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ABSTRACT Salamanders are infrequently mentioned in
analyses of tetrapod limb formation, as their development
varies considerably from that of amniotes. However,
urodeles provide an opportunity to study how limb ontogeny varies with major differences in life history. Here we
assess limb development in Desmognathus aeneus, a
direct-developing salamander, and compare it to patterns
seen in salamanders with larval stages (e.g., Ambystoma
mexicanum). Both modes of development result in a limb
that is morphologically indistinct from an amniote limb.
Developmental series of A. mexicanum and D. aeneus were
investigated using Type II collagen immunochemistry, Alcian Blue staining, and whole-mount TUNEL staining. In
A. mexicanum, as each digit bud extends from the limb
palette Type II collagen and proteoglycan secretion occur
almost simultaneously with mesenchyme condensation.
Conversely, collagen and proteoglycan secretion in digits
of D. aeneus occur only after the formation of an amniotelike paddle. Within each species, Type II collagen expression patterns resemble those of proteoglycans. In both,
distal structures form before more proximal structures.
This observation is contrary to the proximodistal developmental pattern of other tetrapods and may be unique to
urodeles. In support of previous ﬁndings, no cell death was
observed during limb development in A. mexicanum. However, apoptotic cells that may play a role in digit ontogeny
occur in the limbs of D. aeneus, thereby suggesting that
programmed cell death has evolved as a developmental
mechanism at least twice in tetrapod limb evolution. J.
Morphol. 265:87–101, 2005. © 2005 Wiley-Liss, Inc.
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The vertebrate limb has been described as “a powerful model system for studying the cellular and
molecular interactions that determine morphological pattern during embryonic development” (Cohn
and Bright, 1999:3). Indeed, the limb has been used
for centuries as a model to address 1) the mechanisms of skeletal patterning (e.g., Schmalhausen,
1907, 1910; Holmgren, 1933; Shubin and Alberch,
1986), and 2) the evolutionary variability of developmental systems (e.g., Krause et al., 2004; Blanco
and Alberch, 1992). Urodele amphibians provide a
surprising source of variation of limb development.
The statement by Cohn and Bright (1999) primarily
© 2005 WILEY-LISS, INC.

referred to two amniote model systems (Gallus,
chicken; Mus, mouse), on which most research has
focused. However, the differences between urodeles
and amniotes are so great that it has been proposed
that the vertebrate limb may have evolved twice
(Holmgren, 1933; Jarvik, 1965). Further, the differences between urodeles and anurans are signiﬁcant
enough to have suggested polyphyly within amphibians (Holmgren, 1933; Nieuwkoop and Sutasurya,
1976; Jarvik, 1965; reviewed by Hanken, 1986). Researchers have studied salamander morphology
(e.g., Schmalhausen, 1915; Holmgren, 1933, 1939,
1942; Hinchliffe and Grifﬁths, 1986), described the
patterns of amphibian limb development with reference to other tetrapods (Shubin and Alberch, 1986),
and studied molecular pathways associated with
amphibian limb and digit formation (e.g., Blanco et
al., 1998; Cadinouche et al., 1999).
Salamanders and amniotes develop morphologically similar adult limbs despite differences in the
molecular mechanisms driving limb outgrowth, the
way in which digits form, and the sequence and
timing of digit formation. For example, an apical
ectodermal ridge (AER) regulates development of
the proximal– distal axis during limb development
in the chick (Saunders, 1948; Rubin and Saunders,
1972; Saunders et al., 1976; Riddle et al., 1993). The
cells of the AER produce ﬁbroblast growth factors
(FGFs) that promote limb outgrowth (Niswander
and Martin, 1992; Niswander et al., 1993; Savage et
al., 1993; Fallon et al., 1994; Crossley and Martin,
1995). Additionally, the AER plays roles in feedback
mechanisms with sonic hedgehog (SHH; e.g., Echelard et al., 1993; Krauss et al., 1993; Riddle et al.,
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Fig. 1. Left forelimbs shown using darkﬁeld microscopy. A: Ambystoma mexicanum. B: Xenopus laevis. II, Digit II; IV, Digit IV; H, humerus; mc, metacarpal; p, phalanx; R, radius; U, ulna.
Scale bar ⫽ 0.125 mm.

1993; Roelink et al., 1994; Zeller et al., 1999; Panman and Zeller, 2003; Mic et al., 2004) and bone
morphogenetic proteins (BMPs; Kingsley et al.,
1992; Storm et al., 1994) to help regulate the dorsal–
ventral and anterior–posterior axes (Johnson et al.,
1994; Tickle and Eichele, 1994; Martin, 1998). Although FGFs have been identiﬁed in developing and
regenerating salamander limbs (Han et al., 1997;
Christensen et al., 2002), no AER has been identiﬁed. However, an apical ectodermal cap, which functions during regeneration much like an amniotic
AER during normal development, is present in
regenerating salamander limbs (Onda and Tassava,
1991). Another signiﬁcant difference between salamanders and other tetrapods is sequence of digit
formation. Amniotes develop their digits in a digital
arch (Schmalhausen, 1910), with Digit IV forming
ﬁrst, and Digit I last (IV-V-III-II-I; Shubin and Alberch, 1986). However, salamanders develop their
digital arch starting with Digit II and ﬁnishing with
Digit V (II-I-III-IV-V; Shubin and Alberch, 1986;
Wake and Shubin, 1998). This difference in digit
sequence represents a shift in the formation of digits
from posterior to anterior in amniotes, to anterior to
posterior in salamanders. It is thought that amniote
limbs form posteriorly ﬁrst as a result of the action
of SHH (Riddle et al., 1993). Sonic hedgehog is ex-

pressed in a gradient across the limb—strong expression in the posterior of the limb to weak expression in the anterior (Johnson and Tabin, 1995;
Charitie et al., 2000; Lewis et al., 2001)—and helps
regulate digit identity through the action of BMP2
(Drossopoulou et al., 2000). Sonic hedgehog is found
in the posterior of the developing Ambystoma limb
(Torok et al., 1999), but the role of BMPs is unknown. Furthermore, the reasons for the shift in
digit order are unknown.
The morphology of digit formation is distinctively
different in amniotes and urodeles. In amniotes, the
limb bud extends distally and ﬂattens horizontally
into what appears to be a paddle (reviewed by Hanken, 1986; Shubin and Alberch, 1986). Digit condensation is then regulated by BMPs and FGFs (Dahn
and Fallon, 2000; Sanz-Ezquerro and Tickle, 2003),
and ﬁnally, BMP-mediated cell death removes the
interdigital space, leaving independent digits (Fallon and Saunders, 1966; Dahn and Fallon, 2000).
However, none of this occurs in larval salamanders,
which lack a paddle stage. Rather, they develop
digits as individual buds; each digit bud extends
distally from the limb bud independently (Fig. 1;
Holmgren, 1933; Shubin and Alberch, 1986), with
little interdigital space in which BMPs and FGFs
might act. Thus, the roles that apoptosis, BMPs, and
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FGFs play in salamander limb development remain
largely unknown. In addition, salamanders can regenerate limbs, have comparatively fewer cells,
larger cells, larger genome sizes, and slower rates of
development relative to amniotes (e.g., Martin and
Gordon, 1995; Vignali and Nardi, 1996).
Urodele limb development not only differs from
that of amniotes, it also varies among salamanders
with different life-history strategies. There are three
major life-history modes and each is associated with
gross differences in the timing of development and
morphologic specializations (Lombard and Wake,
1977; Wake and Larson, 1987). Pond dwellers (e.g.,
Ambystoma mexicanum) lay their eggs in lentic waters. Eggs are small and have relatively little yolk,
so these larvae hatch quickly (about 22 days) and
begin to feed. Hatchlings possess a well-developed
head and their forelimbs are composed of Digits I, II,
and III. As larvae grow, Digit IV of the forelimb
develops, weeks before the appearance of the hindlimbs. Complete development of axolotl limbs takes
at least 30 days at 22°C (Nye et al., 2003). Thus, the
limbs, especially the forelimbs, constantly interact
with the environment, which may affect their development. Stream-dwelling salamanders (e.g., Desmognathus quadramaculatus) have more yolk than
pond dwellers, and hatch with a well-developed
head and complete hind- and forelimbs. However,
unlike direct-developers, they hatch as aquatic larvae and may require months or even years (2– 4
years for D. quadramaculatus) before metamorphosing into morphologically distinct juveniles (Marks,
1995). Direct-developers (e.g., D. aeneus) develop
into terrestrial juveniles without an intervening larval stage (Duellman and Trueb, 1986; Marks, 1995;
Wake and Hanken, 1996). Eggs are laid terrestrially
and contain a large amount of yolk that provides the
embryo with a continuous source of food (Wake,
1982; Roth and Wake, 1985, 1989; Marks, 1995).
One result of developing within the egg is a dramatic
shift in the timing of events. Head development still
occurs ﬁrst, as is the case with pond dwellers, but it
is followed much more closely by limb development.
Additionally, the limbs develop much more synchronously than they do among pond dwellers; days separate the appearance of the hind- and forelimbs,
rather than weeks. Desmognathus aeneus hatch after 68 –75 days at 24°C, at which time they are (tiny)
metamorphosed juveniles (Marks and Collazo,
1998). Additionally, all of the digits form nearly
simultaneously in direct-developers (Marks and Collazo, 1998), rather than extending from the limb bud
individually, as in the case of pond dwellers.
If we understand the differences in patterns of
cartilaginous condensation, bone formation, and
cell proliferation during limb development among
urodeles—as well as between urodeles and amniotes—we can evaluate the generality of the described mechanisms of vertebrate limb development. We used cleared and stained whole mounts,
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immunohistochemistry, and antibody staining techniques to investigate the morphology of limb development and compare our results with those from
amniote studies.
MATERIALS AND METHODS
Samples
Desmognathus aeneus eggs were collected from 22–26 May
2003 and 20 May–7 June 2004 from the Nantahala National
Forest in the vicinity of Standing Indian Campground, Macon
County, North Carolina. Animals were raised in the laboratory at
24°C as individual clutches on damp paper towels and sampled at
all limb development stages based on Marks and Collazo (1998).
Ambystoma mexicanum were ordered as wild-type embryos, juveniles, or larvae from the Indiana University Axolotl Colony
(Bloomington, IN). Animals were raised at 22°C in Holtfreter’s
solution, as recommended. The staging tables of Harrison (1969)
and Nye et al. (2003) were used to determine developmental
stage. Embryos and larvae of both species were ﬁxed using 4%
paraformaldehyde (PFA), dehydrated through a methanol series,
and stored at –20°C.

Alcian Blue
To stain for the demonstration of the proteoglycan component
of cartilage using Alcian Blue, the protocol of Hanken and Wassersug (1981) was modiﬁed slightly. Samples were rehydrated
from methanol and moved through a graded series to 70% ethanol. Because the salamanders were young, it was not necessary to
skin and eviscerate them. The specimens were placed whole into
a solution of 20 mg Alcian Blue, 70 ml 100% ethanol, and 30 ml
glacial acetic acid for 6 h, after which they were transferred to
ethanol/acetic acid overnight, and ﬁnally transferred to 100%
ethanol. Specimens then were run through a graded series of
ethanol/glycerol and stored in 100% glycerol.

Type II Collagen
To demonstrate the presence of Type II collagen, samples were
rehydrated from methanol and rinsed three times in phosphatebuffered saline (PBS) with Tween-20 (PBT). Then they were
bathed in 2.5% trypsin for 5 min (Desmognathus aeneus) or 15
min (Ambystoma mexicanum; because the A. mexicanum are
larger, they require more time to digest). After three 5-min rinses
in water, the samples were transferred to –20°C acetone for 10
min to increase penetrance. Specimens were rinsed in water for
10 min and then in PBT 3 times for 5 min before blocking for 1 h
in a solution of PBS, DMSO, bovine serum, Tween-20, and water.
Then they were incubated in an antibody against Type II collagen
(II-II6B3; acquired from Hybridoma Bank, University of Iowa)
diluted 1:100 in blocking solution overnight. After eight 15-min
rinses in PBT plus 1% DMSO, specimens were placed in biotinylated secondary antibody in 1:500 blocking solution overnight.
Samples were then washed eight times in PBT and incubated for
45 min in a biotinylated avidin complex. Then they underwent
ﬁve 15-min rinses in PBT and three 10-min rinses in PBS and
were bathed in a diaminobenzidine plus nickel chloride solution
(Vectastain ABC Elite Kit, Vector Laboratories, Burlingame, CA).
The reaction was stopped by washing with PBS followed by 50%
ethanol. Specimens were then run through a graded series of
ethanol/glycerol and stored in 100% glycerol.

Cell Death
The whole-mount TUNEL staining protocol was modiﬁed from
the work of Blaschke et al. (1996). Animals were ﬁrst anesthetized with a nonlethal dose of MS222 (Tricaine methanesulfonate) before sample limbs were amputated, ﬁxed with PFA, and
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stored in 100% methanol. Specimens were rehydrated to PBT and
washed twice for 15 min in PBS before being washed twice for 30
min in terminal-deoxy-nucleotidyltransferase (TdT) buffer and
then incubated overnight at room temperature in 150 U/ml TdT
(Gibco, Grand Island, NY) and 0.5 mM dioxygenin – dUTP
(Boehringer Mannheim, Germany). On the second day, specimens
were washed twice for 30 min in PBT/EDTA followed by three
30-min washes in TBST. The samples then were presadsorbed in
10% fetal bovine serum (FBS)/TBST for 3 h and incubated overnight in 1% FBS/TBST plus 2l anti-dig FAB fragments at 4°C.
After three 20-min changes in 1% FBS/TBST, specimens were
washed several times over a 2-day period in TBST. Samples then
were washed three times for 20 min each in NTMT before being
incubated in NTMT with bromo-4-chloro-3-indolyl-phosphate/
nitro blue tetrazolium (BCIP/NBT; Sigmafast tablet, Sigma, St.
Louis, MO, B-5655). This reaction turned apoptotic cells purple
and was stopped with EDTA/PBT. Specimens then were transferred through a graded series to 100% glycerol and stored at 4°C.

Photography
Specimens were examined in glycerol at low resolution under a
Heerbrugg M3C dissection scope and at high resolution using a
Leitz Laborlux S light microscope. Photographs of the animals
were taken using a Nikon Dlx digital camera, Nikon Capture
Editor, and edited using PhotoShop 7.0 (Adobe Systems, San
Jose, CA).

RESULTS
Chondrogenesis in Desmognathus aeneus
The Desmognathus aeneus stages described by
Marks and Collazo (1998) are based on gross morphology and not on the internal aspects of limb patterning. Thus, numerous events of limb chondrogenesis may be lumped within a single developmental
stage. Therefore, the stages in the following descriptions of proteoglycan and Type II collagen may vary
slightly from the stages of Marks and Collazo (1998).
Each stage of limb development lasts ⬃3 days at
24°C. Some of the earlier stages (e.g., 26 and 27)
may last only 2 days, whereas the longest stages (30,
31) may last 5 days. The hind- and forelimbs of D.
aeneus develop similarly; unless otherwise noted,
the following descriptions are of forelimb development.
Stages 26 and 27 (Fig. 2). The limb of Stage 26
Desmognathus aeneus is long and narrow, with a
rounded distal tip (Fig. 2A). In some specimens the
pectoral girdle will take up Alcian stain (not shown).
At this time, the humerus is represented only by a
diffuse focus of Type II collagen stain, located in the
proximal part of the limb bud (Fig. 2C).
By Stage 27, each of the four digits of the forelimb
is distinct. The distal tip of the limb bud has small
indentations between Digits I and II, II and III, and
III and IV. However, no cartilaginous condensation
of the digital elements has taken place (Fig. 2B). In
addition, the limb is lengthened and long bones have
differentiated to form the joint between the styloand zeugopodial elements. Condensation of cartilage
of the entire humerus (H) and the proximal end of
the radius (R) is visible with both staining techniques (Fig. 2B,D). Additionally, the ulna (U;

slightly shorter than the radius) is visible with Type
II collagen (Fig. 2D). Neither the radius nor ulna is
completely condensed because the distal tips do not
seem to have formed. The presence of stain in the
humerus (Fig. 2C) and ulna (Fig. 2D) indicates that
the Type II collagen component of cartilage forms
slightly earlier in some stages than the proteoglycan
component in these animals.
Stages 28 and 29 (Fig. 3). As the limb grows,
condensations of the radius (R) and ulna (U) stain
for proteoglycans (Fig. 3A) and Type II collagen (Fig.
3C). Neither has completed growth, however, because the distal caps have not differentiated. Metacarpal II (mcII) is quite distinct in the individual
stained for Type II collagen; there is also a faint
signal from the Alcian Blue stain in the same location. This is signiﬁcant because in both cases this
staining indicates that condensation of Metacarpal
II occurs before condensation of either the meso- or
metapodium, in contrast to the development in tetrapods that normally proceeds in a proximal-todistal direction (reviewed by Hanken, 1986; Shubin
and Alberch, 1986; Nye et al., 2003).
By Stage 29 the radius has stopped growing distally
and has condensed into an autonomous unit (Fig.
3B,D). This coincides with the earliest formation of the
radiale (r), intermedium (i), and ulnare (u). Each
stains faintly with Alcian Blue. More distally, Metacarpal III begins to form (Fig. 3B), and there seems to
be faint staining of Metacarpal I (Fig. 3B). Thus, the
sequence of digit condensation proceeds as Digit II,
Digit III, and then (based on the faint staining of
Metacarpal I) Digit I. Proximal phalanges appear to
form from the same condensation as the metacarpals;
this can be seen quite clearly in Metacarpal III in both
the Alcian Blue (Fig. 3B) and Type II collagen-labeled
specimens (Fig. 3D).
At these stages, neither proteoglycans nor Type II
collagen components of cartilage consistently appear
before the other. For example, although Metacarpal
II stains more darkly with Type II collagen than
with Alcian Blue, it is present in both specimens
(Fig. 3A,C). Additionally, the phalanx of Digit II and
Metacarpal III are more darkly stained in the Type
II embryos than in the Alcian Blue specimen (Fig.
3B,D); however, the radiale, ulnare, and intermedium stain only with Alcian Blue (Fig. 3B).
Stages 30 –32 (Fig. 4). In Stage 30 embryos,
Metacarpal I is stained with Alcian Blue before Element Y appears proximal to it (Fig. 4A). Element Y
has Type II collagen staining and it is clear that
Element Y and Metacarpal I form from different
centers of condensation (Fig. 4D). Metacarpal I appears as a long condensation that segments distally
to form the phalanx of Digit I. Element Y seems to
form in the same condensation as the radiale (Fig.
4D), before clearly separating by Stage 31 (Fig. 4B),
which is consistent with what has been observed in
Ambystoma mexicanum (Shubin and Alberch, 1986).
Indeed, at these stages there is evidence of a digital
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Fig. 2. Desmognathus aeneus. Dorsal view of left forelimbs at Stages 26 and 27. A,B: Stained
with Alcian Blue. C,D: Stained using Type II collagen immunohistochemistry. II, Digit II; H,
humerus; R, radius; U, ulna. Scale bar ⫽ 0.5 mm.

arch similar to that described by Shubin and Alberch (1986; Fig. 4A). The basale commune segments to form Distal Carpal 3, which then extends
posteriorly toward the presumptive Distal Carpal 4
(Fig. 4A,B). Additionally, the ulnare condensation

seems to segment distally and become Distal Carpal
4 (the two elements are still connected at Stage 30;
Fig. 4A,D). Distal Carpal 4 then appears to segment
distally to form Metacarpal IV (Fig. 4B,E). Similarly, the intermedium condenses and segments dis-
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Fig. 3. Desmognathus aeneus. Dorsal view of left forelimbs at Stages 28 and 29. A,B: Stained with
Alcian Blue. C,D: Stained using Type II immunohistochemistry. II, Digit II; H, humerus; i, intermedium; mc, metacarpal; p, phalanx; r, radiale; R, radius; U, ulna; u, ulnare. Scale bar ⫽ 0.5 mm.

tally to become the centrale (Fig. 4A,B). The centrale
seems to then segment distally to produce the basale
commune. This pattern of development is nearly
identical to that which has been reported in the
salamanders Dicamptodon tenebrosus (Wake and
Shubin, 1998) and Triturus marmoratus (Blanco
and Alberch, 1992).

By Stage 31, all of the meso- and metapodial elements are completely preformed in cartilage (Fig.
4B,E). The ulnare and Distal Carpal 4 seem to form
when a single condensation splits into two distinct
elements. The same is true for the radiale and Element Y. The centrale also is present at Stage 31 as
a distinct element. By comparing Stages 30 and 31,
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Fig. 4. Desmognathus aeneus. Dorsal view of left forelimbs at Stages 30 –32. A–C: Stained with
Alcian Blue. D–F: Stained using Type II immunohistochemistry. II, Digit II; bc, basale commune;
c, centrale; dc, distal carpal; H, humerus; i, intermedium; mc, metacarpal; p, phalanx; r, radiale;
R, radius; U, ulna; u, ulnare; y, Element Y. Scale bar ⫽ 0.25 mm.

we can conclude that as the intermedium condenses,
a second center of condensation arises; the proximal
center becomes the intermedium and the more distal
center the centrale (Fig. 4A,B). This is consistent
with the development of Dicamptodon (Wake and
Shubin, 1998) and Ambystoma (Shubin and Alberch,
1986). Distal Carpal 3 stained with Alcian Blue as
an individual element (Fig. 4B), but it is unclear how
it arises. Most likely, it arose as part of a condensation forming the digital arch (Shubin and Alberch,
1986) including the ulnare and Distal Carpal 4. Additional condensation and staining of the phalanges
continues at this stage. One phalanx of Digit I is
distinct and another stains faintly with Alcian Blue
at the distal tip of the digit (Fig. 4B). This second
phalanx is more clearly deﬁned in the Type II
stained embryo (Fig. 4E). These phalanges seem to
form as centers of condensation at the distal tips of
the more proximal phalangeal and metacarpal condensations (Fig. 4A,B,D,E). Finally, cartilaginous
condensations appear in Digit IV at Stage 31. Metacarpal IV may form from the same condensation as

Distal Carpal 4. The ﬁrst phalanx, however, appears
to be condensing as an independent element (Fig.
4B,E). Based on the order of cartilaginous condensation, digit order in Desmognathus aeneus proceeds
as II–III–I–IV.
By Stage 32, the ﬁnal stage prior to hatching, nearly
all of the elements of the manus are preformed in
cartilage, including the terminal phalanx of Digits I
and III (Fig. 4C,F). The only element not present at
this stage is the terminal phalanx of Digit IV. This
element would have formed after hatching and the
resulting morphology would be consistent with previous observations (Shubin and Wake, 1996).
TUNEL Staining of Desmognathus aeneus
(Fig. 5)
At Stage 26, whole-mount TUNEL staining does
not reveal cell death in the forelimb; however, apoptosis does occur in the hindlimb. There are three
strips of apoptotic cells at the distal tip of the hindlimb (Fig. 5D; arrows). The most anterior strip ap-
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Fig. 5. Desmognathus aeneus. TUNEL stained to show apoptotic cells at Stages 26 –28. A–C:
Dorsal view of left forelimbs. D–F: Dorsal view of left hindlimbs. Arrows indicate areas of staining.
II, Digit II. Scale bar ⫽ 0.5 mm.

pears to be located at what will be the indentation
between Digits I and II, the middle strip appears to
be located at what will be the indentation between
Digits II and III, and the most posterior strip, which
is the least deﬁned, appears to be at the division
between Digits III and IV.
Apoptosis occurs in both the hind- and forelimbs of
Stage 27 samples. In the forelimb there is a ridge of
cell death along the distal tip of the limb, including
a strip of apoptotic cells in a small indentation that
will likely become the division between Digits II and
III (Fig. 5B; arrow). A similar staining pattern is
seen in the hindlimb at this stage; the staining appears to be more intense at the distal tip, but a
deﬁned strip such as that seen in Stage 26 of the
hindlimb or Stage 27 of the forelimb is absent (Fig.
5E). Additional cell death is present on both the
anterior and posterior sides of the limb, proximal to
the presumptive digits. These regions of staining

appear to be located at what will be the elbow or
knee joints.
At Stage 28 apoptotic zones are absent. Samples
treated with the TUNEL technique at this stage, as
well as later stages (not shown), do not stain, indicating that cell death may not occur past Stage 27.
Signiﬁcantly, the interdigital tissues have receded
between Digits I and II, as well as Digits II and III.
This supports the hypothesis that apoptosis at
Stages 26 and 27 helped form these indentations.

Chondrogenesis in Ambystoma mexicanum
Limb development has been well studied using
Alcian Blue (e.g., Muneoka and Bryant, 1982; Shubin and Alberch, 1986; Nye et al., 2003). Here, our
goal is to directly compare the timing of proteoglycan condensation with that of Type II collagen.
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Fig. 6. Ambystoma mexicanum. Dorsal view of left forelimbs at Stages 40 – 44. A–D: Stained
with Alcian Blue. E–H: Stained using Type II immunohistochemistry. II, Digit II; bc, basale
commune; c, centrale; dc, distal carpal; H, humerus; i, intermedium; mc, metacarpal; p, phalanx;
R, radius; r, radiale; U, ulna; u, ulnare; y, Element Y. Scale bar ⫽ 0.25 mm.

Stages 40 – 44 (Fig. 6). By Stage 40 the axolotl
limb bud is long and narrow; it has a rounded distal
tip and lacks formation of any digits (Fig. 6A,E).
Although the pectoral girdle can be seen as a thin
line of Alcian Blue stain (Fig. 6A), there does not
seem to be any condensation of limb elements.
By Stage 42 the limb bud has extended and bends
at the presumptive joint between the stylopod and
zeugopod. The humerus is completely stained with
Alcian Blue (Fig. 6B) and Type II collagen (less
intense; Fig. 6F), indicating that the bone is preformed in cartilage and that proteoglycans are
present throughout (Fig. 6B). Only several cells
wide, the humerus has condensed completely and
the joint between the zeugopod and stylopod has
formed (Fig. 6B,F). Distal to the humerus, the proximal halves of the radius and ulna also show the
presence of both proteoglycans (Fig. 6B) and Type II
collagen (faintly; Fig. 6F). However, the distal half,
which joins the autopod, is unstained at this stage,
indicating that both elements continue to condense

distally. In contrast to the developmental pattern of
most tetrapods (in which digits IV and V form ﬁrst),
Digits II and I emerge as individual digit buds from
the limb bud at this time. Interdigital tissues are
present between the two digits, and although each
digit is distinct at the most distal tip, the presence of
any interdigital tissue is previously unreported for
Ambystoma mexicanum (Fig. 6B,F). Digit I extends
distal to the radius. Metacarpal I and the most proximal phalanx of Digit I have condensed as a single
element and stain with Alcian Blue (Fig. 6B). Again,
a single condensation can be seen in Digit I of the
embryo stained for Type II collagen, but staining is
faint (Fig. 6F). Although Digit II has also emerged
as an individual bud, no phalanges have condensed
at this time.
At Stage 43 (Fig. 6C,G) the radius and ulna continue to extend distally and are beginning to differentiate into individual elements. A single condensation that forms between the radius and ulna extends
proximally from the presumptive intermedium to
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the basale commune. Although consistent with previous descriptions of Ambystoma (Shubin and Alberch, 1986), this pattern differs signiﬁcantly from
that observed in Desmognathus aeneus, in which the
basale commune appears to condense independently
of the intermedium and centrale. In axolotls, the
basale commune, although most distal, appears ﬁrst
and segments from the rest of the condensation before either the centrale or intermedium (Fig.
6C,D,H). Stage 43 limbs also show additional staining of the phalanges in Digits I and II. In both digits
a single, continuous, cartilaginous condensation of
the phalanges is present; this condensation splits
into the individual phalangeal elements of each digit
(Fig. 6D). Interdigital tissue can still be seen between Digits I and II at this time. Furthermore, it
appears that Digits III and IV are starting to develop on the posterior side of the limb. These digits
are still connected to the limb and Digit II via interdigital tissue.
By Stage 44 most zeugopodial and autopodial elements are deﬁned. The ulna and radius have
formed completely. In the mesopodium the ulnare,
intermedium, radiale, Element Y, and basale commune have condensed and are stained with Type II
collagen and Alcian Blue (Fig. 6D,H). The boundaries of the centrale remain faint, indicating that it
is not yet completely separated from the intermedium (Fig. 6D). Type II staining still shows the two
elements as a single condensation at this time (Fig.
6H). The metapodium consists only of Distal Carpal
3. Between the more distinct forms of the ulnare and
Distal Carpal 3 there remains a faint condensation
that eventually segments to form Distal Carpal 4
(Fig. 6D). Thus, there are two digital arches that
form in the axolotl— one connecting the centrale,
intermedium, and basale commune, and another
connecting the ulnare, Distal Carpal 4, and Distal
Carpal 3. These results are consistent with those of
Shubin and Alberch (1986). Further, the metacarpals and two distal phalanges of Digits I and II, as
well as Metacarpal III, have condensed and can be
visualized with both the Alcian Blue and Type II
collagen (Fig. 6D,H). Interdigital tissue is no longer
present. In all of the embryos from Stages 40 – 42 the
same elements are seen with both Alcian Blue and
Type II collagen. However, the staining for Alcian
Blue is much more intense. Possibly, Type II collagen does not fully incorporate into the cartilage until
stage 44.
Stages 45 and 46 (Fig. 7). Stage 45 limbs are
similar to those of Stage 44. The distal phalange of
Digit II is completely condensed and Digit III continues to extend distally; Metacarpal III is condensing, but is not yet distinct from the phalanges. Embryos stained for Type II collagen have nearly
identical developmental patterns to those stained
for Alcian Blue. There appears to be only slight
variation in the intensity of staining of certain elements. For example, the radiale, ulnare, and basale

Fig. 7. Ambystoma mexicanum. Dorsal view of left forelimbs
at Stages 45 and 46. A,B: Stained with Alcian Blue. C,D: Stained
using Type II immunohistochemistry. II, Digit II; bc, basale commune; c, centrale; dc, distal carpal; i, intermedium; mc, metacarpal; p, phalanx; r, radiale; u, ulnare; y, Element Y. Scale bar ⫽
0.25 mm.

commune stain much more darkly with Alcian Blue
at this stage (Fig. 7A), perhaps indicating slightly
more incorporation of proteoglycans versus Type II
collagen at this stage.
Stage 46 individuals are distinguished by the
separation of the centrale from the intermedium
(Fig. 7B). Although they clearly form from the
same original condensation, their individual condensation centers have grown enough to identify
each as an independent element (Fig. 7D). Digit
III continues to extend distally; by this stage, two
phalanges are seen distal to Metacarpal III. The
phalanges appear to be forming as one continuous
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Fig. 8. Ambystoma mexicanum. Dorsal view of left forelimbs at Stages 47 and 48. A,B: Stained
with Alcian Blue. C,D: Stained using Type II immunohistochemistry. II, Digit II; c, centrale; i,
intermedium; mc, metacarpal; p, phalanx. Scale bar ⫽ 0.25 mm.

cartilaginous condensation and then breaking off
from one another.
By Stages 45 and 46 the relative contributions of
Type II collagen and proteoglycans to cartilage appear to be equal.
Stages 47 and 48 (Fig. 8). In Stage 47 embryos
(Fig. 8A) Digit IV has begun to bud off from the limb
bud. Interestingly, the intermedium and centrale re-

main fused in these specimens; Stage 46 embryos
showed the intermedium and centrale as individual
elements. That they are still fused at Stage 47 in these
embryos indicates that the order of appearance of elements varies between individuals. Metacarpal IV has
condensed completely, the ﬁrst and third phalanges
are distinct, and the second phalanx is stained faintly
(Fig. 8C). This suggests that the phalanges are indeed
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Fig. 9. Ambystoma mexicanum. TUNEL-stained to show apoptotic cells. A: Dorsal view of left
forelimb at Stage 44. B: Dorsal view of left hindlimb at Stage 45. C: Dorsal view of left hindlimb
at Stage 46. Arrows indicate areas of staining. II, Digit II. Scale bar ⫽ 0.5 mm.

forming as a single, continuous condensation, rather
than as individual condensations.
By Stage 48 all of the elements of the manus are
present. The stylopod and zeugopod are completely
formed, as are all of the meso- and metapodial elements. Digits I and II have three phalanges, Digit
III has all four phalanges, and Digit IV has three
complete phalanges (Fig. 8B,D).
Although Type II collagen and Alcian Blue staining reveal a similar pattern of digit development,
the Type II embryos more clearly reveal (with
darker staining) distal elements forming before
more proximal elements during these stages.

Cell Death in Ambystoma mexicanum (Fig.
9)
Cell death was not seen in the interdigital spaces
of developing axolotl limbs in either the hind- (Fig.
9B,C) or forelimbs (Fig. 9A). Although there is no
discernable staining at the distal tip of the limb,
there is signiﬁcant staining (Fig. 9A; purple dots,
arrow) in the proximal part of the limb. The same is
true for the distal ends of the hindlimbs (not shown).
Thus, cells at the amputation point died and were
appropriately labeled. This result is consistent with
the results of previous studies (Vlaskalin et al.,
2004).

DISCUSSION
Our results indicate that Desmognathus aeneus
forms limbs in a novel way compared to Ambystoma
mexicanum. Indeed, in some respects D. aeneus limb
development is more similar to amniote limb development than to that of axolotls. The most signiﬁcant
distinction between the developing limb of D. aeneus
and A. mexicanum is the outgrowth of the digits. In
both species the limb bud extends from the body wall
and continues to lengthen distally as the precartilage foci of the humerus, radius, and ulna begin to
condense. The timing of digit appearance varies between the two species. In A. mexicanum, each digit
extends from the limb bud as its own individual bud.
Within each bud, the metapodials and phalanges
condense and segment from one another. These internal processes of cartilage formation are coincident with the elongation of the digital bud. The ﬁrst
digit to bud at the distal tip of the limb is Digit II
(Fig. 6B,F). The mesenchymal template of the digit
extends from the limb, the cartilaginous condensation of the phalanges begins, and then the next digit
begins to bud from the limb bud. Indeed, cartilaginous condensation of Digit III is complete before
Digit IV even begins to bud. In D. aeneus, however,
the limb bud extends from the body wall and begins
to ﬂatten at the distal tip, forming a paddle similar
to what is seen during amniote limb development
(Fig. 2A). External furrows appear between each
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digital primordium before evidence of a cartilage
formation of metapodials and phalanges. Only once
the mesenchymal template for the digits has formed
(Fig. 2B) does cartilaginous condensation of the digital elements take place (Fig. 3E,G). The differences
between these taxa suggest that there is a disparity
in the timing of the key events of digital formation:
condensation, cartilage matrix secretion, and sculpting of the interdigital spaces between the digital
primordial.
Study of these two urodele species has also revealed differences in the role of apoptosis in morphogenesis. Although researchers have not found cell
death during normal development in Ambystoma
mexicanum (Cameron and Fallon, 1977), the discovery of interdigital tissue between Digits I and II (in
which cell death might play a role in digit ontogeny)
required additional study. However, our results
with axolotls support previous ﬁndings (Cameron
and Fallon, 1977). Cell death was detected in Desmognathus aeneus at the presumptive interdigital
spaces in both the forelimbs and hindlimbs. The
programmed cell death at the distal tip helps form
the mesenchymal template for D. aeneus digits,
which precedes digital condensation. This contrasts
with the situation in amniotes, in which a paddlestage forms ﬁrst at the distal tip of the limb bud,
followed by the condensation of digital elements
within the paddle, which are then distinguished
from one another by apoptosis. Although the staining was not as pronounced in D. aeneus, as would be
expected from amniotes, the results are still significant. Urodele cells are much larger than those of
amniotes; thus, only a fraction of the number of cells
in an amniote limb is present in the developing
salamander limb. Additionally, because the stages
in which we see cell death take ⬃5 or 6 days to
complete, it is fortunate that we could observe dying
cells. The presence of apoptotic cells suggests not
only heterogeneity of morphological development
between these two urodele species, but also a significant difference in the timing of gene expression.
Exploration of BMP expression in D. aeneus and A.
mexicanum is critical to understanding the mechanisms behind this variation.
The presence of cell death in Desmognathus aeneus also raises questions about the evolutionary
history of apoptosis in tetrapods. Cell death has
been reported in the limbs of birds (e.g., Dahn and
Fallon, 2000), mammals (e.g., Zakeri and Ahuja,
1994), and reptiles (e.g., Fallon and Cameron, 1977;
Goel and Mathur, 1978; Sorenson and Mesner,
2005), but not in amphibians (Cameron and Fallon,
1977). It is possible that cell death is absent in most
urodeles, but evolved independently in D. aeneus
and amniotes. Alternatively, most urodeles may indeed use programmed cell death during limb development and only a few species, such as Ambystoma
mexicanum and Notopthalmus viridescens (Vlaskalin et al., 2004), have lost apoptosis as a develop-
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mental mechanism. More species of urodeles must
be investigated to resolve this issue.
Desmognathus aeneus and Ambystoma mexicanum also differ with regard to the sequence of digit
condensation. In A. mexicanum, Digit II begins to
form ﬁrst, followed by Digits I, III, and IV. However,
in D. aeneus, Digit II forms ﬁrst, followed by Digits
III, I, and IV. Neither order is identical to that of
amniotes. These differences in timing of cartilaginous condensation certainly indicate variation in
the timing or location of gene expression. Exploration of genes such as SHH and Sox9 could greatly
enhance our understanding of how digit condensation is triggered.
Our ﬁndings indicate that tetrapod limb development is extremely variable. Indeed, concepts that
frame the basis for the tetrapod model of limb development, things that are often taken for granted—
that limb development proceeds proximally to
distally, that digits form posteriorly to anteriorly,
that cell death occurs after digit formation and
only in amniotes—are not even true for all groups of
salamanders. What we have discovered in working
with a direct-developing salamander is a source of
variability in the tetrapod lineage that is likely a
target of natural selection. Evolution of specialized
life history modes in salamanders has involved
novel disassociations among the sequence of cartilage condensation, digit elongation, and the utilization of interdigital spaces. Further study of the developmental programs of each life history mode will
likely reveal a link between developmental biology,
ecology, and evolution in this clade.
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