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Cranial Muscle Development in the
Model Organism Ambystoma

mexicanum: Implications for Tetrapod
and Vertebrate Comparative and

Evolutionary Morphology and Notes on
Ontogeny and Phylogeny

JANINE M. ZIERMANN* AND RUI DIOGO

Department of Anatomy, Howard University College of Medicine, Washington DC

ABSTRACT
There is still confusion about the homology of several cranial muscles in

salamanders with those of other vertebrates. This is true, in part, because of
the fact that many muscles present in early ontogeny of amphibians disap-
pear during development and specifically during metamorphosis. Resolving
this confusion is important for the understanding of the comparative and ev-
olutionary morphology of vertebrates and tetrapods because amphibians are
the phylogenetically most plesiomorphic tetrapods, concerning for example
their myology, and include two often used model organisms, Xenopus laevis
(anuran) and Ambystoma mexicanum (caudate). Here we provide the first
detailed report of the cranial muscle development in axolotl from early onto-
genetic stages to the adult stage. We describe different and complementary
types of general muscle morphogenetic gradients in the head: from anterior
to posterior, from lateral to medial, and from origin to insertion. Further-
more, even during the development of neotenic salamanders such as axo-
lotls, various larval muscles become indistinct, contradicting the commonly
accepted view that during ontogeny the tendency is mostly toward the dif-
ferentiation of muscles. We provide an updated comparison between these
muscles and the muscles of other vertebrates, a discussion of the homologies
and evolution, and show that the order in which the muscles appear during
axolotl ontogeny is in general similar to their appearance in phylogeny (e.g.
differentiation of adductor mandibulae muscles from one anlage to four
muscles), with only a few remarkable exceptions, as for example the dilata-
tor laryngis that appears evolutionary later but in the development before
the intermandibularis. Anat Rec, 00:000–000, 2013. VC 2013 Wiley Periodi-
cals, Inc.
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INTRODUCTION

Besides extensive studies on the morphology of
amphibians and some comparative myological works
(Lubosch, 1914; Edgeworth, 1935; Iordansky, 1996;
Haas, 2001, 2003), the homologies between the muscles
of amphibians and other tetrapods is still a subject that
raises much controversy and that interests researchers
from various different fields of biology. This is because
amphibians are the phylogenetically most plesiomorphic
tetrapods, at least concerning their myology, and include
two of the most used model organisms, Xenopus laevis
(anuran frog) and Ambystoma mexicanum (caudate
axolotl). Apart from anurans and caudates (salaman-
ders), the clade Amphibia also includes the not so stud-
ied caecilians. Clarifying the homologies between the
hard and soft tissues of amphibians and other verte-
brates is therefore an important task for the under-
standing of the comparative and evolutionary
morphology of vertebrates as a whole and of the origin
and evolution of tetrapods in particular (Diogo and
Abdala, 2010). A. mexicanum is considered to be the
most useful model organism to discuss the early evolu-
tionary history of tetrapods because this is a salamander
species and thus is anatomically more plesiomorphic
than the frog X. laevis (e.g., Schmidt et al., 2013). More-
over, it is also a crucial model for regenerative and evo-
lutionary developmental biology (e.g., Diogo and Tanaka,
2012).

In amphibians several types of metamorphosis are
known that show more or less changes from a larval to
an adult stage (Lynn, 1961). The morphology of the jaw
apparatus in salamanders is relatively stable during on-
togeny until adulthood (Iordansky, 1992). Therefore, it is
easier to compare the muscles in larvae and adult sala-
manders as compared with anurans where massive
changes in the cranium occur during development
(Haas, 1996). The salamander family Ambystomatidae
includes several species that are neotenic, which means
that they fail to undergo a full metamorphosis. The head
morphology of some members of this family was
described over the past century (Luther, 1914; Edge-
worth, 1935; Piatt, 1938), and the development of larval
cranial muscles was also investigated but to a lesser
extent (e.g. Edgeworth, 1935; Ericsson and Olsson, 2004;
Piekarski and Olsson, 2007; Ziermann, 2008).

The Mexican Axolotl (A. mexicanum, Shaw and Nod-
der, 1798) is a neotenic salamander species of which the
adults display many larval characters (e.g. external gills,
tail fin, no eye lids, branchial arch levators). This sala-
mander has become an important model organism in de-
velopmental, regenerative, comparative and evolutionary
works, but paradoxically there is not a single article ex-
plicitly dedicated to the study of the development of the
mandibular, hyoid, branchial, and hypobranchial
muscles of this species. Most studies focus only on a few
muscles that are of interest for providing discussions
about specific subjects such as functional morphology
(Lauder and Reilly, 1988), the evolution of novelties
(Schmidt et al., 2013), the role of the neural crest in cra-
nial development (Ericsson et al., 2004), or the origin of
cranial muscles derived from somites (Piekarski and Ols-
son, 2007).

In this article, we provide the first detailed report on
the development and adult configuration of the

mandibular, hyoid, branchial, and hypobranchial
muscles of A. mexicanum, from early ontogenetic stages
to the adult stage. We provide an updated comparison
between these muscles and the muscles of other tetra-
pods and other vertebrates, as well as a discussion of
their homologies. We focus particularly on the controver-
sial homologies of the depressor mandibulae, levator
hyoideus, branchiohyoideus, and of the protractor pec-
toralis, which have crucial implications for the under-
standing of amphibian and tetrapod biology and of the
origin of reptiles and mammals.

MATERIAL AND METHODS

Embryos and larvae for the histological sectioning and
staining with Azan and Bunke were provided from Pie-
karski (Jena, Germany). Twenty-five embryos and hatch-
lings with 12/101 stained muscles were provided by R.
Elinson (AMP1; Pittsburgh). All those embryos and
hatchlings were used to investigate the development and
morphology of the cranial muscles. They were studied
under a microscope (Nikon AZ100) and photographed
with an attached camera (Nikon DS-Fi1; software NIS-
Elements D4.00.03). Staging followed Bordzilovskaya
et al. (1989) and Nye et al. (2003). The embedding of the
embyros and hatchlings, the sectioning and the following
staining with either Azan or Bunke followed the proto-
cols from Ziermann and Olsson (2007). Specimens were
dehydrated in an ethanol series, embedded in paraffin or
Technovit 8100 (Heraeus Kulzer, Germany) dependent
on their size. The embryos and larvae were sectioned at
7 or 8lm (paraffin) or 5 lm (Technovit) on a Microm
HM360 microtome. Paraffin sections were stained with
Heidenhain’s Azan technique and Technovit sections
with Bunke staining (B€ock, 1989). For immunocytochem-
istry we followed the procedure as described by Elinson
and Fang (1998). The embryos were fixed in Dent’s fixa-
tive (80% methanol and 20% dimethyl sulfoxide, DMSO;
Dent et al., 1989), and stored at 220�C. The embryo’s
pigment was bleached with 10% H2O2 in 67% Dent’s for
1 to 3 days if necessary. They were stained for muscle
with 12/101 antibody (Kintner and Brockes, 1985). The
primary antibody was visualized using a HRP-labeled
goat antimouse secondary antibody (horse radish peroxi-
dase, HRP).

Two adult specimens (AMP4, Ambystoma Genetic
Stock Center, Lexington, KY) were dissected and com-
pared with the descriptions of adults provided in the lit-
erature to confirm the adult morphology. The dissection
was done under low magnification with a dissecting
microscope (Nikon SMZ-2B). The specimens were photo-
graphed at several steps of the dissection with a Nikon
digital camera (D90). The labeling of both the embryonic
and adult structures was done in Microsoft PowerPoint.
As this article focus on a broader comparative morphol-
ogy investigation throughout vertebrates the muscle ter-
minology mainly follows Diogo and Abdala (2010); the
depressor and levator branchiarum muscles were named
after Ericsson and Olsson (2004). The nomenclature of
adult bones mainly follows Carroll (2007). Larval carti-
lages were named as in Haas (1996, 2001, 2003), while
the developmental stages of muscle development (Table
1) follow Ziermann and Olsson (2007) and Ziermann
(2008). A list of muscle synonyms used by other authors
is given in Table 2.

2 ZIERMANN AND DIOGO



RESULTS

Mandibular Muscles

During stage 34 an elongated cluster is visible lateral
to the brain reaching the ventral portion of the head.

The ventral part is the anlage of the intermandibularis
posterior muscle, while the dorsal part is the adductor
mandibulae anlage (see Table 3). By stage 36 both anla-
gen can be clearly divided (Figs. 1A and 2A). At the be-
ginning of stage 38 all mandibular arch muscles, except

TABLE 1. Updated and completed scheme showing the development of cranial muscles in Ambystoma
mexicanum

Staging following Bordzilovskaya et al. (1989) and Nye et al. (2003). I5 anlage (myoblasts); II5myocytes visible; III5 fiber
development starts; IV5 functional muscle (modified from Ziermann, 2008). Thicker arrows indicating development from
another muscle. The small arrows showing the observed contribution of the levator hyoideus to the branchiohyoideus and de-
pressor mandibulae. The mangenta cells refer to the fact that in adults some muscles are integrated into each other. This is
the case with the levator hyoideus and the deep pseudotemporalis (A300) which are not present as distinct muscle structures
because they are integrated in the adult depressor mandibulae and the adult pseudotemporalis, respectively. In stage 34 and
37 the long blue boxes (merged cells) indicate a common anlage. When anlage or muscle can be seen individually the cells are
separated. Red font highlights muscles that were not included in Ziermann’s (2008) detailed developmental table but that
were found in the present work in the adult axolotl. “sup.” means superficial, “br.” means branchiarum, and “?” refers to
muscles that we could not identify in the adult axolotls dissected for the present project but that are often present in salaman-
ders and in larval Ambystoma mexicanum as reported by Ziermann (2008); the only exception is the laryngeus (see Table 5
below).

CRANIAL MUSCLES DEVELOPMENT IN THE AXOLOTL 3



the intermandibularis anterior, are visible as muscle cell
bands (Table 1). In stage 40 the fiber development is
clearly visible and by the end of stage 42 the mandibular
arch muscles are fully developed.

The intermandibularis anterior is the only muscle
that is always a bit delayed in its development compared
with most other cranial muscles (Table 1; Fig. 2D). It is
visible by the end of stage 38, stretching anteriorly
between the cartilages of Meckel and with a clear gap to
the intermandibularis posterior. The intermandibularis
anterior connects with the contralateral muscle in a me-
dian raphe. In the adult this muscle band stretches
between the most anterior medial sides of the dentary
(Fig. 3E). The intermandibularis posterior develops from
its origin at Meckel’s cartilage to its insertion where it
meets the contralateral muscle in a median raphe (Fig.
2). During the early development are the fibers postero-
medially oriented. By stage 40 (Fig. 2E) the fibers have

turned to their final latero-medial orientation and con-
nect with the contralateral muscle. In the adults this
muscles covers the anterior ventral half of the head,
running from the dentary toward the median raphe and
forming a continuous sheet with the interhyoideus
(Fig. 3C).

In stage 36 (Fig. 1A) a small anlage of lateral mandib-
ular muscles is visible just posterior to the eye anlage.
This stretches during the following stages and by stage
39 (Fig. 1D) it can be distinguished between the anterior
developing pseudotemporalis and the posterior superfi-
cial developing adductor mandibulae (A2) (Fig. 1D). The
deep adductor mandibulae A2-PVM (posteroventrome-
sial) is not visible until stage 43 in our antibody stained
sample (Fig. 4C). However, in histological sections this
muscle can be distinguished from the adductor mandibu-
lae A2 and the pseudotemporalis from stage 38 onwards
(Table 1). The A2-PVM is blended with both the A2 and

TABLE 2. Synonyms used for the adult mandibular, hyoid, branchial, and hypobranchial arch muscles

A. mexicanum Synonyms used in Caudates

Mandibular muscles
Intermandibularis anterior Submentalis (Iordansky, 1992)
Intermandibularis posterior –
Adductor mandibulae A2 Levator mandibulae externus (Edgeworth, 1935; Piatt, 1938; Larsen and Guthrie,

1975; Carroll and Holmes, 1980; Ericsson and Olsson, 2004; Piekarski and Olsson,
2007; Ziermann, 2008); adductor mandibulae externus (Iordansky, 1992; Lauder and
Shaffer, 1985; Carroll and Holmes, 1980)

Adductor mandibulae
A2-PVM

Levator mandibulae posterior (Edgeworth, 1935; Piatt, 1938); adductor mandibulae
posterior (Piatt, 1938; Carroll and Holmes, 1980; Iordansky, 1992); levator mandibu-
lae articularis (Ziermann, 2008)

Pseudotemporalis,
superficial (A30)

Superficial levator mandibulae anterior (Edgeworth, 1935; Piekarski and Olsson,
2007); levator mandibulae anterior superficialis (Piatt, 1938, 1939); part of adductor
mandibulae internus (Carroll and Holmes 1980; Lauder and Shaffer, 1985); levator
mandibulae longus (Haas, 2001; Ericsson and Olsson, 2004; Ziermann, 2008); adduc-
tor mandibulae A30 (Diogo 2007, 2008)

Pseudotemporalis,
deep (A300)a

Deep levator mandibulae anterior (Edgeworth, 1935; Piatt, 1938; Piekarski and Olsson,
2007); part of adductor mandibulae internus (Carroll and Holmes, 1980; Lauder and
Shaffer, 1985); levator mandibulae internus or pseudopterygoideus (Haas, 2001;
Ericsson and Olsson, 2004; Ziermann, 2008); adductor mandibulae A300 (Diogo, 2007,
2008)

Levator bulbi –
Hyoid muscles

Interhyoideus
anterior 1 posterior

Interhyoideus anterior 1 posterior (sensu Piatt, 1938; Bauer, 1992, 1997; Ericsson and
Olsson, 2004)

Depressor mandibulae Depressor mandibulae anterior (Diogo 2007, 2008; Diogo et al., 2008a,b)
Branchiohyoideus Branchiohyoideus externus (Piekarski and Olsson, 2007)
Levator hyoideusa Depressor mandibulae posterior sensu Diogo 2007, 2008 and Diogo et al., 2008a,b)
Ceratomandibularisa Branchiomandibularis (Edgeworth, 1935); ceratohyoideus externus (Piatt, 1938); sub-

hyoideus (Duellman and Trueb, 1986)
Branchial muscles

True branchial muscles s.st. –
Protractor pectoralis Cucullaris or cucullaris major (Edgeworth, 1935; Carroll, 2007; Piekarski and Olsson,

2007)
Constrictor laryngisa –
Dilatator laryngisa –
Laryngeusa Laryngeus ventralis (Edgeworth, 1935)

Hypobranchial muscles
Geniohyoideus –
Sternohyoideus Rectus cervicus (Carroll, 2007); rectus cervicis (Ziermann, 2008)
Omohyoideus Pectoriscapularis (Edgeworth, 1935); abdomino-hyoideus (Piatt, 1938)

aDeep pseudotemporalis and levator hyoideus are present as distinct muscles in some ontogenetic stages of A. mexicanum
but are completely integrated in the pseudotemporalis and depressor mandibulae of the adult, respectively (see text and
Tables 1, 3, and 4); the ceratomandibularis is not present as a distinct muscle in all observed developmental stages of A.
mexicanum (see text and Table 4); the constrictor laryngis and dilatator laryngis are clearly usually present in A.
mexicanum but the laryngeus was not identified in the present work either because it is missing in this species or because
it is a very small and deep laryngeal muscle (see text and Table 5). “s.st.” means sensu stricto.
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the pseudotemporalis in the adult, its posterior fibers
being particularly blended with the fibers of the A2 (Fig.
1F). Between A2 and A2-PVM runs the mandibular
branch of the trigeminal nerve (cranial nerve V3) (Figs.
3B, 4B). The anterior fibers of the A2-PVM in both, the
larvae and the adult, look like a part of the pseudotem-
poralis. In larvae the A2-PVM originates from the pala-
toquadrate (commissura quadrato-cranialis anterior) and
inserts onto Meckel’s cartilage. The adductor mandibu-
lae A2 originates in larvae from the palatoquadrate and
the orbital cartilage and in the adult from the squamosal
(Fig. 4A). During development the A2 changes its orien-
tation from vertical (from dorsal to ventral posterior to
the eye) toward diagonal (from caudodorsal to antero-
ventral). Its insertion is dorsal at Meckel’s cartilage (lar-
vae) or dentary (adult) (Fig. 4B,C).

In larvae a small deeper part of the anlage that gives
rise to the pseudotemporalis superficialis (corresponding
the A30 of fish) gives rise to the pseudotemporalis pro-
fundus (corresponding to the A300 of fish); this anlage is
visible from stage 39 onwards (Table 1). During larval

development the peudotemporalis profundus will become
completely integrated in the main body of the pseudo-
temporalis forming a mainly undifferentiated muscle in
the adult. The origin of the pseudotemporalis superficia-
lis moves dorsal during development (Fig. 1D,F): in lar-
vae it originates dorsolaterally from the palatoquadrate
(orbital cartilage) and in adults it originates from the
midline of the parietal and caudal from the first verte-
brae (Figs. 3A and 4A). In larvae, the pseudotemporalis
profundus originates ventrolaterally from the palatoqua-
drate, being blended with from medial fibers of the pseu-
dotemporalis; both portions insert at Meckel’s cartilage.
In the adult the undivided pseudotemporalis inserts cau-
dodorsally at the dentary.

The levator bulbi is a muscle that is related to the eye
and that we only could identify in the adults (Fig. 4A).
Superiorly to this muscle runs the maxillary branch of
the trigeminal nerve, i.e. cranial nerve V2 (Fig. 4A; see
Discussion). Medial to this nerve V2 lies a branch that
runs to the levator bulbi, probably innervating it. How-
ever, we were not able to confirm if this branch is part

Fig. 1. Lateral views of different stages during development of

Ambystoma mexicanum. Muscles stained with 12/101 antibody. The

muscle differentiation can be observed from anterior (mandibular arch;

A) toward posterior (branchial arches; D). The lateral anlage of the

mandibular and hyoid arch splits up in several lateral muscles, while

the branchial arch muscles develop more or less one by one. For

details see text. Stages: A5 36, B5 36, C5 37, D539, E540, F5

43. Scale bar5 1 mm.
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of V2, as it seems to be, or instead the abducens nerve
(VI) (see Discussion). The levator bulbi is usually consid-
ered to be derived from a dorsal mandibular anlage and
an innervation by V2 would support this idea, although
the orientiation of its fibers in the adult suggests that it
could perhaps derive also/exclusively from the anlage of
the pseudotemporalis (see Table 3 and Discussion). This
is because during development the pseudotemporalis
lays close to the posterior edge of the eye and the orien-
tation of the fibers of the deeper layer of the dorsal part
of the pseudotemporalis in the adult also appears more
to be somewhat similar to that of the fibers of the leva-
tor bulbi.

Hyoid Muscles

In a histological section of stage 34 the anlage of the
hyoid arch muscles is visible lateral to the buccal cavity

(Table 1). The ventral part of this anlage stretches cau-
dally, later during development forming the anlage of the
interhyoideus posterior at stage 38 (Fig. 2D–F). The dor-
somedial part (see Table 4) becomes the anlage of the
branchiohyoideus, levator hyoideus, and depressor man-
dibulae (Fig. 1C), this anlage being distinct at stage 38
(Table 1; Fig. 1D–F). Muscle cells are visible in all hyoid
muscles at stage 38, in the interhyoideus posterior at
stages 38-39; during stage 40 the fiber development
increases and by stage 42 all hyoid arch muscles are
visible.

The interhyoideus originates from the ceratohyal and
meets the contralateral muscle in a median raphe (Fig.
3C). It develops from its origin to its insertion and the an-
terior part before the posterior part (Fig. 2). An anterior
thin part (interhyoideus anterior) and a posterior thicker
part (interhyoideus posterior) can be distinguished even if
the border between both parts is not always clear (Fig.

Fig. 2. Ventral views of different stages during development of

Ambystoma mexicanum. Same specimens as shown in Fig. 1. Many

muscles develop from their region of origin toward their future inser-

tion site, which can be best observed in ventral muscles such as the

geniohyoideus (Fig. 1B–F). The ventral muscles intermandibularis

posterior and interhyoideus (including interhyoideus posterior) are

clearly separated early in development (Fig. 1A–D), but can hardly be

distinguished anymore in advanced larvae (Fig. 1E–F). For details see

text. Scale bar5 1 mm.
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2E,F). In larvae, the fibers of the interhyoideus posterior
stretch lateral to the depressor mandibulae, ventral to the
opercular fold and posteroventrolaterally to the cerato-
branchial I. In adults the interhyoideus posterior is
mostly restricted to an attachment onto the ceratohyal
and only a few fibers still originate laterally at the cerato-
branchial and in the opercular fold. The interhyoideus
posterior is the thickest portion of the ventral muscle
sheet covering the adult head.

In larvae the dorsomedial anlage of the hyoid muscles
stretches giving rise to three muscles (Fig. 1C). The
branchiohyoideus seems to develop from the caudal ven-
tralmost part of this dorsomedial anlage (Fig. 1C),
inserting only onto the ceratohyal (Fig. 2C). Interest-
ingly, during the larval development both origin and
insertion are changed. The origin shifts toward the lat-
eral part of the ceratobranchial I (Fig. 1E,F) while the
insertion will be ventral from the whole length of the
ceratohyal, ventral to the origin of the interhyoideus
(Fig. 2E,F). The anlage of the branchiohyoideus is visible
at stage 37 (Table 1). Shortly thereafter muscle cells are

visible, followed by fiber development and at the end of
stage 42 the muscle is fully developed.

The depressor mandibulae and the levator hyoideus
originate from the otic capsule. From the developmental
investigation it seems that the ventral fibers of the leva-
tor hyoideus continue into the depressor mandibulae,
which attaches to the Meckel’s cartilage in larvae and to
the dentary in the adult (Fig. 1C). The depressor mandi-
bulae extends anteriorly and ends caudal to the anlage
of the Meckel’s cartilage (stage 38-39). In later stages
(43 onwards) there seems to be a turn in the fiber orien-
tation of the depressor mandibulae (Figs. 1F and 4C):
the dorsal fibers have a more vertical orientation while
the ventral fibers are more diagonal. This could indicate
that the dorsomedial fibers still represent the levator
hyoideus and the dorsolateral and ventral fibers repre-
sent the part of the depressor mandibulae that derives
directly from the original depressor mandibulae anlage.
By definition, an origin from the otic capsule and an
insertion onto the ceratohyal corresponds to the configu-
ration of the levator hyoideus. The dorsomedial fibers of

Fig. 3. Dissection of cranial muscles of an adult Ambyostoma mexi-

canum. Anterior is on the right in all pictures. A, B: right lateral view.

A) superficial muscles, B) to show the A2-PVM, the pseudotemporalis

and A2 are flipped dorsally and ventrally, respectively. The red arrow

is pointing towards the mandibular branch of the trigeminus nerve (n.

V3). C, E, F: Ventral views. C) All superficial ventral muscles are fused

into one thin sheet and can only be divided by their origins at the

mandible (intermandibularis posterior) and the ceratohyal (interhyoi-

deus). E) and F) deeper ventral muscles. D: Ventro-lateral view to

show the branchiohyoideus originating laterally and curving posterior

to the jaw articulation to insert along the ceratohyal. Scale bar5 1 cm.
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the levator hyoideus do reach the hyoid arch in early
stages of development (Fig. 1C), but during development
this muscle shifts its insertion completely to the mandi-
ble and is hardly, or not at all, distinguished from the
depressor mandibulae in later stages (Fig. 1E,F). In
stage 44 some medial fibers of the levator hyoideus/de-
pressor mandibulae complex still reach in a steep angle
the ceratohyal, which makes this part recognizable as
the levator hyoideus. The lateral fibers attach to Meck-
el’s cartilage and are probably a mix of the lateral fibers
of the levator hyoideus and the fibers of the depressor
mandibulae (see Discussion).

Branchial Muscles

The branchial arch muscles can be divided into the
true branchial muscles sensu stricto, the protractor pec-
toralis, and the laryngeal muscles (see Table 5). The
anlagen of the levatores arcuum branchialium (LAB) I
and II can be identified in stage 37 (Table 1). The LAB
III and IV are visible by stage 38. Muscle cells are first
visible in LAB I (stage 38), followed by LAB II–IV (stage
38-39) (Fig. 1D). The fiber development in LAB I–IV
starts by stage 40, and by stage 42 the LAB I–IV are
fully developed (Fig. 1F). They originate from the fascia
cephalodorsalis covering the otic capsule and lateral to
the epaxial muscles, each inserting onto its respective
ceratobranchial. The LAB I–IV develop slightly before
the true ventral branchial muscles sensu stricto (Fig.
1D, cf. with Fig. 2D,E). These include the anlagen of the
subarcualis rectus I, subarcualis rectus II–IV and subar-
cuali obliquii II and III, which are visible at stage 38

(Table 1). Shortly thereafter there are muscle cells visi-
ble in the subarcualis rectus I, followed by subarcualis
obliquus II and then subarcualis obliquus III, while at
stage 39 the subarcualis rectus II–IV also has visible
muscle cells. The subarcualis rectus I attaches from
stage 42 onwards onto the ceratohyal. The subarcualis
rectus II–IV only reaches toward the ceratobranchial III
in stage 40. Fiber development of the subarcualis rectus
I starts in stage 40, followed by development of subar-
cualis obliquus II and III and then of subarcualis rectus
II–IV. The anlagen of the levatores and depressores
branchiarum are visible at stage 36 (Table 1; Fig. 1A),
the first muscles cells being observed at stage 39 and
fiber development at stage 42. Fully developed muscles
are seen at stage 44. The transversus ventralis IV is
visible from stage 40 onwards (Fig. 2E), its fiber develop-
ment starting at stage 42. Therefore, at the end of stage
42 all true ventral branchial muscles sensu stricto are
fully developed, although with the 12/101 antibody stain-
ing we were not able to identify the subarcualis obliquii
muscles that we could identify in the histological sec-
tions (see above and Table 1).

The subarcualis rectus I runs from the ceratobran-
chial I to the ceratohyal in larvae and in the adults. The
subarcualis rectus II–IV originates from the ceratobran-
chial IV and inserts medially onto the ceratobranchial I
and ventrally onto the ceratobranchialia II and III. The
subarcualis obliquus II and III originate from the cerato-
branchialia II and III, respectively. Toward their inser-
tion their fibers fuse, inserting together onto the
basibranchial. The levatores and depressores branchia-
rum I–III originate from the comissurae terminales I, II,

Fig. 4. Lateral views of adult (A, B) and advanced larvae (C). A, B: branches of the trigeminus nerve

between the A2 and the A2-PVM (n. V3) and dorsal to the levator bulbi (n. V2, see Discussion). C:

Muscles stained with 12/101, stage 44. The protractor pectoralis separates from the posterior fibers of

the levator arcuum branchialium IV.
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and III and extend to the external gills (Fig. 4C). The
transversus ventralis IV originates ventrally from the
proximal end of the ceratobranchial IV and extends
medially to connect with its contralateral muscle in a
medial raphe. In the adults the transversus ventralis IV
is a thin muscle sheet originating along the whole cera-
tobranchial IV. In stage 40 the posterior fibers of the le-
vator arcuum branchialum IV become more separated
from the anterior fibers of this muscle and start to dif-
ferentiate into the protractor pectoralis muscle (Fig.
1E,F; see Discussion). In the adult axolotls the protrac-
tor pectoralis is broad and very thin, originating caudal
to the head from the fascia cephalodorsalis and attach-
ing onto the scapula.

Regarding the laryngeal muscles, the dilatator laryngis
starts as a band of mesodermal cells lateroventrally to the
oesophagus. Muscle cells become obvious first in the dila-
tator laryngis (stages 38-39, Fig. 2D) and then in the con-
strictor laryngis (stage 39) (Table 1). During stage 39 the
dilatator laryngis ends in connective tissue situated ven-
trolaterally to the oesophagus (Fig. 2D), while the con-
strictor laryngis only becomes to be distinct at stage 42.
The constrictor oesophagi, which is not a laryngeal nor a
head muscle by definition (see Table 5), lies near the la-
ryngeal muscles and is visible at stage 38 as ring of meso-
dermal cell around the oesophagus. The fiber development
in the constrictor oesophagi and dilatator laryngis is
clearly visible at stage 42, and shortly thereafter starts
also in the constrictor laryngis. The dilatator laryngis is
fully developed by stage 42, while the constrictor oeso-
phagi is by stage 43 and the constrictor laryngis by stage
45 (Table 1). The dilatator laryngis originates from the fas-
cia cephalodorsalis lateral to the epaxial muscles in close
proximity to the protractor pectoralis and the levator arcum
branchialium IV (Fig. 1E). It turns ventral and attaches lat-
erally onto the larynx (Fig. 2E). The constrictor laryngis
originates from a raphe ventral to the larynx and dorsal to
the transversus ventralis IV and inserts ventrally to the
dilatator laryngis onto the larynx. The constrictor laryngis
could only be observed in the larval histological sections,
while the dilatator laryngis could be observed in both the
sections and 12/101 antibody staining; the laryngeus, which
is present in at least some salamanders and some speci-
mens of the genus Ambystoma, could not be identified in
the sections nor in the antibody staining (see Tables 1 and
5). The dilatators laryngis, constrictor laryngys, and laryng-
eus were not observed in the adult specimens.

Hypobranchial Muscles

The hypobranchial muscles are usually considered to
be mainly derived from the body musculature, followed
by a migration to the ventral region of the head, and are
divided into an anterior “geniohyoideus” group and a
posterior “rectus cervicis” group (see Table 6). In stage
37 first the sternohyoideus (from “rectus cervicis” group)
and then the geniohyoideus (from the “geniohyoideus”
group) are visible (Table 1, Fig. 2). In stage 38 the
anlage of the geniohyoideus is ventral to the ceratobran-
chial I anlage, is a band of muscle cells visible dorsally
to the interhyoideus anterior at stages 38-39, and
reaches the caudal parts of the intermandibularis poste-
rior by stage 40. At stage 38 the muscle cells of the ster-
nohyoideus are visible, and by stage 40 starts the fiber
development of both these muscles, which are fully

developed at stage 42. The geniohyoideus develops from
its origin at the basibranchial to its insertion onto Meck-
el’s cartilage and/or dentary, close to the origin of the
intermandibularis anterior (Fig. 2). In adults the muscle
is wider and closes the gap existing between both contra-
lateral muscles, medially. The sternohyoideus is blended
posteriorly to the rectus abdominis, develops lateroven-
trally (Figs. 1 and 2) toward its insertion onto the hypo-
branchial, dorsal onto the basibranchial and medial onto
the rostral end of ceratobranchial I. The omohyoideus in
the adult is deeply blended with the sternohyoideus,
from which it derives ontogenetically, extending postero-
laterally to attach onto the pectoral girdle (Tables 1 and
6). Other hypobranchial muscles such as the tongue
muscles hyoglossus and genioglossus (see Table 6) are
missing in both the larvae and the adult.

DISCUSSION

A. mexicanum is considered to be the best model orga-
nism to discuss the early evolutionary history of tetra-
pods. The axolotl larval muscles identified in the present
work are in general similar to the descriptions of other
salamanders (e.g., Edgeworth, 1935) and to the partial
myological descriptions of A. mexicanum (e.g., Ericsson
and Olsson, 2004; Ericsson et al., 2004; Schmidt et al.,
2013). However, our descriptions are more detailed and
include information collected from a wide range of meth-
ods, which is important because there are, for instance,
differences in the observation of timing of muscle
appearance using histological sections and antibody
staining with the 12/101 antibody (i.e. this antibody
stains against myosin, a protein that appears after the
anlage of the muscle is visible for a while using other
techniques).

There are only a few major topological changes during
the development from larvae to the adult A. mexicanum.
This is expected because the aquatic adults and the lar-
vae have a similar feeding style as the larvae (Lauder
and Shaffer, 1985; Lauder and Reilly, 1988). Ambystoma
species do not go through a complete metamorphosis, i.e.
they are neotenic, which explains the occurrence of
larval characters in adults such as the presence of
branchial arch levators and external gills, and the miss-
ing tongue and tongue muscles. Most muscles simply
gain muscle mass and change slightly their orientation
due to the growth of the bony elements, which leads to
an increase in unidirectional pressure forces in adult
axolotls (Lauder and Reilly, 1988). For example, the
adductor mandibulae muscles, which have in feeding lar-
vae a diagonal orientation between the palatoquadrate
and the posterior end of Meckel’s cartilage, have their
insertions shifted backwards due to the backward elon-
gation of the lower jaw, leading to a more vertical orien-
tation of those muscles in the adult (Fig. 3). Below we
provide a brief discussion of each of the major muscle
groups, focusing particularly on those that have more or
less clear homologies with the muscles of other verte-
brates and/or that are of special importance for the
understanding of the early evolutionary history of tetra-
pods. Tables 3 to 6 provide updated schemes illustrating
the authors’ hypotheses regarding the homologies of the
mandibular, hyoid, branchial, and hypobranchial
muscles of adults of representative sarcopterygian taxa
including mammals such as humans.
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Mandibular Muscles

In some adult amphibians and reptiles the pseudotem-
poralis is divided into superficial and deep structures
that clearly seem to correspond directly to the adductor
mandibulae A30 and adductor mandibulae A300 of fish,
respectively (Tables 1; see, e.g., Iordansky, 2010; Diogo
and Abdala, 2010). Those two pseudotemporalis portions
have been described in several Ambystoma species (e.g.,
Larsen and Guthrie, 1975; Carroll and Holmes, 1980;
Iordansky, 1992; Haas, 2001). They are often recognized
due to a different fiber orientation and in some cases can-
not be separated from each other. Interestingly, the deep
bundle seems to derive first from the superficial bundle,
and then becomes again integrated into it, forming a sin-
gle, undivided pseudotemporalis muscle in the adult (Ta-
ble 1). The relatively short jaw present in axolotl larvae
could cause this pattern; with the steep angle of the
pseudomandibularis profundus a stronger force to open
the mouth can be achieved. This is not necessary in
adults, where all the adductor mandibulae muscles have
a similar vertical fiber orientation. In summary, both the
adductor mandiblae A30 and A300 are seemingly included,
and usually inseparable, in the pseudotemporalis of adult
members of extant tetrapod non-mammalian species
such as A. mexicanum. According to Haas (2001) the
deep and superficial pseudotemporalis bundles in axolotl
larvae (his “levator mandibulae longus” and “levator
mandibulae internus or pseudopterygoideus,” respec-
tively; Table 2) correspond to the “levator mandibulae
internus” of anurans and to the “levator mandibulae
internus” plus “pterygoideus” of caecilians.

The muscle “pterygoideus” that is present in some cau-
dates, sensu Haas (2001), is usually not present as a sep-
arate muscle in Ambystoma, and seems to be homologous
to the “pterygoideus” of caecilians and, thus, to the ptery-
gomandibularis of reptiles, being probably derived from
the pseudotemporalis profundus, i.e. from the A300 of fish
(Table 3). Diogo and Abdala (2010) already discussed the
problematic use of the name “pterygoideus” to designate
this muscle. Iordansky (2010) suggested that the ptery-
gomandibularis of caecilians and of reptiles is directly
homologous to the A300 of fish and the pseudotemporalis
profundus of anurans and caudates. However, he then
confusingly states that the pterygomandibularis devel-
oped from the deep pseudotemporalis/A300 and thus was
acquired homoplastically in caecilians and reptiles. Haas
(2001) noted that Iordansky (1996) did not mention the
presence of a true “pterygoideus” muscle in a few cau-
dates, i.e. seemingly in addition to the pseudotemporalis
profundus. This also supports the observations and com-
parisons made in the present work, according to which
the pterygomandibularis derives from, but is not directly
homologous to, the A300 of fish and thus the pseudotem-
poralis profundus. As some caudates seem to have such a
true “pterygoideus” (pterygomandibularis sensu the pres-
ent work), it is quite possible that this muscle was pres-
ent in the last common ancestor (LCA) of tetrapods and
then lost in anurans and most caudates, although it is
also possible that it was independently acquired in caecil-
ians, in some caudates, and in reptiles (at least three ev-
olutionary steps in both hypotheses).

The A2-PVM of salamanders was suggested to be
ontogenetically derived from the A30 and/or A300 of fishes
(Piatt, 1938) or from the fish A2 (Ericsson and Olsson,

2004; Diogo and Abdala, 2010; Table 3). The homologies
of the ventral mandibular muscles intermandibularis an-
terior and posterior are relatively well established (Table
3). However, the homology of the levator bulbi has been
a subject of much controversy (see Diogo and Abdala,
2010). It was suggested that this muscle is derived from
the adductor mandibulae anlage (Edgeworth, 1935) or
from the levator arcus palatini of fish, which is in turn
derived from the dorsal mandibular anlage (Brock, 1938;
Iordansky, 1996; Diogo and Abdala, 2010; Table 3). Diogo
and Abdala (2010) proposed that in the LCA of amphib-
ians 1 amniotes the dorsal mandibular muscles were al-
ready divided into (1) a levator bulbi and (2) an
undivided “levator platini.”

Our study supports the hypothesis that the levator
bulbi is derived from the dorsal mandibular anlage, but
also indicates that it might be partially derived from the
pseudotemporalis. This is because the postion and orien-
tation of the fibers of the levator bulbi are somewhat
similar to those of the dorsal portion of the pseudotem-
poralis profundus of adult axolotls. An origination from
the pseudotemporalis would support the idea defended
by Edgeworth (1935). However, our study of the nerves
of adult axolotls contradicts it. The levator bulbi found
in caudates and anurans, and the levator quadrati found
in caecilians, are usually innervated by the trigeminal
nerve (Ramaswami, 1942; Fox, 1959; Kleinteich and
Haas, 2007). Coghill (1902) reported that in A. tigrinum
the levator bulbi is innervated by the ophthalmic branch
of the trigeminal nerve (V1) as well as by the abducens
nerve (VI), which normally innervates the eye muscles.
That is, the levator bulbi of caudates and anurans could
potentially be a complex structure derived from both the
anlage of the eye muscles and the anlage of the mandib-
ular muscles, as indicated by our morphological analy-
ses. Francis (1934) and Gaupp (1899) stated the levator
bulbi of salamander and frogs is innervated by the max-
illary (V2), and not the ophthalmic (V1), branch of the
trigeminal nerve. In the adults dissected by us V1 lies
superficially (as shown by Piatt, 1939) but parallel to V2
(Fig. 4), and just medial to the main body of V2 is a
branch that is far from the mandibular branch (V3) and
that goes to the levator bulbi. But we could not confirm
that this branch is really part of V2, and not the abdu-
cens nerve (VI) or part of it, because this latter nerve
usually runs close to V2 and often fuses with it (see,
e.g., Ramaswami, 1942). It is, however, clear that in the
axolotl adults dissected by us the levator bulbi is not in-
nervated by V1 or V3. Our observations thus give some
support to the hypothesis that this muscle derives from
the dorsal mandibular anlage (e.g., Diogo and Abdala,
2010), because all the other mandibular muscles of axo-
lotls are exclusively innervated by V3. However, it
should be noted that the levator arcus palatini of fish,
including coelacanths, is derived from the dorsal man-
dibular anlage and is usually said to be innervated by
V2 but also/or by V3 (e.g., Schilling and Kimmel, 1997;
Diogo and Abdala, 2010). It should be noted that the le-
vator bulbi lies deep (so more difficult penetration) and
develops late (duration of breeding of the animals) which
unfortunately gave us not enough samples of the older
stages to resolve the issue of the levator bulbi here. Fur-
ther detailed studies are clearly needed, and currently
planned in our lab, to clarify the evolutionary and devel-
opmental origin and innervation of the levator bulbi.
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Hyoid Muscles

The ventral muscle sheet in adult axolotl resembles
closely the organization for adult Necturus, which is also
a neotenic salamander (Bauer, 1992). The interhyoideus
posterior develops from a separate anlage (Ericsson and
Olsson, 2004) and might be not only derived from the
hyoid region but possibly also from anterior somites (Pie-
karski and Olsson, 2007). During metamorphosis in non-
neotenic salamanders the first ceratobranchial remodels
and at least the dorsal part of it degenerates (Bauer,
1992). As a result the origin is shifted towards other
structures as for example the mandible in Salamandra
salamandra (Francis, 1934). In the adult axolotl the
interhyoideus posterior still shows the larval characteri-
zation with fibers toward the ceratobranchial I and into
the opercular fold, which are clearly neotenic characters.
The interhyoideus gave rise to numerous mammalian
muscles of facial expression (Diogo and Abdala, 2010;
Table 4).

The homologies of the derivatives of the dorsomedial
hyoid anlage have been controversial, but are crucial to
understand tetrapod origin and evolution because this
anlage gives rise to muscles important for the functional
morphology of both the hyoid and masticatory appara-
tuses, of the inner ear and of facial expressions in mam-
mals (Diogo and Abdala, 2010; Table 4). The depressor
mandibulae is a single bundle in adult A. mexicanum. In
other Ambystoma and in other salamander species the
muscle has anterior and posterior portions (e.g., Diogo,
2008a; Table 4). Diogo (2008a) suggested that the de-
pressor mandibulae anterior largely corresponds to the
depressor mandibulae of dipnoans because several sala-
mander species have fibers of the depressor mandibulae
posterior that correspond to the levator hyoideus of
dipnoans, which also attaches to the mandible. Forey
(1986) described that both the levator hyoideus and the
depressor mandibulae of extant dipnoans develop from
the same ontogenetic anlage. Our study clearly shows
that in A. mexicanum the larval levator hyoideus
becomes completely incorporated in the depressor man-
dibulae during development, changing its insertion
towards the posterior end of the mandible. In Lissotriton
helveticus and Ichthyosaura alpestris, both non-neotenic
taxa, some fibers of the larval depressor mandibulae
change their orientation to become part of the larval
branchiohyoideus (Ziermann, 2008). In caecilians the le-
vator hyoideus is an independent muscle in larvae (e.g.,
Edgeworth, 1935; Kleinteich and Haas, 2007, 2011) and
in some (perhaps in all) adult caecilians it is fused with
the depressor mandibulae (Edgeworth, 1935). Both
muscles are usually separated in anuran larvae; with
the depressor mandibulae often subdivided into suspen-
sorio-, quadrato-, and hyo-angularis, and the levator
hyoideus possibly subdivided into suspensorio- and
orbito-hyoideus (e.g., Edgeworth, 1935; Olsson et al.,
2001; Kleinteich and Haas, 2007; Carroll, 2007).

The problems related to the identification of homo-
logues between the branchiohyoideus and depressores
branchiales of caudates and the muscles of anurans
were discussed by various researchers (e.g., Haas, 1996;
Cannatella, 1999). One hypothesis, mainly based on
muscle origins and insertions, is that the salamander
branchiohyoideus is homologous to the constrictor bran-
chialis I of frogs (Ziermann, 2008). Schlosser and Roth

(1995) showed that the innervation of the four constric-
tores branchiales of anurans is through the main branch
of the n. glossopharyngeus (N. IX) and through three
branchial branches of the n. vagus (N. X). However, the
branchiohyoideus is innervated by the n. facialis (N.
VII), and therefore it is not likely that this muscle is a
homologue of the constrictor branchialis I of anurans
(e.g., Diogo and Abdala, 2010). It has also been proposed
that the branchiohyoideus could be a caudal portion of
the depressor mandibulae (Lightoller, 1939).

The new data obtained in this work indicate that the
branchiohyoideus develops from the ventromedial fibers
of the depressor mandibulae in A. mexicanum,
supporting the observations done in Ichthyosaurus
alpestris and Lissotriton helveticus by Ziermann (2008).
The branchiohyoideus and the other hyoid muscles
appear at about the same ontogenetic stages in salaman-
ders (Edgeworth, 1935; Ericsson and Olsson, 2004),
which makes it difficult to conclude whether the bran-
chiohyoideus is ontogenetically a derivative from the
ventral or the dorsomedial hyoid musculature. The
results from Piatt’s (1938) study of A. punctactum indi-
cate a dorsomedial origin, as does our study of A.
mexicanum. Interestingly, our study shows that during
larval development both the origin and the insertion of
the branchiohyoideus are changed and the adult muscle
runs from the ceratobranchial I to the ceratohyoideus.
Those changes are one of the main reasons that has con-
fused the homology of this muscle and that has errone-
ously suggested that this could be a branchial muscle.

We therefore support the hypothesis that the
“hyomandibularis” (or “subhyoideus” sensu Carroll,
2007) of caecilians corresponds to both the ceratomandi-
bularis (“branchiomandibularis”) and branchiohyoideus
of caudates (Table 4) (for more details about this hypoth-
esis, see, e.g., Edgeworth, 1935; Carrol, 2007; Kleinteich
and Haas 2007, 2011; Diogo and Abdala, 2010). The
ceratomandibularis and branchiohyoideus seem both to
derive ontogenetically from the same anlage (e.g. Piatt,
1938; Bauer, 1997). In fully metamorphosed caudates
the branchiohyoideus is not present as an independent
muscle, nor is the ceratomandibularis, which is possibly
fused with the depressor mandibulae in some species
(Edgeworth, 1935; Eaton, 1936; Bauer, 1997). However,
the ceratomandibularis may be present in adult obligate
neotene salamanders (e.g., Ambystoma originarium:
Table 4; Bauer, 1997). The ceratomandibularis or the
branchiohyoideus might be missing in adult anurans as
an independent structure (Edgeworth, 1935; Jarvik
1963, 1980).

Branchial Muscles

The dilatator laryngis is present in the axolotl larvae
studied by us, in full-grown larvae of A. maculatum
(Piatt, 1939), and in axolotl adults (e.g., Piekarski and
Olsson, 2007). These latter authors showed that the dila-
tator laryngis is at least partially derived from anterior
somites. This of course does not mean that the dilatator
laryngis is not a head muscle and specifically a bran-
chial muscle (because these authors also showed that
the hyoid muscle interhyoideus and the branchial
muscles levatores arcuum branchialium are also par-
tially derived from somites). They did, however, not pro-
vide detailed information about any somitic contribution
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to the other branchial muscles (Table 1). The levator
arcuum branchialium IV is anterior to the protractor
pectoralis and the dilatator laryngis. In the figures from
Piekarski and Olsson (2007) it is clearly shown that the
dilator laryngis crosses the protractor pectoralis dorsally
while the protractor pectoralis extends postero-ventrally
to attach onto the pectoral girdle. Although the protrac-
tor pectoralis and the levator arcuum branchialium IV
were shown in close proximity in Piekarski and Olsson
(2007), these authors did not refer to a common ontoge-
netic origin of these two muscles.

The protractor pectoralis (“cucullaris” sensu Edge-
worth, 1935) derives at least partially from somites (Pie-
karski and Olsson, 2007) and from a caudal levator
arcus branchialis of plesiomorphic vertebrates and
secondarily inserts to the pectoral girdle (Edgeworth,
1935). The evolution of the protractor pectoralis has
been the subject of various recent studies, mainly due to
its implications for the origin and evolution of the neck
in vertebrates (e.g., Diogo and Abdala, 2010; Ericsson
et al., 2012). Impotantly, our observations clearly show
that the protractor pectoralis in A. mexicanum derives
ontogenetically from the anlage of the levator arcuum
branchialum IV (e.g., Figs. 2, 4, and Table 1). The pro-
tractor pectoralis is present in adult anurans and cau-
dates, but absent in adult caecilians (Edgeworth, 1935).
This is likely related to the loss of the pectoral girdle
during evolution towards extant caecilians (e.g., Carroll,
2007). The protractor pectoralis gave rise to the trape-
zius and sternocleidomastoideus of mammals, in which
the only muscle that derives from the anlage of the true
branchial muscles sensu stricto is the stylopharyngeus
(Table 5).

The constrictor laryngis and dilatator laryngis (Tables
1 and 5) are antagonistic muscles in amphibians (e.g.,
Duellman and Trueb, 1986), and form, together with the
laryngeus, the laryngeal muscles sensu Diogo and
Abdala (2010; Table 5). The laryngeus is absent in anu-
rans, but present in caecilian and most caudates (Edge-
worth, 1935; Table 5). The laryngeus dorsalis is absent
in Ambystoma so only the laryngeus ventralis can be
found in species of this genus (Edgeworth, 1935). The
dilatator laryngis and constrictor laryngis are present in
axolotl larvae (Table 1; Piatt, 1939), but we could not
identify these muscles in the adult, although Duellman
and Trueb (1986) state that the constrictor laryngis is
present in adults of all neotenic salamanders. We could
also not identify the laryngeus in any specimen, but it is
not clear if this is because the muscle is missing or
because this is a small and very deep muscle that is usu-
ally very difficult to detect (see, e.g., Diogo and Abdala,
2010). Notably, we did not find any cartilages in the la-
ryngeal region, an observation in line with Tucker
(1993) but contradicted by Sasaki (2006), who states
that lateral cartilages may be observed in certain
amphibians such as axolotls in which they form bars for
the attachment of the dilatator laryngis. Piatt (1939)
shows all three muscles in a full grown larvae of Ambys-
toma maculatum.

Hypobranchial Muscles

Diogo and Abdala (2010 and citations within) dis-
cussed the homologies of the hypobranchial muscles.
Edgeworth (1935) devides the hypobranchial muscles

into a “geniohyoideus” group and a “rectus cervicis”
group (Table 6). The coracomandibularis of extant sar-
copterygian fish is included in the former group and the
sternohyoideus in the latter group sensu Edgeworth
(1935). Our study shows that the tongue and tongue
muscles (genioglossus, hyoglossus, and interradialis in
amphibians) are absent in A. mexicanum (Table 6). A
hypobranchial muscle interradialis, probably derived
from the genioglossus, is present in at least some
Ambystoma (Piatt, 1938; Table 6). The “hyoglossus” of
some caudates, however, might at least partially derive
from the sternohyoideus (e.g., Edgeworth, 1935) and is
absent as an independent structure in caecilians follow-
ing Duellman and Trueb (1986).

The omohyoideus in caudates seems to be homologous
to that of anurans (Edgeworth, 1935; Diogo and Abdala,
2010) and is also present in the adult axolotl according
to our new study, although it is partially blended with
the sternohyoideus (Table 1). The pectoral girdle is
absent in caecilians and so is the omohyoideus (Diogo
and Abdala, 2010), but not the sternohyoideus (e.g.,
Edgeworth, 1935; Kleinteich and Haas, 2007).

CONCLUDING REMARKS

The confusion about the homology and evolution cra-
nial muscles in amphibians comes partly from the fact
that many larval muscles disappear/are fused during de-
velopment and particularly during metamorphosis. Even
in a neotenic species such as A. mexicanum, lacking a
full metamorphosis and showing many larval characters
(Fig. 3), some muscles become completely indistinct dur-
ing ontogeny: for instance, the pseudotemporalis profun-
dus and the levator hyoideus become completely
integrated in the pseudotemporalis superficialis and in
the depressor mandibulae, respectively (Table 1). Fur-
thermore, muscles that are often considered as distinct,
such as the intermandibularis posterior and the inter-
hyoideus, can in reality only be distinguished by their
attachments in adults (Fig. 1C). This developmental
trend contradicts the commonly accepted view that
during ontogeny the tendency is almost always toward
the differentiation, and not the undifferentiation, of
muscles. Recent studies in modern humans have pro-
vided similar data and also contradicted this latter view
(Diogo and Wood, 2012).

We found three main morphogenetic trends in the on-
togeny of the axolotl cranial muscles. First, the order of
the cranial muscles development mainly goes from ante-
rior to posterior (Table 1). The muscle anlagen can be
observed in histological stained embryos from stage 34
onwards; the first anlage to be observed in the 12/101
stained specimens is also the mandibular one (Fig. 1A,
stage 36), followed immediately by the hyoid anlage
(Fig. 1B, stage 36), and then by the branchial muscles
(Fig. 1C, stage 37) including the laryngeal muscles (Fig.
1D, stage 39). Second, the larval cranial muscle develop-
ment shows an outside-in pattern with more lateral
muscles developing in general before more medial
muscles (Fig. 1). Thirdly, several muscles develop from
their origin toward their insertion (e.g., the development
of the geniohyoideus; Fig. 2).

With the detailed data about the muscle development,
it is possible to compare the order in which the muscles
appeared during axolotl ontogeny and during phylogeny.

16 ZIERMANN AND DIOGO



According to Diogo et al. (2008b), in the case of the
zebrafish head muscles there is in general a parallelism
between ontogeny and phylogeny, with however a few
differences regarding, e.g., the early ontogenetic
appearance of muscles that evolved late in phylogeny
but that play a particularly important role in the feeding
mechanisms of the zebrafish. In the axolot studied in
the present work, there is also in general such a
parallelismus.

Regarding the mandibular muscles, from stage 34
were two anlagen distinguished: the ventral one of the
intermandiblaris, and a dorso-medial one including the
A2 (A2/A2-PVM) and the A3 (peudotemporalis superfi-
cialis/profundus, mainly corresponding to A30/A300). In
stage 37 those dorso-medial muscels are already
differentiated and three main events follow: (1) the dif-
ferentiation of the intermandibularis anterior from the
intermandibularis muscle mass (late stage 38); (2) the
differentiation of the pseudotemporalis profundus from
the main A3 muscle mass (stage 39); and (3) the differ-
entiation of the levator bulbi (Table 1). These events do
follow the phylogenetic order of events, because a divi-
sion into intermandibularis anterior and posterior is
present in early gnathostomes, while a division between
A30 and A300 (which mainly give rise to the pseudotem-
poralis superficialis and to the pseudotemporalis profun-
dus, respectively) is only present in osteichthyans and
the levator bulbi is only present in tetrapods (Diogo and
Abdala, 2010).

Concerning the hyoid muscles, from stage 34 where
the anlagen of the interhyoideus and levator hyoideus/
depressor mandibulae are already differentiated, there
are two main events: (1) the differentiation of the bran-
chiohyoideus (early stage 38); and (2) the differentiation
of the interhyoideus posterior (later stage 38; Table 1).
This order of events does not follow the order of phyloge-
netic events, because the division of the interhyoideus
into bundles is already present in early gnathostomes,
while the branchiohyoideus is only present in amphib-
ians (Diogo and Abdala, 2010).

The true branchial muscles sensu stricto are already
present in early vertebrates such as lampreys, while the
protractor pectoralis appears later, in gnathostomes, and
the laryngeal muscles seemingly later, in osteichthyans,
although there are not many data available about these
latter muscles in fish (Diogo and Abdala, 2010). We do
not have detailed data about the timing of differentia-
tion of the protractor pectoralis in A. mexicanum, but it
is clear that this muscle, as well as the laryngeal
muscles dilatator laryngis and constrictor laryngis, also
appear later in development than the true branchial
muscles sensu stricto (Table 1).

Regarding the hypobranchial muscles, the sternohyoi-
deus appears at early stage 37 and the geniohyoideus at
late stage 37 (Table 1). Both the sternohyoideus and cora-
comandibularis were present in the last common ancestor
(LCA) of gnathostomes, and the geniohyoideus mainly
derives from the coracomandibularis, although the genio-
hyoideus itself appeared only in tetrapods (Table 6).

If we compare the ontogeny and phylogeny of the cra-
nial muscles as a whole, we can list the major sequence of
ontogenetic differentiations and the respective times of
phylogenetic origin, as: (1) sternohyoideus (early 37; LCA
of gnathostomes); (2) geniohyoideus (late 37; tetrapods,
but mainly corresponds to coracomandibularis which

evolved at LCA of gnathostomes); (3) branchiohyoideus
(early 38; amphibians); (4) dilatator laryngis (mid 38;
early osteichthyans); (5) and 6) interhyoideus posterior
and intermandibularis anterior (late 38; early gnathos-
tomes); (7) pseudotemporalis profundus (39; mainly corre-
sponds to A300 which evolved in LCA of osteichthyans); (8)
constrictor laryngis (early osteichthyans); (9) levator bulbi
(tetrapods). Within these nine ontogenetic events, only
the differentiation of branchiohyoideus (3) and of dilatator
laryngis (4), directly contradict the order of phylogenetic
events. These numbers are similar to those obtained by
Diogo et al., (2008b) in the zebrafish and point out that in
at least the case of the zebrafish and of the axolotl, the on-
togeny of cranial muscle ontogeny parallels, in general,
the order in which these muscles evolved in phylogeny,
with just a few, but probably functionally and ontogeneti-
cally important (see Diogo et al., 2010), exceptions.

We hope that this detailed description of the model or-
ganism A. mexicanum paves the way for future compara-
tive evolutionary developmental works. In this regard,
we plan to investigate the larval development and adult
morphology of the cranial muscles of representatives of
other caudate taxa as well as of anuran and caecilian
taxa. This will allow us to address crucial questions
regarding the origin, homology and evolution of the
muscles of the amphibia, the evolutionary history of the
tetrapods as a whole and, importantly, the origin of
the ground-plan of reptiles and mammals.
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