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Abstract

The cephalic neural crest produces streams of migrating cells that populate pharyngeal arches and a more

rostral, premandibular domain, to give rise to an extensive ectomesenchyme in the embryonic vertebrate head.

The crest cells forming the trigeminal stream are the major source of the craniofacial skeleton; however, there

is no clear distinction between the mandibular arch and the premandibular domain in this ectomesenchyme.

The question regarding the evolution of the gnathostome jaw is, in part, a question about the differentiation

of the mandibular arch, the rostralmost component of the pharynx, and in part a question about the develop-

mental fate of the premandibular domain. We address the developmental definition of the mandibular arch in

connection with the developmental origin of the trabeculae, paired cartilaginous elements generally believed

to develop in the premandibular domain, and also of enigmatic cartilaginous elements called polar cartilages.

Based on comparative embryology, we propose that the mandibular arch ectomesenchyme in gnathostomes

can be defined as a Dlx1-positive domain, and that the polar cartilages, which develop from the Dlx1-negative

premandibular ectomesenchyme, would represent merely posterior parts of the trabeculae. We also show, in

the lamprey embryo, early migration of mandibular arch mesenchyme into the premandibular domain, and

propose an updated version of the heterotopy theory on the origin of the jaw.

Key words: gnathostomes; hypophysis; jaw evolution; lamprey; mandibular arch; neural crest; prechordal

cranium; polar cartilage; premandibular region; trabecula.

Introduction

The vertebrate body plan is distinctly different from those

of other animal phyla and subphyla, mainly because it pos-

sesses complex structural patterns that make the under-

standing of its embryonic development and evolutionary

origin very difficult. One main reason for this is the involve-

ment of the neural crest – the vertebrate-specific cell

lineages with extensive migratory capabilities and pluri-

potency in differentiation into a wide variety of cell types

(reviewed by Le Douarin, 1982; Noden, 1988). Secondly, the

vertebrate embryo exhibits multiple types of segmental

patterns along the body axis, such as somitomerism (the

repetitive arrangement of somite-derived and somite-

associated structures), branchiomerism (represented by the

serially arranged pharyngeal arches and their associated

structures) and neuromerism (the subdivision of the neural

tube into neuromeric compartments). The developmental

relationships among these are not yet fully understood, ren-

dering the vertebrate morphology extremely complicated.

Thirdly, there are some enigmatic structures in the develop-

ing head of vertebrates that are sometimes interpreted as

Correspondence

Shigeru Kuratani, Group Director, Laboratory for Evolutionary

Morphology, RIKEN Center for Developmental Biology, 2-2-3

Minatojima-minami, Chuo, Kobe, Hyogo 650-0047, Japan. T: + 81 78

3063064; F: + 81 78 3063370; E: saizo@cdb.riken.jp

Accepted for publication 19 March 2012

Article published online 16 April 2012

ªª 2012 The Authors
Journal of Anatomy ªª 2012 Anatomical Society

J. Anat. (2013) 222, pp41–55 doi: 10.1111/j.1469-7580.2012.01505.x

Journal of Anatomy



representing secondarily lost segments, such as the ‘prem-

andibular arch’ or ‘anterior (mesodermal) cavities’ of ances-

tral forms (reviewed by Adachi & Kuratani, in press). The

trabecular cartilages of the gnathostome chondrocranium,

for example, are structures whose evolutionary significance

remains unclear.

An understanding of the vertebrate body plan should be

accompanied by an understanding of the development and

evolutionary origin of the head. Central questions of the

‘head problems’, such as those on the origins of the

neurocranium and the jaw, remain to be answered. Since

Rathke (1827), it has generally been accepted that the gna-

thostome jaw was obtained by modification of one of the

pharyngeal arches, called the mandibular arch. This notion

is clearly supported by developmental data. Modern devel-

opmental biology has shown that the Hox code, the ante-

ro-posteriorly nested expression of Hox genes, specifies the

positional value of this arch as the ‘default’ among the

pharyngeal arches, by which the more posterior arches

express more Hox genes (see Hunt et al. 1991; Gendron-

Maguire et al. 1993; Rijli et al. 1993; Couly et al. 1998;

Grammatopoulos et al. 2000; Pasqualetti et al. 2000; Trainor

et al. 2002; see also Takio et al. 2004 for agnathans;

reviewed by Kuratani et al. 1997a). Thus the Hox code fits

the apparent ‘rostralmost’ nature of the mandibular arch in

a developmental context. However, how can we define this

arch as opposed to the more rostral ectomesenchymal

compartment?

The above question is intimately connected with the defi-

nition of the mandibular arch in vertebrates: among the

serially homologous pharyngeal arch derivatives, the man-

dibular arch apparently represents the rostralmost element,

exhibiting a highly modified development to serve as a part

of the oral apparatus. Similar difficulties are associated with

the rostralmost segmental element of the arthropod head

(Rempel, 1975; Scholtz, 1995; Eriksson et al. 2003). The most

apparent argument against the idea of a ‘rostralmost man-

dibular arch’ would be the assumption of premandibular

arch(es), discussed since Huxley (1874) (reviewed by de Beer,

1937). Independent of whether this classical morphological

idea holds true or not, it is a fact that an extensive neural

crest-derived ectomesenchymal cell population was demon-

strated to be present rostral to the mandibular arch (Couly

et al. 1993; Kuratani et al. 2001). Understanding the evolu-

tion and development of this ‘premandibular ectomesenc-

hyme’ will be most important in understanding the

vertebrate head.

To understand the evolutionary acquisition of the verte-

brate jaw, it will be especially important to integrate classi-

cal embryological knowledge and modern developmental

biological data, to enable us to see the mechanism behind

this evolutionary novelty as a series of evolutionary changes

in developmental programmes. Comparative embryological

observations give us hints as about truly relevant changes in

spatiotemporal developmental patterns in embryos among

various animals, and developmental biology can relate

these changes to the changes in gene expression patterns,

tissue interactions and gene regulatory networks. In the

evo-devo research on evolutionary novelties, one crucial

step is to identify which changes in a developmental pro-

gramme result in which effects in morphogenesis, rather

than trying to homologize all the embryonic characters and

their associated gene expression patterns. Additionally,

each element is connected spatiotemporally and causally to

others, through numerous interactions.

The vertebrate head is a particularly challenging topic for

evo-devo studies. It has long been realized that the skeleto-

genic mesenchyme and its embryonic environment, espe-

cially structures such as the nasal and hypophyseal placodes

and the rostral endoderm, do have significance as factors in

creating the oral apparatus and the craniofacial pattern as

a whole (Piotrowski & Nüsslein-Volhart, 2000; Couly et al.

2002; Dickinson & Sive, 2007, 2009; Benouaiche et al. 2008;

also see Haeckel, 1891; Janvier, 1996, for the evolutionary

significance of the positions of nostrils and hypophysis). In

this review, we will examine the development and the evo-

lution of the mandibular arch as the major component of

the vertebrate craniofacial region together with surround-

ing structures, especially those found in the rostral part of

the head. Among the latter, we will characterize and

explain the premandibular domain of vertebrate embryos,

a topic that, so far, has been largely neglected.

Specifically, we approach the following questions:
d What are the developmental sources and what is the

evolutionary identity of the trabeculae?
d What are the so-called polar cartilages found in the

caudal part of the trabeculae?
d How can we define the mandibular arch?
d Which ectomesenchymal modules can be seen in the

trigeminal crest cells and the mandibular arch?
d Do we have to revise the heterotopy theory that was

put forth to explain the evolution of the gnathostome

jaw by Shigetani et al. (2002) a decade ago?

These questions are inherently connected and cannot be

dealt with one after the other.

Nature of the premandibular domain

The cranium in gnathostomes consists of the dorsal

‘neurocranium’, which encapsulates the central nervous sys-

tem and sensory organs, and the ventral ‘viscerocranium’,

which surrounds and supports the pharynx (Goodrich, 1930;

de Beer, 1937; Portmann, 1969; Moore, 1981). Developmen-

tally, the neurocranium is further composed of at least two

different parts. One of these consists of parachordal carti-

lages that arise on both sides of the notochord (Fig. 1A,

left), often continuing rostrally into the orbital (postorbital)

cartilage (Fig. 1B). Further rostrally, there is another pair of

rod-like cartilages called ‘trabeculae’ rostral to the noto-

chord (Fig. 1A). Morphologically, the paired trabeculae
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appear as a direct rostral continuation of the paired para-

chordals, especially in embryos in which an orbital cartilage

does not develop (Fig. 1A). Being located lateral to the

hypophysis, the trabeculae form the hypophyseal foramen

(Fig. 1A). The basic morphological configuration of the

neurocranium as above is highly conserved among gnat-

hostomes (de Beer, 1937), implying that there has been

almost no significant or extensive shifts in developmental

programmes during their evolution. In comparative

morphological studies, the trabeculae were often described

as being connected to the more posterior part of the

neurocranium by means of another pair of cartilaginous

elements, called the polar cartilages (Fig. 1B; see Allis, 1923,

1931, 1938; de Beer, 1937 for reviews). The latter cartilages

are explained as representing either the elements belong-

ing to the mandibular arch, or as parts of the trabeculae

(see below).

The idea that the trabecula represents the skeletal

element of the premandibular arch was first proposed by

Huxley (Huxley, 1874; cited and reviewed by de Beer, 1937).

This idea was further strengthened by Allis (1923, 1931,

1938) and has been cited in several textbooks since then (de

Beer, 1937; Romer, 1966; Romer & Parsons, 1977; Fig. 2). In

classical comparative morphology, several lines of argu-

ments were built to support the presence of premandibular

arch(es) in ancestral animals. First, the trigeminal nerve, or

the rostralmost member of the branchiomeric nerves, arises

as two separate primordia, one for the ophthalmic nerve

(first branch of the trigeminal nerve; nV1) and ganglion,

and the other for the maxillomandibular (nV2 + 3) compo-

nents (Goodrich, 1930; de Beer, 1937; also see Sewertzoff,

1931 for different interpretations). This condition is also

present in the lamprey (Koltzoff, 1901; Damas, 1944;

Kuratani et al. 1997b). Of these, nV2 + 3 was thought to

represent the original branchiomeric nerve only for the

mandibular arch, whereas nV1 was thought to represent

the secondarily degenerated nerve of the reduced preman-

dibular arch. Secondly, the rostral part of the neurocranium

is preformed by the paired rod-like cartilage, similar to that

found in other visceral arches. Thirdly, the elasmobranch

embryos show three or more pairs of epithelial mesodermal

cavities in the head, each one of which was assumed to be

associated with each pharyngeal arch (Balfour, 1878; van

Wijhe, 1882; Bjerring, 1977; Jarvik, 1980). Of these, the

rostralmost pair (premandibular cavities) does not have its

pharyngeal arch counterpart, leading to the assumption

that the ancestral premandibular arch would have

developed ventral to this cavity pair.

A purely morphological understanding of the trabeculae

as premandibular arch elements has some clear problems.

First, no clear pharyngeal pouch develops in the endoderm

rostral to the first pharyngeal pouch (Fig. 3A). This may

explain the atypical developmental pattern of the trigemi-

nal ganglia [for the diffused developmental pattern of

trigeminal placodes, see Kastschenko (1887) and D’Amico-

Martel & Noden (1983)]. Secondly, there is no pharyngeal

arch muscle rostral to the mandibular arch. Third, unlike

the interpretation by Stensiö (1927), no fossil agnathan is

reported to have possessed premandibular arches. Without

a typical premandibular ‘arch’, agnathan branchiomeric

nerves and pharyngeal arches show similar levels of differ-

entiation to those of gnathostomes (Janvier, 1996). To add

further recent molecular evidence, no Dlx genes are

A

B

Fig. 1 Development of the chondrocranium of modern gnathostomes.

(A) Early chondrocrania of a teleost species, Salmo salar (11 and

13 mm), representing a gnathostome neurocranium with no orbital

cartilage. In this type of chondrocrania, the cranial base begins to

form from two pairs of rod-like cartilages arranged antero-posteriorly:

trabeculae and parachordals. (B) Reconstruction of a chondrocranium

of a shark, Scyliorhinus torazame. Some cartilaginous structures in the

ethmoidal region such as nasal capsules are not reconstructed here.

Along the course of the notochord (nt), the chordal cranium consists

of the parachordal (pch) and the orbital cartilages (orb). The trabecula,

a prechordal cranial element, connects the chordal cranium by means

of a cartilaginous nodule called the polar cartilage (pol). Note that the

trabecula is located rostral to the position of the hypophysis (hyp),

and the polar cartilage caudal to it. The remnant of the hypophyseal

duct (rem) represents the original position of Rathke’s pouch. a3–a5,

pharyngeal arches; chy, ceratohyal; fh, hypophyseal fenestra; hym,

hyomandibular; hyp, hypophysis; Mk, Meckel’s cartilage; nt,

notochord; oc, otic capsule; occ, occipital arch; oe, oral ectoderm;

orb, orbital cartilage; pch, parachordal; pol, polar cartilage; pq,

palatoquadrate; rem, remnant of the hypophyseal duct; tr, trabecula.
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expressed in the ectomesenchyme rostral to the mandibular

arch of gnathostomes; dorso-ventrally nested expressions of

Dlx family genes (Dlx code: Depew et al. 2002) specify the

dorso-ventral morphology of pharyngeal arches. Thus, this

molecular developmental mechanism does not appear to

play a role in any parts of the premandibular ectomesenc-

hyme as components of the pharyngeal arches.

For the above reasons, the presence of the premandibular

arch cannot be accepted now, but several facts should still

be borne in mind. For example, since Platt (1893), a large

part of the cranium, especially the viscerocranium in

gnathostomes, has been shown to arise from the neural

crest, unlike the more caudal part of the neurocranium (Le

Lièvre, 1978; Noden, 1983; reviewed by Le Douarin, 1982;

Noden, 1988; and by Hall & Hörstadius, 1988). According to

Couly et al. (1993), who constructed chimeric embryos

between chicken and Japanese quail, the trabeculae and

their derivatives develop from the neural crest-derived

ectomesenchyme similar to pharyngeal arch skeletal

elements. The rostral neurocranium has been called the

‘prechordal cranium’ because it arises rostral to the noto-

chord, in contrast to the more caudal ‘chordal cranium’,

which arises lateral to the notochord and chondrifies under

the instruction of notochord-derived signals (Couly et al.

1993). Recently, Wada et al. (2011) reported the central

stem of the prechordal cranium originated from a rostral

unpaired intertrabecula and a caudal moiety, the paired

trabeculae arising lateral to the hypophysis (unlike the pat-

tern depicted in Fig. 1A, right; Wada et al. 2005, 2011 and

references therein). These two parts arise from different

crest cell populations and with distinct genetic programmes

(Wada et al. 2005, 2011; Eberhart et al. 2006).

Another point to be noted is the rostral end of the endo-

derm. In the history of classical comparative embryology,

the position of the hypothetical premandibular arches was

assumed to be rostral to the mouth opening (Sewertzoff,

1931; de Beer, 1937). In this line of reasoning, the skeletal

parts of the premandibular arches are thought to be repre-

sented by minor cartilages around the margin of the mouth

opening, as noted in Sewertzoff (1931). The mouth, how-

ever, does not represent the rostral end of the endoderm,

but secondarily opens in the ventral pharynx by rupturing

of the oropharyngeal membrane that forms between the

rostro-ventral pharyngeal endoderm and the surface ecto-

derm (Fig. 3; Kupffer, 1900; reviewed by Stadmüller, 1938;

Kuratani, 2012). The depression on the ventral head ecto-

derm prefiguring the mouth is the stomodaeum (Fig. 3B).

Thus, the premandibular ectomesenchymal component

should be found towards the direction of the preoral gut

A

D

C

B

Fig. 2 Development of the premandibular and mandibular

components in gnathostome embryos by Allis (1938). (A) A

generalized concept of the pharynx and pharyngeal arches. Along the

antero-posterior axis of the pharyngeal endoderm, three successive

pharyngeal arches develop as serial homologues. (B) In the

elasmobranch neurula, described in Acanthias by Scammon (1911),

because of the growth of the forebrain and formation of the cephalic

flexure, the rostralmost part of the pharynx becomes pressed ventrally

to form the vestigial preoral gut (pog), associated with the precursor

of premandibular arch skeletons. (C) In older embryos, the preoral gut

diminishes, leaving the skeletogenic precursor rostral to the

mandibular arch. The premandibular skeletal elements consist of

dorsal and ventral elements. (D) In the fully grown chondrocranium,

the dorsal element of the premandibular arch skeleton differentiates

into the major part of the trabecula, whereas the ventral part provides

the rostral portion of the maxillary (palatoquadrate) cartilage. Caudal

to the trabecula is found the polar cartilage, a mandibular arch-

derived element participating in the formation of the medial bar of

the cranial base. Thus, the polar cartilage is identified as a dorsal

component of the mandibular arch skeleton by Allis. hya, hyoid arch;

mna, mandibular arch; ph, pharynx; pma, premandibular arch; pog,

preoral gut; pol(epmn), polar cartilage explained as epipharyngo-

mandibular element of the mandibular arch; pq(mx), palatoquadrate

as the primary skeletal element of the maxillary process; tr, trabecula;

vpm, ventral element of the premandibular arch.
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where the primordium of the trabecula is found, not

towards the mouth (Kuratani, 2012).

The roof of the preoral gut is known as the prechordal

plate, which is also found as a rostral continuation of the

notochord (Adelmann, 1922, 1926, 1927; Seifert et al. 1993;

Sauka-Spengler et al. 2003; reviewed by Adachi & Kuratani,

in press). As the definitive rostral end of the notochord is

formed, the prechordal plate differentiates into the pre-

mandibular mesoderm that grows bilaterally (de Beer,

1924; Kuratani et al. 1999). Thus, the rostral pole of the

endoderm forms the rostral end of the notochord and the

rostralmost mesodermal component (reviewed by Adachi &

Kuratani, in press). The premandibular ectomesenchymal

component is found in the vicinity of the preoral gut, in

front of the mandibular arch (Fig. 3A). Consistent with this,

Wada et al. (2011) found that the postoptic crest (POC)

cells, or the source of the paired part of the trabecula, are

found lateral to the preoral gut (Fig. 3A). The primordium

of the more rostral element, the intertrabecula, is found

rostral to the eye (Wada et al. 2011). The latter mesen-

chyme is called the preoptic crest (PRC) cells (Fig. 3A).

Even more curious is another recent finding in develop-

mental biology; Couly et al. (2002) found that removal of

the rostral head endoderm (including the domain of the

future preoral gut) in a Hamburger and Hamilton’s stage 8

(HH stage 8; Hamburger & Hamilton, 1951) chicken embryo

leads to the absence of the prechordal cranium. Removal of

a slightly more posterior endodermal region results in the

loss of the rostral part of the mandibular arch skeleton, and

removal of an even more caudal region leads to

the absence of jaw joints. Thus, the morphological

patterning of the neural crest-derived skeletal elements,

including the trabeculae and their derivatives, requires

interaction with the endodermal epithelium, on which the

skeletal morphology is spatially mapped (Ruhin et al. 2003).

Whether the premandibular ⁄ mandibular (pmm) boundary

A

B

Fig. 3 Comparison of craniofacial development between the lamprey and crown gnathostomes. (A) The generalized morphological pattern of the

vertebrate head common to the lamprey and modern gnathostomes. (B) The anatomical difference between the lamprey and modern

gnathostomes becomes clear in the later developmental pattern. In both animals there is a dorsal part of the mandibular arch growing rostrally to

form the dorsal roof of the oral apparatus. Note, in the lamprey, the upper lip contains the premandibular component, at least in its medial part.

Because of the late separation of the nasohypophyseal plate, this rostral growth forms an oral roof beneath the nasal and hypophyseal placodes.

In the gnathostomes, the dorsal part of the mandibular arch grows rostrally as the maxillary process, lateral to the hypophysis, to form a part of

the upper jaw. The medially located premandibular structure (trabecula, not shown) also grows rostrally lateral to the hypophysis, separate from

the maxillary process. gpl, Geniculate placode; HC, hyoid crest cells; llp, lower lip; MA, mandibular arch; mmpl, maxillomandibular placode; mn,

mandibular process; mnc, mandibular arc crest cells; mx, maxillary process; nhp, nasohypophyseal plate or placodes; nt, notochord; ophpl,

ophthalmic placode; ph, pharynx; pog, preoral gut; pp1–2, pharyngeal pouches; POC, postoptic crest cells; PRC, preoptic crest cells; ptpl, petrosal

placode; st, stomodaeum; TC, trigeminal crest cells; ulp, upper lip; vel, velum.
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in such an endodermal mapping coincides with the prechor-

dal ⁄ chordal (pcc) boundary poses an important question for

understanding of the gnathostome neurocranium (Fig. 4).

The boundary between the prechordal and
chordal cranium

There is a boundary in the neurocranial base between the

neural crest-derived prechordal cranium and mesodermally

derived chordal cranium (Couly et al. 1993). This boundary

was first shown in avian embryos and was also recently

shown in transgenic mice (McBratney-Owen et al. 2008; see

also Yoshida et al. 2008). This represents the difference in cell

lineages and the inductive events for chondrification: the

chordal cranium requires signals emanated from the noto-

chord, whereas the prechordal cranium is induced by other

embryonic environmental cues such as signals from the endo-

derm. The high levels of environmental dependency in the

prechordal cranium were demonstrated by Noden (1978).

In the chicken and mouse chondrocrania, the prechordal-

chordal cranial boundary coincides approximately with the

rostral limit of the notochord, which is close to the hypoph-

ysis (Couly et al. 1993; McBratney-Owen et al. 2008). Then,

can we regard the entire prechordal cranium as being

derived from the premandibular ectomesenchyme? In other

words, when viewed from the anteroposterior distribution

of the ectomesenchyme and paraxial mesoderm, will the

pcc boundary coincide with the premandibular-mandibular

boundary (Fig. 4)? In this connection, a pair of small,

nodule-like cartilages, called the polar cartilages, has been

recognized between the trabeculae and chordal cranium

(Fig. 1B; de Beer, 1937 and references therein). This pair

may appear simply as the posteriormost part of the trabec-

ula that shows semi-independent chondrification from the

rest of the trabeculae, but some authors regarded it as an

independent cartilaginous element. The argument about

the identity of the polar cartilages is thus tightly linked to

the definition of the mandibular arch.

The boundary between the mandibular arch
and the premandibular domain

As to the identity of the polar cartilages, Allis (1923, 1931,

1938) published a series of reviews in which he dealt with

A

B

Fig. 4 Diagram to explain the question regarding the nature of the polar cartilage. (A) It is generally accepted that the rostral, prechordal part of

the neurocranium is formed of premandibular ectomesenchyme. Thus, the boundary between the premandibular and mandibular

ectomesenchyme is expected to be found at the same level as the boundary between the prechordal and chordal cranium, and the polar cartilage

is simply understood as the posterior part of the trabecula. In this scheme, the hypophysis is found between the caudal portions of trabeculae, the

prechordal cranial element. (B) If the polar cartilage represents the ‘prechordal’ mandibular arch-derivative, we will have to assume the presence

of an enigmatic ectomesenchymal domain corresponding to the ‘HC domain’. This diagram is based on the understanding of Haller (1923) and

Allis (1938) shown in Fig. 5A. In this scheme, the hypophysis represents the boundary between the ectodermal portions covering the forebrain and

the pharynx. hc, hyoid arch crest cells; mnc, mandibular arch crest cells; nt, notochord; pch+orb, parachordal and orbital cartilages; pmc,

premandibular crest cells.
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the development of some skeletal elements developing in

the rostral part of the neurocranium together with the

development of the hypophyses, the mandibular arch and

the oral cavity.

Allis (1938) defined the premandibular domain as part of

the head where the forebrain is originally directly sur-

rounded by the ventral surface ectoderm (Fig. 5A). This cor-

responds to the area of secondarily expanded forebrain,

where the trabeculae later form the floor of the brain [Allis

(1923) first called this the ‘cerebral surface’; see also de Beer

(1937) for expansion of the forebrain]. Allis also recognized

the pharynx as the part surrounded by the ‘visceral ecto-

derm’, although this term sounds rather contradictory

(Fig. 5A). This ectoderm covers the entire visible mandibular

arch including the stomodaeum. Between this and the cere-

bral ectoderm, we can find Rathke’s pouch, or the anlage

for the adenohypophysis. According to Allis (1938) and

Haller (1923), the hypophysis of gnathostomes arises not

simply as a dorsal pocket of the oral cavity, as first recog-

nized by Rathke (1839), but rather is specified at the bound-

ary of the cerebral and visceral ectoderm. In the shark

embryo, before the maxillary process has formed, the early

hypophyseal anlage appears exactly as originally described

by Haller (1923) (Fig. 5A). In other words, the position of

the hypophysis is thought to represent the pmm boundary

that simultaneously delineates the polar cartilage and the

trabecula antero-posteriorly (Fig. 4B).

Curiously, although the trabecula is found in the preman-

dibular domain as usually understood, the polar cartilage

arises in the domain of the above-defined mandibular arch

(Fig. 5A). In the early chondrocranium of shark embryos,

this distinction appears to hold true (Fig. 1B). This is the

reason Allis (1923, 1938) identified the polar cartilages as

elements belonging to the mandibular arch (Fig. 2).

Allis’s argument depends largely on Haller (1923), who

described the early development of the hypophysis in

shark embryos (Fig. 5A). Haller divided the mandibular

arch into four subdomains called, from the dorsal to ven-

tral direction, ‘Kieferaugenspaltstück (jaw-optic fissure

region)’, ‘Oberkieferstück (maxillary region)’, ‘Zwischen-

stück (intermediate region)’, and ‘Unterkieferstück (lower

jaw region)’. Of these, ‘jaw-optic fissure region’ appears

to be a misnomer, and will be called the hypophyseal

cushion (Polster), hereafter abbreviated to the HC region

(Fig. 5A). Based on this scheme, Allis (1938) pointed out

that the polar cartilage arises in this HC region (Fig. 5A)

and he thought that the fusion of the trabecula and

polar cartilage represents the junction between two suc-

cessive visceral arches (Fig. 2). Furthermore, as the polar

A

B C

D E

Fig. 5 Topographical relationship between the mandibular arch and

the hypophyseal anlage. (A) A medial view of the early pharyngula of

a shark. Redrawn from Haller (1923). According to Haller, Rathke’s

pouch does not arise as a part of the oral ectoderm, which is not

defined at the stage of initial hypophyseal development, but at the

junction of two different ectoderms: the cerebral ectoderm that

covers the forebrain, and the visceral ectoderm that covers the

mandibular arch and forms the stomodaeum. Haller (1923) divided

the mandibular arch along the dorso-ventral axis into four subdivisions

(1–4), termed, from a ventral to a dorsal direction, ‘Unterkieferstück

(lower jaw region)’ (1), ‘Zwischenstück (intermediate or jaw joint

region)’ (2), ‘Oberkieferstück (maxillary region)’ (3), and

‘Kieferaugenspaltstück (hypophyseal cushion region, abbreviated as

HC region in the text)’ (4). The HC region is found just caudal to the

hypophyseal anlage, and the polar cartilage is suggested to develop in

this domain. Thus, Allis (1938) regarded the polar cartilage as the

mandibular arch derivative. (B) Dlx1 expression pattern in a

pharyngula of Scyliorhinus torazame. Lateral view. (C) The same

embryo as B, slightly tilted to view the embryo ventrally. The HC

region of this embryo does not appear to express Dlx1. (D,E) Partially

reconstructed early pharyngula of an elephant fish, Callorhynchus

milii. Medial (D) and lateral (E) views (E is left–right inverted for

comparison). Square in (D) indicates the equivalent region shown in

(A). These figures show that the embryonic pattern is highly conserved

in chondrichthyans and lamprey, in which nasal and hypophyseal

placodes are more closely associated with each other. cpm,

Commissure part of the premandibular cavity; hy, hyoid arch; II, optic

nerve; ma, mandibular arch; mam, mandibular arch mesoderm; mc,

mandibular cavity; np, nasal placode; nt, notochord; pmc,

premandibular cavity; Rth, Rathke’s pouch; V, trigeminal nerve anlage.
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cartilage originates from the HC region of the mandibular

arch, Allis (1923, 1931, 1938) thought that it represented

the pharyngo-mandibular element, which had been found

rather unacceptable in classical comparative morphology

(de Beer, 1937).

Experimental and molecular embryology and
the origin of the polar cartilage

Can evolutionary developmental biology solve the above

question? If we look at recent labelling results in fate map-

ping studies addressing the craniofacial ectomesenchyme,

we readily find reasons to deny the above hypothesis about

the mandibular arch origin of the polar cartilage, or even

the existence of this cartilage as an independent entity.

For example, Shigetani et al. (2000) found that, in early

chicken embryos (HH stage 13), when the mandibular arch

has not yet completely formed, there is already a distinction

in the trigeminal crest cells caudal to the eye, of cells

destined to become the premandibular domain and man-

dibular arch, and that the latter domain roughly corre-

sponds to the Fgf8-expressing domain in the ventral surface

ectoderm. In other words, the rostral limit of the Fgf8

expression prefigures the pmm boundary. At HH stage 12,

the Rathke’s pouch is definitely located rostral to the man-

dibular arch domain (Fig. 4B), and the maxillary process

arises from the mandibular arch domain, not from the

premandibular domain. The latter finding is inconsistent

with Haller’s concept noted above.

Although a different terminology is employed, Cerny

et al. (2004) have also shown a similar result in their fate-

mapping study using axolotl embryos. They showed that

the maxillary process is derived from a part of the mandibu-

lar arch, and that the POC cells will form the trabeculae.

The latter study clearly showed that the rostromedial and

lateral portions of the dorsal oral apparatus are develop-

mentally specified in anterior and posterior domains of

apparently continuous trigeminal crest cells in earlier devel-

opmental stages. Importantly, however, this experiment did

not show that the posterior part of the prechordal cranium

has an independent origin (as a separate entity) as the polar

cartilage. Furthermore, Wada et al. (2011) have recently

shown clearly that the posterior part of the trabecula,

which is expected to develop as the polar cartilages, also

has its origin in the POC cells. Thus, even if there is a carti-

laginous module to be called the polar cartilage, it seems

very likely that it shares the same developmental origin

with the rest of the trabecula. If this is correct, there is even

a possibility that the polar cartilage per se may be an arte-

fact created by some comparative embryologists.

However, the solution to the question may not be so

simple, as the labelling experiments performed in zebrafish

embryos do not even support the notion of separate

developmental origins for the trabecula and mandibular

arch derivatives. By single-cell labelling methods, Eberhart

et al. (2006) have shown that there are crest cells that

differentiate into a part of the palatoquadrate and the tra-

becula. In this connection, Lee et al. (2004) have also come

to the conclusion that parts of the trabecula and maxillary

process are derived from the same domain as the trigeminal

crest cells, based on focal injection of vital dyes, similar to

the method employed by Shigetani et al. (2000). It has not

been clarified yet why the latter two groups obtained dif-

ferent results. At least it is obvious that fate-mapping of the

boundary between the premandibular and mandibular

domains will take a very delicate and fine-tuned labelling

experiment. Simultaneously, the process of cell lineage

specification may possibly shift spatiotemporally through

evolution and can vary in each species, even if the basic

morphological pattern of the chondrocranium is conserved.

We also have to consider regulatory gene expression pat-

terns that are associated with specific morphological

domains. For example, Dlx genes have been shown to be

expressed in the pharyngeal arch ectomesenchyme with a

nested pattern reminiscent of Haller’s scheme, but not

expressed in the premandibular domain of some gnathos-

tome embryos (Qiu et al. 1997; Shigetani et al. 2000, 2002;

Depew et al. 2002). Then, will the HC region express any

Dlx genes as the dorsalmost part of the molecularly defined

mandibular arch? In a late pharyngula stage of gnathosto-

mes, the HC region is laterally covered by the maxillary

region, the anlage of the upper jaw (Figs 1B and 3B). There-

fore, whether it is a part of the mandibular arch or not, the

HC region does not develop as a part of the ‘functional

jaw’, as correctly suggested by Haller (1923) and Allis (1923,

1931, 1938).

According to our observation in the shark embryo, Dlx1 is

not expressed in the HC domain (Fig. 5B,C). Among the Dlx

genes, as in mouse and chicken, this gene in the shark is

expressed most dorsally and in the most widespread ecto-

mesenchymal domain of the mandibular arch ectomesenc-

hyme. If the gnathostome mandibular arch is to be defined

by Dlx1 expression, the HC region does not represent a part

of the mandibular arch but more likely to corresponds with

the POC cells, a part of the premandibular domain. As

noted above, Fgf8 is already expressed to specify the man-

dibular arch domain and the stomodaeum, and Rathke’s

pouch is developing rostral to the Fgf8-positive domain

even before the influx of crest cells (HH stage 10). In other

words, the hypophysis in the chick embryo (and possibly the

shark) does not appear to arise at the pmm boundary (see

Fig. 4A). Instead, it arises rostral to the mandibular arch, as

defined by the expression of Fgf8 ⁄ Dlx1, leading us to the

possibility that the HC region of Haller (1923) represents the

POC cells.

The above contradiction appears to have originated from

the distinction between the cerebral and visceral ectoderm,

which is likely to be an artificial definition. Rather, the posi-

tion of the hypophyseal placode is more likely to be

specified by the induction from the hypothalamic anlage
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(Takuma et al. 1998; reviewed by Zhu et al. 2007), not from

the interface of cerebral ⁄ pharyngeal domains pre-specified

in the ectoderm (Fig. 5A). In this context, it would be worth

considering that, among the genes known to be expressed

in domains of rostral ectoderm such as Pitx, Pax6, and Sp8

(Boorman & Shimeld, 2002; Uchida et al. 2003; Kawakami

et al. 2004; Jeong et al. 2008; Sjodal & Gunhaga, 2008;

Sugahara et al. 2011), so far no gene reported was

expressed differentially between the cerebral and visceral

ectodermal domains recognized by Allis (1923) and Haller

(1923).

As discussed above, the polar cartilage is at present most

likely to represent simply the posterior part of the trabecula

as the premandibular ectomesenchymal derivative. Thus,

the polar cartilage does not exist as an individual entity.

Furthermore, the polar cartilage is now mentioned less than

before, especially in descriptions based on the whole-mount

staining method using alcian blue. This raises the possibility

that the polar cartilage was an artefact based on biased

observations, particularly based on the transverse histologi-

cal sections of older embryos when the trabecula is bent lat-

erally at the level of the hypophysis, for example because of

the growth of the internal carotid artery.

In the present review, we propose a developmental defi-

nition of the mandibular arch ectomesenchyme as follows:

it is the part of the trigeminal ectomesenchyme that

expresses Dlx1 and its cognates. It is also associated with the

mandibular arch mesoderm, and separated from the hypo-

physeal anlage by a certain distance. The HC domain, or the

POC cell population, does not express Dlx genes and is

located lateral and caudal to the hypophyseal anlage as the

major source of the paired trabeculae. Finally, the rostral

limit of the chordal cranium is to be found in the orbital

cartilage, or in the crista sellaris in those animals that do

not develop an orbital cartilage. The entire prechordal cra-

nium rostral to this limit can be regarded as the neural

crest-derived premandibular cranium, which is also rostral

to the mandibular arch. Thus the pmm boundary is most

likely to be found at the same level as the pcc boundary

(Fig. 4A).

On the lamprey trabecula

To understand the origins of the prechordal cranium and

the jaw in gnathostomes, the developmental fate has to be

compared for each subpopulation of the trigeminal crest

cells between gnathostomes and agnathan animals. To

investigate the agnathan condition, embryos of lampreys

have been frequently employed (reviewed by Kuratani,

2012; for the anatomy of the lamprey head, see Hardisty,

1981; Hardisty & Rovainen, 1982; Marinelli & Strenger,

1954). Similar to gnathostomes, the premandibular ecto-

mesenchyme of the lamprey embryo can also be divided

into PRC and POC cells (Fig. 3A; for lamprey neural crest cell

development and migration, see Horigome et al. 1999;

Tomsa & Langeland, 1999; Kuratani et al. 2001; McCauley &

Bronner-Fraser, 2003, 2006; for development of the lamprey

viscerocranium, see Johnels, 1948; Mallatt, 1984; Ohtani

et al. 2008; Martin et al. 2009; Yao et al. 2011). Before the

differentiation of the oral apparatus, developmental pat-

terns of trigeminal ectomesenchyme are not fundamentally

different between gnathostome and lamprey embryos,

especially when the nasal and hypophyseal placodes are

close to each other in gnathostomes (Figs 3 and 5). The lat-

ter placodes form one median plate in the lamprey as the

nasohypophyseal plate (Fig. 3; von Kupffer, 1894, 1900; de

Beer, 1923; reviewed by Haller, 1898). In both taxa, the

prechordal plate is initially seen as the roof of the preoral

gut, with no clear boundary with the rostral part of the

notochord.

Lamprey embryos also have a cartilaginous element called

the trabecula that serves as a floor of the forebrain (Parker,

1883; Johnels, 1948). As in gnathostomes, the lamprey tra-

beculae also appear as a pair of rod-like cartilages whose

rostral ends are united with their counterparts by means of

a transverse commissure. These structures together form a

cartilaginous ring that surrounds the hypothalamus and

hypophysis. In addition, there were studies suggesting the

neural crest origin of the lamprey trabecula (Langille & Hall,

1988; also see Newth, 1951, 1956). It was shown by embryo-

logical observations and labelling experiments, however,

that the lamprey trabecula is of mandibular mesodermal

origin and, therefore, this cartilage is more likely to be

homologous with the gnathostome parachordal that has

secondarily grown and shifted anteriorly (Johnels, 1948;

Kuratani et al. 2004). The POC cells in the lamprey appear

to develop into the mesenchyme of the upper lip of

ammocoete larvae (Shigetani et al. 2002).

Rostral to the above noted ring, a pair of cartilaginous

nodules provides origins for the trigeminal-nerve-inner-

vated muscles in the upper lip, and thus the cartilages may

represent mandibular arch derivatives that have shifted

their positions rostrally (see below). A homologue of intert-

rabecula may exist in the lamprey as a certain ectomesen-

chymal derivative found caudal (dorsal) to the external

nostril. Although it develops from the PRC cells, or the

mesenchyme that forms the cushion rostral to the nasohy-

pophyseal plate, it cannot be called a frontonasal process

(FN)-derivative because lampreys do not have paired

nostrils.

The origin of the gnathostome jaw – revising
the heterotopy theory

In the early embryonic head of gnathostomes and lampreys,

the prechordal plate and its derivatives, nasohypophyseal

placodes, first pharyngeal pouch and mandibular arch are

arranged in a very similar topographical relationship

(Fig. 3A; see Scott, 1883, 1887; Leach, 1951; for hypophyseal

development in the lamprey). In the ventro-lateral part of
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the head of the early lamprey embryo (Tahara’s stage 20.5;

Tahara, 1988), there is a pair of conspicuous processes,

called the cheek processes (Fig. 6A,B). This process initially

contains mandibular mesoderm and the first pharyngeal

pouch, and the prechordal plate (roof of the preoral gut) is

protruding rostral to the mandibular mesoderm (Fig. 6A,B).

The prechordal plate expresses LjHh together with the

notochord and rostral endoderm (Sugahara et al. 2011;

Fig. 7A–D, compare with Fig. 6). Thus, the anlage of the

premandibular mesoderm is clearly rostral to the mandibu-

lar arch around this stage (Fig. 6A,F; also see Fig. 7D). By

stage 21, however, trigeminal crest cells have started to

cover the rostral head, and thereafter the prechordal plate

is covered by the growing ectomesenchyme (Fig. 6; also see

Claydon, 1938). Therefore, the cheek process no longer

consists only of the mandibular mesoderm and the first

pharyngeal pouch but also contains the anlage for the

premandibular mesoderm. It is around this stage that the

cheek process begins to divide antero-posteriorly to differ-

entiate into upper and lower lips (Fig. 7E–G), indicating that

these structures are not purely of the mandibular arch.

From this stage onward, it therefore becomes difficult to

define the POC domain in the lamprey.

Unlike in gnathostomes, the lamprey POC cells have been

reported to express the Dlx gene (Neidert et al. 2001;

Shigetani et al. 2002; Cerny et al. 2010; Kuraku et al. 2010).

In the heterotopy theory (Shigetani et al. 2002), the most

conspicuous difference between the lamprey and the gna-

thostome oral patterning is the extent of Dlx-expressing ec-

tomesenchyme in the trigeminal crest cells: in the whole-

mount lamprey embryos, Dlx-negative POC ectomesenc-

hyme is apparently absent, and the entire ectomesenchyme

caudal to the eye appears to be Dlx-positive (Fig. 7E–G;

Neidert et al. 2001; Shigetani et al. 2002; Cerny et al. 2010;

Kuraku et al. 2010). The POC ectomesenchyme in the lam-

prey appears to differentiate into the upper lip, not into

the trabecula as in gnathostomes (Fig. 6; Shigetani et al.

2002). The heterotopy theory predicts, in the agnathan–

gnathostome transition, a heterotopic, caudal shift of

ectodermal FGF8 domain restricted Dlx upregulation to the

domain caudal to the pmm boundary, thus limiting the

oral patterning domain into the mandibular arch (and

A B C D

E F G H

Fig. 6 Development of the cheek process and the prechordal plate in the lamprey. (A–D) Diagrammatic representation of the rostral head part of

the lamprey embryos based on the development of Lethenteron japonicum. At Tahara’s stage 21, the prechordal plate, or the developmental

source of the premandibular mesoderm is seen rostral to the mandibular arch mesoderm. Grey circle indicates the cheek process. (B) At stage 22,

cephalic crest cells begin to migrate. The mandibular arch mesoderm has grown ventrally and rostrally. (C) By stage 23, the trigeminal crest cells

have covered the entire mandibular arch and also a part of the prechordal plate. (D) The mandibular arch and the prechordal plate are totally

covered by the trigeminal crest cells. (E–H) Scanning electron micrographs of the developing head of L. japonicum. The surface ectoderm of the

embryos and part of the neural tube have been removed. (E) Stage 20. The rostral part of the notochord continues rostrally into the roof of the

preoral gut as the prechordal plate (pcp). The rostralmost head mesoderm appears as the mandibular mesoderm rostral to the first pharyngeal

pouch (pp1) and lateral to the prechordal plate. (F) Stage 21. The prechordal plate is found rostral to the level of the mandibular mesoderm (mm).

(G) Stage 22. Trigeminal crest cells (tc: coloured green) have begun to cover the rostral head. (H) Stage 24. The prechordal plate-derived

premandibular mesoderm (pmm) is penetrating the rostral subpopulation of the trigeminal crest cells. From the position of the mandibular

mesoderm, this rostral cell population of the trigeminal crest cells appears to be located in a premandibular position from this photograph. e, eye;

fb, forebrain; hc, hyoid crest cells; hym, hyoid arch mesoderm; mm, mandibular arch mesoderm; mnc, mandibular arch crest cells; ot, otocyst;

pcp, prechordal plate; pmm, premandibular mesoderm; pp1–2, pharyngeal pouches; tc, trigeminal crest cells. Photographs for (E–H) by Naoto

Horigome.

ªª 2012 The Authors
Journal of Anatomy ªª 2012 Anatomical Society

Evolution of the vertebrate premandibular region, S. Kuratani et al.50



secondarily, FN derivatives participated in its formation;

reviewed by Kuratani, 2012). From a morphological point

of view, the above shift can also be viewed as a shift of the

position of the mouth, leading to the shift of pharyngeal

endoderm-induced Fgf8 expression. However, the above

scenario suggests that the association between Dlx regula-

tion and pmm boundary differs between cyclostomes and

gnathostomes. Otherwise, if this association were conserved

through vertebrate evolution, this would challenge the het-

erotopy theory, as will be shown below.

As shown in Fig. 6H, the premandibular mesoderm does

grow into the rostral part of the cheek process ectomesenc-

hyme, defining the lamprey POC cells that differentiate into

the upper lip (Kuratani et al. 1999). However, the mandibu-

lar mesoderm-derived muscle anlage reaches this domain

just after this stage (Kuratani, 2012). It has not been clari-

fied yet whether this change can be ascribed to the rostral

growth of the mandibular arch mesoderm described above

(Fig. 6) or to the secondary migration after stage 25 as

hypothesized previously (Kuratani et al. 2004). Although

these upper lip muscle primordia are thought to be accom-

panied by mandibular arch crest cells as the source of

connective tissue (Noden, 1983; Köntges & Lumsden, 1996),

it has not been clearly observed whether the Dlx-positive

upper lip ectomesenchyme represents such secondarily

immigrating crest cells or the original POC cells (Sugahara &

Kuratani, unpublished observation).

From the above discussion, would it be possible to homol-

ogize the lamprey upper lip and gnathostome maxillary

process? Prior to the establishment of the oral ectoderm,

the topographical relationships among the stomodaeum,

nasohypophyseal placodes, and the mandibular arch are lar-

gely conserved between the lamprey and gnathostomes

(Fig. 3). A part of the lamprey upper lip and the gnathos-

tome maxillary process are derived from the dorsal part of

the mandibular arch and grow rostrally to meet with its

A

B

D

E

F

G

C

Fig. 7 Expression of LjHh and LjDlxA in embryos of the lamprey, Lethenteron japonicum. (A,B) Expression of LjHh in Tahara’s stage 19 embryo.

Box in (B) is enlarged in (A). (C,D) Stage 21 embryo. Box in (C) is enlarged in (D). During these stages, LjHh is expressed in the prechordal plate

that appears as the rostral continuation of the notochord. Compare with Fig. 5A,E,F. (E,F) LjDlxA expression in stage 24 embryo. (F) shows an

oblique ventral view. (G) LjDlxA expression at stage 25. Note that this gene is upregulated during the pharyngular development in the

ectomesenchyme in upper and lower lips. Whether the DlxA-positive ectomesenchyme in the upper lip consists only of the premandibular POC

cells or contains mandibular arch ectomesenchyme remains unknown. Compare with Fig. 5H. fb, forebrain; nhp, nasohypophyseal plate; nt,

notochord; ot, otocyst; pcp, prechordal plate; ph, pharynx; st, stomodaeum; ulp, upper lip.
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counterparts on the contralateral side, defining the oral

cavity. In the latter developmental process of the gnathost-

omes, Rathke’s pouch is secondarily incorporated in the oral

ectoderm, whereas in the lamprey, fusion of the upper lips

on both sides takes place caudal to the nasohypophyseal

plate, and thus the hypophysis does not open in the oral

cavity as in gnathostomes. The upper lip also contains at

least POC cells, which is not seen in the gnathostome

maxillary process.

To explain the morphology of the lamprey larva, Haller

(1923) stated that the median fusion of dorsal domains

takes place much earlier than in gnathostomes, and the

upper lip has to grow not laterally, but underneath the

hypophysis. It is true that heterochronic differences exist

between the lamprey and gnathostomes, especially in the

separation of nasal and hypophyseal placodes, which may

partly explain the above morphological difference. This

idea, however, does not consider the involvement of the

POC cells in the upper lip formation. Otherwise, there are

the following developmental differences between the

lamprey upper lip and the gnathostome upper jaw:
d The lamprey upper lip is likely to be formed by a

dorsal part of the mandibular arch and POC cells,

whereas in the gnathostomes, the upper jaw is formed

from the dorsal part of the mandibular arch with

secondary involvement of the FN-derived structures.
d In general, the gnathostome upper jaw primordium

does not contain a muscle primordium.
d In the lamprey embryo, the junction of the upper and

lower lip primordia does not express Bapx cognates,

which in gnathostomes defines the primary jaw joint.

For the above reasons, the lamprey upper lip cannot be

directly homologized with the gnathostome upper jaw.

Rather, the upper lip primordium in the lamprey appears to

represent a complex structure corresponding to the maxil-

lary process and the posterior portion of the trabecula

primordia in gnathostomes, fused medio-laterally. In a way,

it may be possible to understand the evolution of the jaw

as a separation of this compound primordium medio-later-

ally to form the maxillary process and trabecula separately.

In this regard, it may be worth mentioning that the ptery-

goid process, a part of the palatoquadrate developing in

the maxillary process in gnathostomes (Goodrich, 1930; de

Beer, 1937), is always morphologically and developmentally

closely associated with the trabecula (Olsson & Hanken,

1996; Reiss, 1997; Eberhart et al. 2006; see de Beer, 1937 for

topographical relationships between the upper jaw and the

prechordal cranium). In genetic experiments also, this ros-

tral part of the upper jaw element behaves differently from

the rest of the mandibular arch skeleton (Miller et al. 2004;

Zuniga et al. 2010). It belongs to future studies to deter-

mine whether this ambiguity or inconsistency regarding the

definition of the mandibular arch represents a secondary

condition associated only with certain gnathostome

lineages, or reflects an ancestral developmental state in

which the premandibular and mandibular components are

used to build together a common morphological unit.

To facilitate the above separation of pterygoid process

and trabecula, the hypophyseal placode has to be separated

from the nasal placode early in development, to allow the

ectomesenchyme to grow rostrally to the hypophysis. Thus,

leaving aside the ambiguity of the expression pattern of Dlx

in POC cells of the lamprey, the heterotopic shift remains

the key to understanding jaw evolution.

The previous version of the heterotopy theory assumed

that the ectodermally derived FGF ⁄ BMP signals define the

anterior and posterior limits of the oral domain in the ec-

tomesenchyme, whose extent was assumed to differ

between the lamprey and gnathostomes (Shigetani et al.

2005). To test this original hypothesis, the role of the lam-

prey POC cells has to be clarified (the medial subpopulation

of the crest cells in the upper lip primordium). It also has to

be tested whether the stomodaeum is specified in an equiv-

alent part of the head ectoderm with an equivalent induc-

tive event in both animal lineages.

The heterotopy theory is still valid in that different parts

of the ectomesenchyme differentiate into the dorsal

portion of the oral apparatus between lampreys and

gnathostomes, by a different pattern of growth and distri-

bution of the trigeminal crest cells in late developmental

stages. In this connection, a recent observation of a fossil

group, Galeaspida, has suggested that this stem group of

(jawless) gnathostomes appears to have possessed a

hypophysis that opens into the oral cavity, not confluent

with the nasal opening (Gai et al. 2011). Such a condition is

much closer to the condition in modern gnathostomes than

to the condition observed in the lamprey. It has not been

clarified whether this fossil species had trabeculae, but the

external nostril is unpaired. The most plausible scenario,

therefore, would be that the separation of the nasal and

hypophyseal placodes took place first, and then the nasal

placode became paired during evolution, which should

have allowed the dorsal oral process, including the pos-

terior trabecula and maxillary process, to grow rostrally

towards the hypophysis (see Scott, 1883; Haller, 1923; and

Kuratani, 2004 for the evolutionary sequence of mono-

to diplorhiny or vice versa). It would have been after the

split of the nasal placode into a paired structures that

the FN-derived component could be incorporated to

participate in the formation of the upper jaw, as the

intertrabecula and premaxilla.
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