (2) fibrocartilage; (3) min-
eralized ECM; and (4) endochondral bone (Table 5). This
temporal sequence is reflected in the spatial gradation of
the sesamoid tissues: the cartilage emerges from a fibro-
cartilaginous tissue connected to the tendon; this is to say
that the fibrocartilage mediates between tissues of differ-
ent physical constitution. The same general spatial config-
uration has been described in enthesis (Benjamin et al.,
2006; Doherty, 2010), suggesting that this heterogeneity
is related to the relation of tissues with different mechani-
cal properties. In addition, it should be considered that
both, fibrocartilage and mineralization are responses to a
biomechanical challenge (Benjamin and Ralphs, 1998;
Ralphs and Benjamin, 1994; Felisbino and Carvalho,
2001). Consequently, it seems reasonable that the ossifica-
tion of sesamoids occur simultaneously with the acquisi-
tion of the full functionality of locomotion and with the
passage to the terrestrial habitat, that is, in the juvenile
phase of the anuran life, when they face a medium com-
pletely different in density, viscosity and gravitational
force (Table 5) (Gillis and Blob, 2001). However, another
explanation could complete this general picture. The con-
stant presence of some sesamoids in particular groups
(e.g., palmar sesamoid in most anurans and squamatas,
Jerez et al., 2009; Ponssa et al., 2010) allow to infer an ori-
gin strongly linked to genetic stimulus (Ponssa et al.,
2010). In addition, paralysis studies in frogs show sesa-
moids still form and mineralize with reduced or absent
biomechanical input (Kim et al. 2009), which would not be
expected if biomechanical loading is the only cause of ses-
amoid formation. Other paralysis studies suggest that the
formation of the sesamoid anlage is genetically controlled,
but extrinsic stimuli drive its differentiation (Abdala and
Ponssa, 2012). It is likely both factors play important roles
in the formation of all bones, varying mainly in relative
proportion/timing.

Fabrezi et al. (2014) regarded the metamorphosis as a
period implying that most important features for adult

locomotion are already developed (e.g., girdles/limbs).
However, the tissue differentiation of the structures
implied in locomotion (e.g., osseus tissue) are still not
mature, and it is later, through the juvenile development
when is completed.

Long bone epiphyses, carpal bones, and sesamoids are
all closely related to tendon. The early tendon is highly
cellular and the longitudinal rows of cells become sepa-
rated by ECM (Benjamin and Ralphs, 1997). The colla-
gen fibers of the osteochondral ligament present
between the periosteal bone and the lateral articular
cartilage of the epiphyses are parallel to the axes of the
long bone in the analyzed samples. On the contrary, in
Rana catesbeiana the main fibers of collagen (types I
and III) of the osteochondral ligament were found to be
extended obliquely or perpendicular to the bone axis
(Felisbino and Carvalho, 2000). The reasons for the mod-
ifications in fiber organization in the osteochondral liga-
ment are not clear, but they may represent a mechanism
to disperse load throughout the bone matrix (Felisbino
and Carvalho, 2000).

Morphometric Analysis

The scatterplot of the PCA showed that both, ulnare
and sesamoids are similar, whereas the radiale and the
long bone epiphyses are highly different. In the mor-
phometric analysis, only the radiale resulted with
equivalent relative proportions of length and width,
being the only element that would match the short
bone definition, that is, length, width and height
should be equivalent (Ross and Pawlina, 2007). Accord-
ing to our data, the category short bone, frequently
used in many textbooks (Gravilov, 1959; Junqueira
et al., 1992; Tortora and Derrickson, 2006; Ross and
Pawlina, 2007) does apply neither to carpal bones nor
to the sesamoids. We suggest that this ambiguous defi-
nition is useless to classify the normal endowment of
skeletal bones and should be discarded. Thus, it was
not possible to detect a common pattern of shape or
morphometry between the carpal bones, and even less
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between carpals and sesamoids or long bone epiphyses.
Possibly the differences explained by the geometric
morphometry analysis between ulnare and carpale are
due to differences in the origin and ontogeny of these
elements (Fabrezi, 1992; Fabrezi and Alberch, 1996;
Fabrezi and Barg, 2001).
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APPENDIX 1
Eigen Values and Percentages for the Principal
Components of the Contour Morphometric
Geometric Analysis

Proportion = Cumulative
Eigenvalue (%) (%)
PC1 1.517110E-002 43.2828 43.2828
PC2 7.018560E-003 20.0238 63.3067
PC3 3.151810E-003 8.9921 72.2987
PC4 2.983025E-003 8.5105 80.8092
PC5 1.604576E-003 4.5778 85.3870
PCé6 1.521624E-003 4.3412 89.7282
PC7 7.983505E-004 2.2777 92.0059
PC8 5.424554E-004 1.5476 93.5535
PC9 4.302533E-004 1.2275 94.7810
PC10 3.724067E-004 1.0625 95.8435
PC11 2.563079E-004 0.7312 96.5747
PC12 1.836043E-004 0.5238 97.0985
PC13 1.453192E-004 0.4146 97.5131
PC14 1.165021E-004 0.3324 97.8455
PC15 1.061555E-004 0.3029 98.1484
PC16 8.538100E-005 0.2436 98.3919
PC17 8.305919E-005 0.2370 98.6289
PC18 6.547855E-005 0.1868 98.8157
PC19 5.380333E-005 0.1535 98.9692
PC20 5.054454E-005 0.1442 99.1134
PC21 4.285794E-005 0.1223 99.2357
PC22 3.596169E-005 0.1026 99.3383
PC23 3.367885E-005 0.0961 99.4344
PC24 2.693603E-005 0.0768 99.5112
PC25 2.218930E-005 0.0633 99.5745
PC26 1.911831E-005 0.0545 99.6291
PC27 1.616938E-005 0.0461 99.6752
PC28 1.496114E-005 0.0427 99.7179
PC29 1.415310E-005 0.0404 99.7583
PC30 1.052167E-005 0.0300 99.7883
PC31 9.887945E-006 0.0282 99.8165
PC32 8.430689E-006 0.0241 99.8405
PC33 8.237374E-006 0.0235 99.8641
PC34 6.863616E-006 0.0196 99.8836
PC35 6.049597E-006 0.0173 99.9009
PC36 5.488812E-006 0.0157 99.9166
PC37 4.933255E-006 0.0141 99.9306
PC38 4.198116E-006 0.0120 99.9426
PC39 3.520445E-006 0.0100 99.9526
PC40 2.708275E-006 0.0077 99.9604
PC41 2.531769E-006 0.0072 99.9676
PC42 2.058809E-006 0.0059 99.9735
PC43 1.952440E-006 0.0056 99.9790
PC44 1.727703E-006 0.0049 99.9840

APPENDIX 1 (Continued)

PC45 1.482378E-006 0.0042 99.9882
PC46 1.131113E-006 0.0032 99.9914
PC47 1.061376E-006 0.0030 99.9945
PC48 9.215644E-007 0.0026 99.9971
PC49 5.474278E-007 0.0016 99.9986
PC50 4.750627E-007 0.0014 100.0000
PC51 1.120043E-018 0.0000 100.0000
PC52 4.506704E-020 0.0000 100.0000
PC53 2.629335E-020 0.0000 100.0000
PC54 2.294601E-020 0.0000 100.0000
PC55 1.542047E-020 0.0000 100.0000
PC56 7.952505E-021 0.0000 100.0000
PC57 6.216223E-021 0.0000 100.0000
PC58 5.051052E-021 0.0000 100.0000
PC59 3.352603E-021 0.0000 100.0000
PC60 2.895798E-021 0.0000 100.0000
PCé61 1.717373E-021 0.0000 100.0000
PC62 1.056774E-021 0.0000 100.0000
PC63 5.775427E-022 0.0000 100.0000
PCé64 2.121933E-022 0.0000 100.0000
PC65 —5.630339E-022 0.0000 100.0000
PC66 —7.998032E-022 0.0000 100.0000
PC67 —1.349949E-021 0.0000 100.0000
PC68 —1.662556E-021 0.0000 100.0000
PC69 —1.951877E-021 0.0000 100.0000
PC70 —2.383037E-021 0.0000 100.0000
PC71 —3.149249E-021 0.0000 100.0000
PC72 —3.673008E-021 0.0000 100.0000
PC73 —6.239967E-021 0.0000 100.0000
PC74 —1.099636E-020 0.0000 100.0000
PC75 —1.601198E-020 0.0000 100.0000
PC76 —2.201115E-020 0.0000 100.0000
PC77 —3.744892E-020 0.0000 100.0000
Total 3.505107E-002

variance:
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