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The pharyngeal arches form the face and neck of the developing embryo. The pharyngeal tissue is divided
into distinct arches by the formation of clefts and pouches in between the arches. These clefts and pouches
form at the juxtaposition between the ectoderm and endoderm and develop into a variety of essential
structures, such as the ear drum, and glands such as the thymus and parathyroids. How these pouches
and clefts between the arches form and what structures they develop into is the subject of this review.
Differences in pouch derivatives are described in different animals and the evolution of these structures
are investigated. The implications of defects in pouch and cleft development on human health are also
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1. The emergence and development of the pharyngeal
arches

In vertebrates, the pharyngeal apparatus develops from a tran-
sient series of segmental structures appearing as bulges on the
cranial lateral side of the embryo and named the pharyngeal, or
branchial, arches. The pharyngeal arches form successively in a cra-
nial to caudal way during ontogeny. Five pairs of arches emerge
between the second and fourth week of gestation in man, between
Theiler’s stages St13 and -16 in the mouse, and between Hamburger
and Hamilton stages HH14 and -19 in the chick [1-3]. Notably, in all
amniotes, the fifth arch does not form or regresses. Consequently,
the most caudal arch corresponds to the sixth arch, which remains
rudimentary. In non-amniotes, the fifth arch is maintained and an
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additional posterior arch develops [4]. Thus, in the zebrafish, from
the second to the third day after fertilization, a total of seven arches
emerge [5]. Eight and nine arches are also observed in some chon-
drichthyans, while the lamprey, a jawless agnathan, has nine arches
[6].

During evolution there appears to be a general trend towards
loss of pharyngeal arches and pouches. In keeping with this, many
fossil fish have high numbers of arches, with ostracoderm fossils
discovered with as many as 30 arches [7]. This general trend in
reduction in the number of posterior arches may reflect the chang-
ing function of the caudal pharyngeal regions, as the requirement
for multiple gill supports was lost during the move from water to
land.

In the jawed vertebrates the first arch divides into two clearly
identifiable subunits termed the maxillary and the mandibular
arches, which expand ventrally to form the upper and lower jaw.
In agnathans (jawless vertebrates), the mouth forms between the
firstarch (mandibular) crest and the more anterior pre-mandibular
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crest [8]. The upper and lower lips of a lamprey are therefore not
homologous to the upper and lower jaw of a jawed vertebrate. This
change in position of the mouth appears to have occurred through
changes in the area over which signalling molecules, such as Fgfs
(Fibroblast growth factors) and Bmps (Bone morphogenetic pro-
teins), act to define the initial mouth region, and as such is a good
example of how a relatively small early heterotopic shifts can lead
to major changes in resulting structures [8].

The pharyngeal arches are composed of tissues derived from the
three embryonic germ layers. Indeed, each arch is covered on the
outside by ectoderm, and on the inside by endoderm. Its core is of
mesoderm origin and is surrounded by neural crest-derived mes-
enchyme. As development proceeds, in between the arches, the
lateral wall of the pharynx evaginates forming an out-pocketing
known as the pharyngeal pouch, whereas, externally, the overly-
ing ectoderm depresses forming a groove termed the pharyngeal
cleft. As a result of these movements, the endoderm and ectoderm
physically contact forming a closing membrane [3,4,9]. Cells within
the pouch endoderm have high levels of actin fibres that form a web
of supra-cellular actin cables. These cables appear to direct expan-
sion of the pouch thereby controlling pouch morphogenesis, and, in
keeping with this, disruption of the cables leads to abnormal pouch
formation [10].

Over the course of embryogenesis, all the arch components dif-
ferentiate into distinct derivatives. Specifically, the neural crest
develops into the skeleton, the connective tissues, and part of the
neurosensory ganglia of the cranium [11,12]; the mesoderm forms
the head and neck muscles, skeletal elements, such as the cranial
base, and blood vessels [13,14]; the arch ectoderm gives rise to

the oral epithelium, the keratinized epidermis of the face and the
throat, as well as the sensory neurons of the epibranchial ganglia
[11,15] and the arch endoderm forms the pharynx epithelium and
glands [3,9,16]. The pharyngeal pouches and clefts are also region-
alized to generate specific tissues and organs (Fig. 1).

The segmentation of the pharyngeal region appears to be driven
by the endoderm [6]. Pharyngeal segmentation is a general feature
of chordates and is found in animals without apparent neural crest,
as observed in the cephalochordate amphioxus. The segmented
pharynx of cephalochordates, hemichordates and urochordates is
homologous to that of vertebrates, as shown by their shared expres-
sion of genes such as the paired motif transcription factors Pax1/9
[17]. From developmental studies, ablation of the neural crest does
not affect the initial formation and patterning of the endodermal
pouches [18], again suggesting that the first stages of pouch devel-
opment are independent of the crest that migrates into them. In
zebrafish mutants where the endoderm is defective the pouches
fail to form and as a consequence the pharyngeal region is severely
disrupted [19]. At these early stages, the endoderm plays a role
in patterning the surrounding arches. In the chick, excision of the
foregut endoderm leads to a failure in development of specific
parts of the pharyngeal skeleton, while ectopic grafts of foregut
endoderm leads to duplication of skeletal elements [20]. In the
zebrafish the endoderm has been shown to be essential for the
identity, survival and differentiation of chondrogenic neural crest
[21]. Many key signalling molecules are found expressed in the
endoderm of the forming pharyngeal pouches, including Shh (Sonic
hedgehog), Fgfs, and Bmps [18]. Shh from the foregut endoderm has
been shown to play a key role in inducing expression of Fgf8 in
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the pharyngeal arch epithelium, which then in turn signals to the
underlying crest to pattern the proximo-distal and rostral-caudal
axis of the developing arch [22-24]. The initial patterning of these
regions is therefore thought to involve signals from the endoderm,
however these are combined with patterning information from the
neural crest [25,26], with the Hox genes specifying individual arch
identity [27]. The relative roles of the endoderm and neural crest
are reviewed in [6,28].

2. The pharyngeal pouch and cleft derivatives in birds and
mammals

2.1. The first pharyngeal pouch and cleft derivatives

In all jawed vertebrates the first arch forms the jaw, while the
second arch forms the hyoid apparatus. These two arches are sep-
arated by the first pharyngeal pouch and cleft. During amniote
embryogenesis, the pharyngeal arches grow differentially in size,
with the first and second arches becoming much bigger in volume
than the third to fourth arches. The first pouch and cleft are crucial
contributors to the external and middle ear [29,30]. In mammals,
the first pouch gives rise to the tubotympanic recess, which later
elongates forming, in its distal part, the epithelium of the tympanic
cavity, and inits proximal part, the eustachian tube. Indeed, the first
cleft develops into the external auditory meatus, the lateral portion
of which differentiates into the entrance of the external auditory
canal. The proximal edge of the external auditory meatus invagi-
nates towards the distal end of tubotympanic recess until only a
thin mesenchymal fibrous layer separates them. The apposition of
these two epithelia, together with the mesenchymal layer, consti-
tutes the tympanic membrane, also referred to as the eardrum. The
tympanic membrane is essential for converting sound waves into
mechanical vibrations that are subsequently transmitted via the
ossicles to the inner ear [29]. The eustachian tube joins the tym-
panic cavity to the nasopharynx. Its inner surface is covered by a
mucosal layer of ciliated cells, supporting cells, secretory cells, and
connective tissue [31]. The eustachian tube is primarily involved
in evacuating middle ear secretions into the nasophayrnx via the
movements of the eustachian tube ciliated cells [31]. In addition,
the eustachian tube is required for balancing pressure between the
middle ear and the ambient air pressure by permitting the passage
of air into the middle ear cavity. A dysfunction of the ciliated cells,
or incorrect pressure adjustments may lead to the accumulation of
middle ear fluids in the tympanic cavity, resulting in a condition
termed otitis media with effusions, which is notably characterised
by partial conductive hearing loss [31].

In mammals, Thx1, Eyal, and Eya4 have been associated with
first pouch and cleft development [32-34]. TBX1 is a T-box contain-
ing transcription factor, and a candidate gene for causing DiGeorge
syndrome (also known as 22q11 deletion syndrome or Velo-cardio-
facial syndrome) [35]. During embryonic mouse development Tbx1
is expressed in the pharyngeal endoderm, mesoderm and otic vesi-
cle. In mice with Tbx1 conditionally knocked-out in the endoderm,
the tympanic membrane is missing due to the failure of the first
pouch to grow towards the external auditory canal, and the external
auditory canal is dysplastic or missing [36]. Eyal is a transcription
factor, homologous to the Drosophila Eyes Absent gene. In humans,
mutations in EYAT lead to Branchio-Oto-Renal (BOR) syndrome
[32]. In mutant mice the external auditory canal is dysplastic and
the middle and inner ears are disrupted [32]. BOR and DiGeorge
syndrome patients display conductive hearing loss with defects in
the external, middle and inner ears.

Mutations in Eya4, another member of the Eya family, result
in mice with an undersized eustachian tube and tympanic cavity
and partial conductive deafness, and as such these mice have been

proposed as models for the study of otitis media with effusions
[31,34].

Interestingly, defects in the first pouch and cleft have knock on
effects on other tissues of the first arch. For example loss of Thx1
in the endoderm leads to aplasia of the mesenchymal tympanic
ring, a tissue that does not express Tbx1 [36]. In normal devel-
opment, therefore, the cleft and pouch play an important role in
signalling to other tissues, aiding the co-ordinated development of
key structures such as the outer and middle ear. This link between
the external and middle ear is also shown by clinical research, with
98% of patients with severely defective external ear development
also having a middle ear defect [37]. Mutations in the Thx1 gene,
have been shown to be responsible for the van gogh mutation in
zebrafish, where a similar disruption of the development of the
pharyngeal arches is observed [38].

2.2. The second pharyngeal pouch derivatives

In amniotes the second arch enlarges caudally, forming a deep
depression called the cervical sinus, which completely covers the
third and fourth arches. Ultimately, this sinus is obliterated by the
fusion of its walls [2]. Failure in this fusion process leads to the
formation of branchial cysts and fistulas [39].

The mammalian second cleft ectoderm reportedly generates no
derivatives. On the other hand, the dorsal elongation of the second
pouch endoderm of all mammals, with the exception of the rodents,
gives rise to the palatine tonsil epithelium [40-42].

Like the spleen and the lymph node, the palatine tonsil is a sec-
ondary lymphoid organ. The palatine tonsils provide the immune
system antigenic information about the foreign microbial species
entering the body through the oral cavity [43]. Nonetheless, at
odds with their role in activating immune responses, the tonsils are
frequently colonised by potentially invasive micro-organisms, the
accidental spread of which may cause recurrent throat infections
[44].

Structurally, the tonsils differ substantially from the lymph
nodes. In particular, they do not have afferent lymph vessels, and
are not enclosed into a capsule. In some mammals, the tonsil epithe-
lium is characterised by epithelial folds referred to as crypts that
invaginate from the oropharynx into the underlying lymphoid tis-
sue [41,45]. The number of crypts that are eventually formed,
however, may vary between species, with just one for instance
being present in the rabbit or the cat [41,46,47]. The crypts are
thought to play a major role in the initiation of the palatine tonsil
immune response [43]. In rodents, the ventral portion of the sec-
ond pouch appears to degenerate whereas the remaining part is
incorporated into the lateral border of the pharynx [40]. It appears
that rodents no longer require tonsils as their function is carried
out by the well-developed NALT (Nose/Nasal-Associated Lymphoid
Tissue) system in the upper respiratory tract [48].

In humans, the second pharyngeal pouch starts displaying canal-
ization and branching around the eight week after fertilization
[42,46]. Lymphoid infiltration of the tonsil occurs at seven months
of development, and primary follicle are visible during late gesta-
tion, however, the tonsil immune response is not fully functional
until the beginning of postnatal life [42]. During the first year
after birth, intense proliferation of the tonsil lymphoid elements is
observed. As aresult, the tonsil increases in size, thereby displacing
the neighbouring soft tissues and expanding into the oropharyn-
geal cavity [42]. At puberty, the palatine tonsil involutes so that
little tonsillar tissue remains at adulthood.

Since the non-mammals do not have tonsils, what structure if
any does the second pouch gives rise to?

Limited data is available regarding the derivatives of the sec-
ond pouch in avians. Interestingly, in the pigeon second pouch,
the appearance of large mucous glands that might be reminiscent
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of salivary glands have been reported, and in keeping with this,
structural similarities have been made between salivary glands and
tonsils [46,49]. Based on these observations, it has been suggested
that over the course of mammal evolution, the palatine tonsils have
been acquire as a modification of a salivary gland [47,49]. In accor-
dance with this idea, in the dog, the cat and rabbit, the presence of
salivary glands was evidenced in the palatine tonsil surface epithe-
lium or lymphoid tissue [47]. Therefore, the avian second pouch
might give rise to salivary glands; and the potency to generate this
structure might be shared with mammals.

Because the second pouch yields no obvious derivative in the
most commonly used avian and mammal models, namely the chick
and the mouse, no genes involved in the early patterning and dif-
ferentiation of this pouch have so far been uncovered.

The thyroid gland also develops from the pharyngeal endo-
derm at the level of the second arch. This gland, however, is not a
derivative of the pharyngeal pouch but originates medially from the
endodermal tissue in contact with the aortic sac. The early stages of
development of the thyroid are similar to those of the pharyngeal
pouch derived glands, with the formation of a bud like structure
from the endoderm [50]. The thyroid primordium then migrates
into the neck mesenchyme and in most mammals fuses with the
ultimobranchial bodies (see Section 3) [50].

2.3. The third and fourth pharyngeal pouch derivatives

The third and fourth pouches develop into the thymus and
parathyroids. Fish form thymic tissue derived from the pharyngeal
arches, but parathyroids are only found in tetrapods. The evolution
of the parathyroids is proposed to have played a pivotal role in the
move to land, allowing regulation of extra-cellular calcium. This
freed the tetrapods from relying on calcium uptake from water by
providing internal regulation of calcium levels. No evidence of a
thymus is found in jawless vertebrates, such as the lamprey [51].

In mammals the cranial dorsal aspect of the third pouch gen-
erates the inferior parathyroid (or parathyroid III), whereas the
caudal ventral part of the pouch gives rise to the thymus epithelium
[16,52-54]. Similarly in the chick, the third pouch differentiates
into the thymus epithelium and parathyroid.

In avians and most mammals, including humans, the anterior
fourth pouches yield a second pair of parathyroids, referred to as
the superior parathyroids or parathyroids IV [9,16,54,55]. In the
chick, the posterior fourth pouch differentiates into a second thy-
mus rudiment, designated as ‘thymus IV’, which later fuses with the
thymus originating from the third pouch [55]. In mammals, the for-
mation of a ‘thymus IV’ has been described in some species such as
the calf, the cat and human [56-58]. However, these observations,
and their interpretations, are disputed by many authors. Thus, at
least in most mammals, the posterior fourth pouch probably does
not give rise to any thymic derivatives [9]. In the mouse, but also in
the rat and hamster, the anterior fourth pouch does not generate a
parathyroid [9,59]. Consequently, rodents develop only one pair of
parathyroid glands.

The difference in origin of thymic and parathyroid tissue in
different animals may reflect loss of the ability to form these
derivatives as the individual arches became more specialised dur-
ing evolution. An ancestral form would therefore be predicted to
have more widespread development of these gland types in the
pharyngeal arches. This is backed up by the finding that in some
species of fish every pouch develops thymic tissue [60]. It would be
of interest to try and identify molecular differences that might have
led to changes in developmental origin of the glands, for example,
the loss of parathyroid development in the rodent fourth pouch.
Differences in Shh signalling between mouse and chick has been
suggested as one possible change that might be responsible for such
species-specific difference [61].

The parathyroids are endocrine glands, the main function of
which is to secrete a peptidic hormone essential for the regulation
of calcium and phosphate homeostasis named parathyroid hor-
mone (PTH) [62]. The parathyroid glands consist of pararenchyma
surrounded by a dense and irregular connective tissue capsule. The
PTH is produced by the chief cells, which form the major cell type
of the glands. These cells appear arranged in clusters (or ‘cords’)
encircled by numerous capillaries [63]. During development the
parathyroids are closely linked to the thymus [52]. The thymus
provides an area for T lymphocyte maturation and is essential in
protecting against autoimmunity. Loss of the thymus, as observed
in DiGeorge syndrome, thus results in severe immunodeficiency
[64].

It was originally proposed that the thymus epithelium derived
both from the ectodermal cleft and from the endodermal pouch
(reviewed in [53]). However, the endoderm is able to give rise to the
thymus alone and lineage tracing of the third cleft shows no contri-
bution of the ectoderm to the thymus [65]. The thymus epithelium,
therefore, appears to be derived solely from the pouch. Impor-
tantly, whereas the parathyroid chief cells and thymus epithelial
cells derive from the endoderm, the connective tissues that sur-
round them originate from the neural crest [66]. Moreover, neural
crest cell ablation prior to migration results in parathyroid and thy-
mus dysgenesis or agenesis [67]. In the Pax3 (Splotch) mutant the
neural crest is disrupted leading to a deficit of mesenchymal cells in
the pharyngeal arches. This reduction in neural crest in turn influ-
ences the size of the parathyroid and thymus domains set up in the
third pouch [68]. The parathyroid domain is reduced while the thy-
mus domain expands, changing the relative size of the final glands.
Thus although the pouches and glands are derived from endoderm,
and the initial patterning of the pouches is controlled by the endo-
derm, the neural crest plays an essential later role in regulation of
the pouch derivatives.

Aplasia of the thymus and parathyroids is found in a number
of mouse mutants where the patterning of the third pouch is dis-
rupted. The Hox gene, Hoxa3, plays an important regulatory role in
setting up the identity of the third and fourth pouches. In Hoxa3
mutants, the identity of the third pouch is lost and no thymus or
parathyroid primordia form [69]. A similar loss of third arch identity
and gland primordia is observed in the Eyal mutant [70]. In Thx1
mutants the third pouch primordium forms but does not develop
resulting in aplasia or dysplasia of the glands [36] (reviewed in
[64]). A similar phenotype is generated in the Pax9 mutant [71].
Pax9 is a transcription factor, closely related to Pax1, containing a
128 amino acid paired motif. Pax 9 and 1, unlike other pax genes, do
not contain a homeodomain. In humans loss of PAX1 or PAX9 lead
to multiple defects but thyroid defects have not been described.
Pax and Eya genes interact in the same pathway, playing a highly
conserved role in eye development in both Drosophila and mouse
[72].

The earliest marker of the parathyroid is Gem2 (Glial cells miss-
ing 2). The Drosophila homolog of Gcm acts as a switch determining
glial or neuronal cell fate [73]. In vertebrates, however, Gcm?2 is
largely involved in non-neuronal cell types. In the mouse, Gecm?2 is
first expressed in the third pouch endoderm from E9.5. As devel-
opment proceeds, genes involved in calcium homeostatis, such as
PTH (parathyroid hormone) and CasR (calcium sensing receptor) are
upregulated in the developing parathyroid and, with Gem2, remain
transcribed in the parathyroid rudiments as they migrate towards
the midline and into adulthood [74]. In mouse, the null mutation
of Gcm2 leads to agenesis of the parathyroids from E12 onwards
[74,75]. At E11.5, the Gcm2 mutant mice glands do not initiate PTH
expression and they fail to maintain the transcription of CasR. Loss
of the parathyroid is thought to be caused by increased cell death
[74]. In the chick Gcm2 is expressed in the third and fourth pouch
at HH24, reflecting the development of parathyroids from both of
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Fig. 2. Gem2 expression in the chick pharyngeal pouches at HH stage 24. DIG in situ hybridisation. Expression is observed in the third and fourth pouches which form the
parathyroids. (A) Section through developing pouches. (B) Sagittal view of embryo in wholemount. PA = pharyngeal arch; p = pouch.

these pouches[76] (Fig. 2). Interestingly, the chick also has transient
expression of Gcm2 in the second pouch [76], but this is later lost,
perhaps reflecting a more widespread expression of Gcm2 in the
pouches of an ancestral form. The Gcm2 promoter contains Pax1 and
Pax9 binding sites, and so acts downstream of these transcription
factors [74].

In humans, homozygous inactivating mutations in GCM2 have
been related to the familial autosomal recessive and dominant iso-
lated forms of hypoparathyroidism. Typically, the GCM2 mutated
individuals exhibit undetectable or residual PTH levels. Neverthe-
less, whether the parathyroids are unformed or hypoplastic in the
patients has not been reported [77-80]. Evidence suggests that
some parathyroid adenomas might be associated with a dysreg-
ulation of GCM2 expression. Indeed, both reduced and enhanced
GCM2 expression levels were found in some human parathyroid
adenoma [81,82]. It was speculated that GCM2 might be required
in the mature glands in order to maintain the cells in a fully differ-
entiated state.

As has been mentioned a key event in the transition to land
was the development of the parathyroids. Although fish do not
have parathyroids, recent research has indicated that in fact the gill
buds are homologous structures that play a similar role in control-
ling calcium levels [76]. Gem2 is expressed in the pharyngeal arch
epithelium starting in the second pouch before extending to the
other pouches, and later in the internal gill buds in both zebrafish
and dogfish [76]. Importantly, loss of Gem2 resulted in loss of the
gill buds [76,83]. Loss of Gem2 also led to cartilage defects [84]. It
was therefore proposed that the internalization of the Gem2 pos-
itive region during the move to land led to the formation of the
tetrapod parathyroid gland. The tissue origin of the Gcm2 expres-
sion domain, however, is in debate, as both an endodermal and
ectodermal expression has been reported [76,83]. In amniotes the
Gcm2 domain is clearly endodermal, thus the issue of which tis-
sue expresses Gecm?2 is of particular importance if homology is to be
assigned.

The Gecm2 expression domain in the mouse third arch is comple-
mentary to Foxnl1 in the thymus primordium at E11.5 [52]. Foxn1
is the earliest known thymus marker. It is a transcription factor
of the winged helix/forkhead class and is the gene mutated in the
Nude mouse strain [85]. Nude mice and rats display abnormal hair
growth, and failure in thymus development leading to immun-
odeficiency [86]. FOXN1 mutations have also been discovered in
humans [87]. Similarly to the Nude mice, the FOXNI1-mutated
individuals display T-cell immunodeficiency, nail dystrophy, and
congenital alopecia. Foxn1 is required for initial thymic epithelial
cell differentiation into cortical and medullary epithelium [88]. Loss
of Foxn1 after birth results in thymus degeneration and reduced T-

cell production, suggesting that Foxn1 is also required for functional
maintenance of the postnatal thymus [89].

2.4. The most caudal pharyngeal pouch derivatives

In mammals and birds, the fifth and sixth pouches are vestigial
or absent. Still, the most lateral caudal part of the pharynx, which
is interpreted as a sixth pouch in avian [54,55,90], a fifth pouch
in human [16] or a fourth pouch portion in mouse [9], generates
the ultimobranchial bodies. Notably, according to some authors, in
human and avians, the fifth and sixth pouches are included within
the fourth pouch, forming a so-called ‘caudal pharyngeal complex’.
The ultimobranchial bodies develop into calcitonin producing cells
(or C-cells), which function in calcium homeostasis [91]. In most
mammals these bodies fuse with the endodermally derived follic-
ular cells of the thyroid, while in avians and lower vertebrates the
bodies remain distinct, indicating that fusion is a new adaptation
[92]. The ultimobranchial bodies fail to develop, along with the thy-
mus and parathyroids in Pax9 mutant mice [71]. In Hoxa3 and Eya1
mutants, the ultimobranchial bodies do form but fail to migrate
correctly and do not fuse with the thyroid [70,93]. Intriguingly, the
ultimobranchial body phenotype in the Hoxa3 and Eyal mutants
is reminiscent of that found in echidna, a monotreme where the
ultimobranchial bodies naturally do not fuse with the thyroid (dis-
cussed in [70]).

3. The migration of the pharyngeal glands

After emerging from the caudal endodermal out-pocketings, the
avian and mammalian thymus, parathyroids and ultimobranchial
bodies, migrate towards the midline in order to gain their final posi-
tion in the adult (Fig. 3). A similar migration of the thyroid gland
from the pharyngeal endoderm also occurs. In bony fish the thymic
epithelium does not completely separate from the gill epithelium
but evaginates inwards [94]. Migration of such tissues is therefore
associated with the move to land and the need to internalise these
organs.

Among mammals, the pharyngeal organ movements have been
particularly well characterized in rodents [69,95]. In the mouse,
between E11.5 and E12.0, the common thymus/parathyroid pri-
mordium significantly increases in size, with the thymus starting
to expand caudally. Later, from E12.5 to E13.5, the third pouch
primordium detaches from the pharynx and begins to move in
a caudal-ventral-medial direction towards the anterior thoracic
cavity. Notably, throughout this period, the parathyroid and thy-
mus progress together, with the parathyroid being attached to the
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Fig. 3. Migration of the caudal glands and final position in humans. (A) Migration of the caudal glands. (B) Final position in midline.

thymus on its cranial pole. Nonetheless, at E14.0-E14.5, while the
organ rudiments are passing the lateral side of thyroid, they sep-
arate from each other. Subsequently, by E15.5, the parathyroid
contacts the adjacent thyroid lobe, with which it remains connected
until adulthood. The thymus descends further caudally and medi-
ally until reaching its final location above the heart, and at the rear
of the sternum in the midline. There, it eventually joins its symmet-
ric thymic lobe, thereby forming a complete thymic organ. Similarly
to the thymus and parathyroids, the murine ultimobranchial bod-
ies separate from the pharynx and migrate caudally and ventrally
from the fourth pouch towards the midline. By E13.5, they approach
the anterior thyroid lobe, with which they fuse by E14.5. The ulti-
mobranchial body cells spread throughout the thyroid lobe and
gradually become integrated into the thyroid follicular tissue by
birth [96].

In mammals, the position of the parathyroids at adulthood
varies considerably [97]. In humans, the inferior parathyroids
(parathyroid III) are generally found between the thyroid lower
pole and the tongue of the thymus. However, a number of them are
also detected laterally to the thyroid caudal end, or inside the medi-
astinal thymus [97]. Unlike the inferior parathyroids, the superior
parathyroids (parathyroid IV) are set at less variable body sites,
reflecting their shorter migration. Remarkably, both the inferior
and superior parathyroids may be ‘extracapsular’ or ‘subcapsular’,
meaning that they may be positioned outside the thyroid connec-
tive tissue capsule (extracapsular) or within the organ parenchyma
(subcapsular) [97].

Interestingly, in humans, a signification proportion of parathy-
roid [l and IV (2-16% depending on studies) are ectopic, i.e. situated
away from their normal locations [97,98]. When ectopic, the infe-
rior glands may be lying anywhere from the angle of the mandible
to the pericardium, whereas the superior glands are mostly seen
next to the pharynx, trachea or oesophagus. Notably, in addition to
be ectopic, the parathyroid IIl may remain attached to the thymus
[97-99]. Then, the complex formed by both organs is sometimes
designated as ‘parathymus’ [97,99]. In addition to these defects,
supernumerary parathyroids associated with thymic tissue lobules
have been described [97,98], and Gcm2 expressing tissue was also
detected within the thymus of a patient [100]. Reminiscent of these
observations, in the chick, accessory parathyroid tissues may be
found in diverse locations, including in the thymus [90].

In the mouse, the joint mutation of several Hox3 paralogs was
shown to block the common parathyroid-thymus primordium
migration at around E12.5-E14, and to impair the fusion of the
ultimobranchial bodies with the thyroid [95]. Interestingly, apart
from Hoxa3, the Hox3 paralogs are expressed in the mesenchyme
but not in the organ rudiments. Therefore, gland migration may
be partially controlled in a non-cell autonomous fashion by mes-
enchymal factors. Ectopic thymic glands have also been reported
in the Hoxa3+/—;Pax1—/— compound mutants, and in Pax9 and
Pax3 mutants [101,102]. Pax1 and Pax9 are downstream targets
of Hoxa3 [93,101] [68], hence, it is possible that a common Hox3-
Pax1/9 signalling pathway contributes to the regulation of thymus
progression to the mediastinum.

In addition to the Pax and Hox factors, the Fgfs (Fibroblast growth
factors) appear to be required for pharyngeal gland relocation in
mammals. In the mouse, Fgf10 and Fgf7 are expressed in the thymus,
as the organ is en route towards the midline. In addition, aber-
rantly positioned thymi have been observed in mice heterozygote
for a null or hypomorphic allele of Fgf8 [103,104]. In keeping with
this, genetic disruption of the docking protein FRS2«, which plays
an important role in FGF-induced intracellular signal transduction,
leads to a failure in pharyngeal gland primordia separation from
the pharyngeal epithelium [105].

Finally, the study of thyroid organogenesis may suggest some
roles for blood vessels in directing pharyngeal gland migration.
Interestingly, in zebrafish, the ventral aorta was shown to provide
guidance cues to the thyroid tissue in order for it to elongate along
the anteroposterior axis [106]. Likewise, in the mouse, data sup-
port that signalling factors coming from the carotid arteries control
the directionality of the thyroid lobe expansion during lobulation
[106]. A close association between the migrating pouch glands and
the carotid artery has also been noted in the chick [107]. Therefore,
based on these observations, a role for the blood vessels in guiding
the gland movements remains an intriguing possibility.

4. Conclusions

The pharyngeal pouches, and first arch cleft, form a number of
diverse structures and glands that play essential roles in the body,
allowing for hearing, immune responses, and calcium homeosta-
sis. The exact derivatives of the second, third and more caudal



A. Grevellec, A.S. Tucker / Seminars in Cell & Developmental Biology 21 (2010) 325-332 331

pouches vary between different species indicating some flexibility
with regard to which pouches form what derivative. In amniotes
the caudal derivatives migrate and with the thyroid are positioned
in the midline, forming part of the mediastinum. In most species
investigated, the control of pharyngeal organ migration during
embryogenesis appears quite loose. In humans, an ectopic gland
usually goes unnoticed, so that the genetic underlying this anomaly
is unknown. The flexibility of origin and migration path indicates
that each pharyngeal pouches has the potential to form a variety of
gland types, and that the ability of these glands to function correctly
is not dependent on a defined end position. This has allowed for a
range in compliment and position of pharyngeal pouch derivatives
throughout the vertebrates.

In humans defects in formation or development of the pharyn-
geal pouches and clefts leads to a number of disorders. Defects in
the first pouch and cleft lead to abnormalities in the external ear,
which in turn affect the formation of the neural crest-derived mid-
dle ear. Defects in the second pouch lead to defects in palatine
tonsil development, while defects in the third and fourth pouch
lead to abnormalities in the thymus and parathyroid. Often several
pharyngeal pouches are affected by a single mutation. For exam-
ple loss of Tbx1 (DiGeorge syndrome) or Eyal (Branchio-Oto-Renal
syndrome) affects all the pouches resulting in defects in the ear
and third pouch glands. An understanding of how the clefts and
pouches form during development and the genes involved in these
processes is key to understanding such human disorders.

References

[1] Hamburger V, Hamilton HL. A series of normal stages in the development of
the chick embryo, 1951. Dev Dyn 1992;195(4):231-72.

[2] Tamarin A, Boyde A. Facial and visceral arch development in the mouse
embryo: a study by scanning electron microscopy. ] Anat 1977;124(Pt
3):563-80.

[3] Sudler MT.The development of the nose and of the pharynx and its derivatives
in man. Am ] Anat 1902;1:391-416.

[4] Graham A. The development and evolution of the pharyngeal arches. ] Anat
2001;199(Pt 1-2):133-41.

[5] Kimmel CB, Ballard WW, Kimmel SR, Ullmann B, Schilling TF. Stages of embry-
onic development of the zebrafish. Dev Dyn 1995;203(3):253-310.

[6] Graham A. Deconstructing the pharyngeal metamere. ] Exp Zoolog B Mol Dev
Evol 2008;310(4):336-44.

[7] Janvier P, Desbiens S, Willett JA, Arsenault M. Lamprey-like gills in a
gnathostome-related Devonian jawless vertebrate. Nature 2006;440(7088):
1183-5.

[8] Shigetani Y, Sugahara F, Kawakami Y, Murakami Y, Hirano S, Kuratani S.
Heterotopic shift of epithelial-mesenchymal interactions in vertebrate jaw
evolution. Science 2002;296(5571):1316-9.

[9] Cordier AC, Haumont SM. Development of thymus, parathyroids, and ultimo-
branchial bodies in NMRI and nude mice. Am ] Anat 1980;157(3):227-63.

[10] Quinlan R, Martin P, Graham A. The role of actin cables in directing the mor-
phogenesis of the pharyngeal pouches. Development 2004;131(3):593-9.

[11] D’Amico-Martel A, Noden DM. Contributions of placodal and neural
crest cells to avian cranial peripheral ganglia. Am ] Anat 1983;166(4):
445-68.

[12] Kontges G, Lumsden A. Rhombencephalic neural crest segmenta-
tion is preserved throughout craniofacial ontogeny. Development
1996;122(10):3229-42.

[13] Yoshida T, Vivatbutsiri P, Morriss-Kay G, Saga Y, Iseki S. Cell lineage in mam-
malian craniofacial mesenchyme. Mech Dev 2008;125(9-10):797-808.

[14] McBratney-Owen B, Iseki S, Bamforth SD, Olsen BR, Morriss-Kay GM.
Development and tissue origins of the mammalian cranial base. Dev Biol
2008;322(1):121-32.

[15] Couly G, Le Douarin NM. Head morphogenesis in embryonic avian chimeras:
evidence for a segmental pattern in the ectoderm corresponding to the neu-
romeres. Development 1990;108(4):543-58.

[16] Kingsbury BF. The development of the human pharynx, I. Am ] Anat
1915;18(3):329-97.

[17] OgasawaraM, WadaH, Peters H, Satoh N. Developmental expression of Pax1/9
genes in urochordate and hemichordate gills: insight into function and evo-
lution of the pharyngeal epithelium. Development 1999;126(11):2539-50.

[18] Veitch E, Begbie ], Schilling TF, Smith MM, Graham A. Pharyngeal arch pat-
terning in the absence of neural crest. Curr Biol 1999;9(24):1481-4.

[19] Piotrowski T, Nusslein-Volhard C. The endoderm plays an important role in
patterning the segmented pharyngeal region in zebrafish (Danio rerio). Dev
Biol 2000;225(2):339-56.

[20] Couly G, Creuzet S, Bennaceur S, Vincent C, Le Douarin NM. Interactions
between Hox-negative cephalic neural crest cells and the foregut endo-
derm in patterning the facial skeleton in the vertebrate head. Development
2002;129(4):1061-73.

[21] David NB, Saint-Etienne L, Tsang M, Schilling TF, Rosa FM. Requirement
for endoderm and FGF3 in ventral head skeleton formation. Development
2002;129(19):4457-68.

[22] Haworth KE, Wilson JM, Grevellec A, Cobourne MT, Healy C, Helms JA, et
al. Sonic hedgehog in the pharyngeal endoderm controls arch pattern via
regulation of Fgf8 in head ectoderm. Dev Biol 2007;303(1):244-58.

[23] Tucker AS, Yamada G, Grigoriou M, Pachnis V, Sharpe PT. Fgf-8 deter-
mines rostral-caudal polarity in the first branchial arch. Development
1999;126(1):51-61.

[24] Tucker AS, Matthews KL, Sharpe PT. Transformation of tooth type induced by
inhibition of BMP signaling. Science 1998;282(5391):1136-8.

[25] Tucker AS, Lumsden A. Neural crest cells provide species-specific patterning
information in the developing branchial skeleton. Evol Dev 2004;6(1):32-40.

[26] Schneider RA, Helms JA. The cellular and molecular origins of beak morphol-
ogy. Science 2003;299(5606):565-8.

[27] Grammatopoulos GA, Bell E, Toole L, Lumsden A, Tucker AS. Homeotic
transformation of branchial arch identity after Hoxa2 overexpression. Devel-
opment 2000;127(24):5355-65.

[28] Graham A, Okabe M, Quinlan R. The role of the endoderm in the development
and evolution of the pharyngeal arches. ] Anat 2005;207(5):479-87.

[29] Mallo M. Formation of the middle ear: recent progress on the developmental
and molecular mechanisms. Dev Biol 2001;231(2):410-9.

[30] Romanoff AL. The avian embryo: structural and functional development. New
York: Macmillan; 1960.

[31] Lazaridis E, Saunders JC. Can you hear me now? A genetic model of otitis
media with effusion. ] Clin Invest 2008;118(2):471-4.

[32] Xu PX, Adams ], Peters H, Brown MC, Heaney S, Maas R. Eyal-deficient mice
lack ears and kidneys and show abnormal apoptosis of organ primordia. Nat
Genet 1999;23(1):113-7.

[33] Arnold JS, Braunstein EM, Ohyama T, Groves AK, Adams JC, Brown MC, et al.
Tissue-specific roles of Tbx1 in the development of the outer, middle and inner
ear, defective in 22q11DS patients. Hum Mol Genet 2006;15(10):1629-39.

[34] Depreux FF, Darrow K, Conner DA, Eavey RD, Liberman MC, Seidman CE, et
al. Eya4-deficient mice are a model for heritable otitis media. ] Clin Invest
2008;118(2):651-8.

[35] Merscher S, Funke B, Epstein JA, Heyer ], Puech A, Lu MM, et al. TBX1 is respon-
sible for cardiovascular defects in velo-cardio-facial/DiGeorge syndrome. Cell
2001;104(4):619-29.

[36] Arnold ]S, Werling U, Braunstein EM, Liao J, Nowotschin S, Edelmann W,
et al. Inactivation of Tbx1 in the pharyngeal endoderm results in 22q11DS
malformations. Development 2006;133(5):977-87.

[37] Mayer TE, Brueckmann H, Siegert R, Witt A, Weerda H. High-resolution CT
of the temporal bone in dysplasia of the auricle and external auditory canal.
AJNR Am ] Neuroradiol 1997;18(1):53-65.

[38] Piotrowski T, Ahn DG, Schilling TF, Nair S, Ruvinsky I, Geisler R, et al. The
zebrafish van gogh mutation disrupts tbx1, which is involved in the DiGeorge
deletion syndrome in humans. Development 2003;130(20):5043-52.

[39] Meyer HW. The branchiogenic cyst and fistula of the neck. Archives of surgery
1937;35:716-71.

[40] Rogers WM. The development of the pharynx and the pharyngeal derivatives
in the white rat (Mus norvegicus albinus). Am ] Anat 1929;44(2):283-329.

[41] Wilson S, Norton P, Haverson K, Leigh ], Bailey M. Development of the
palatine tonsil in conventional and germ-free piglets. Dev Comp Immunol
2005;29(11):977-87.

[42] Isaacson G, Parikh T. Developmental anatomy of the tonsil and its impli-
cations for intracapsular tonsillectomy. Int ] Pediatr Otorhinolaryngol
2008;72(1):89-96.

[43] van Kempen M]J, Rijkers GT, Van Cauwenberge PB. The immune response in
adenoids and tonsils. Int Arch Allergy Immunol 2000;122(1):8-19.

[44] Discolo CM, Darrow DH, Koltai PJ. Infectious indications for tonsillectomy.
Pediatr Clin North Am 2003;50(2):445-58.

[45] Sato Y, Wake K, Watanabe . Differentiation of crypt epithelium in human
palatine tonsils: the microenvironment of crypt epithelium as a lymphoep-
ithelial organ. Arch Histol Cytol 1990;53(1):41-54.

[46] Slipka ]. Palatine tonsils—their evolution and ontogeny. Acta Otolaryngol
Suppl 1988;454:18-22.

[47] Effat KG, Milad M. Comparative study of palatine tonsil histology in mam-
mals, with special reference to tonsillar salivary glands. ] Laryngol Otol
2007;121(5):468-71.

[48] Harmsen A, Kusser K, Hartson L, Tighe M, Sunshine M], Sedgwick JD, et al. Cut-
ting edge: organogenesis of nasal-associated lymphoid tissue (NALT) occurs
independently of lymphotoxin-alpha (LT alpha) and retinoic acid receptor-
related orphan receptor-gamma, but the organization of NALT is LT alpha
dependent. ] Immunol 2002;168(3):986-90.

[49] Slipka ], Slipka Jr J. The palatine tonsil as an evolutionary novelty. Acta Oto-
laryngol Suppl 1996;523:8-11.

[50] Fagman H, Andersson L, Nilsson M. The developing mouse thyroid: embry-
onic vessel contacts and parenchymal growth pattern during specification,
budding, migration, and lobulation. Dev Dyn 2006;235(2):444-55.

[51] Bajoghli B, Aghaallaei N, Hess I, Rode I, Netuschil N, Tay BH, et al. Evolution of
genetic networks underlying the emergence of thymopoiesis in vertebrates.
Cell 2009;138(1):186-97.



332 A. Grevellec, A.S. Tucker / Seminars in Cell & Developmental Biology 21 (2010) 325-332

[52] Gordon J, Bennett AR, Blackburn CC, Manley NR. Gem2 and Foxn1 mark early
parathyroid- and thymus-specific domains in the developing third pharyn-
geal pouch. Mech Dev 2001;103(1-2):141-3.

[53] Manley NR, Blackburn CC. A developmental look at thymus organogenesis:
where do the non-hematopoietic cells in the thymus come from? Curr Opin
Immunol 2003;15(2):225-32.

[54] Hilfer SR, Brown JW. The development of pharyngeal endocrine organs in
mouse and chick embryos. Scan Electron Microsc 1984;(Pt 4):2009-22.

[55] Hammond WS. Origin of the thymus in the chick embryo. ] Morphol
1954;95(3):501-21.

[56] Kingsbury BF. On the mammalian thymus, particularly. Thymus IV: the devel-
opment in the calf. Am J Anat 1936;60:149-83.

[57] Van Dyke JH. On the origin of accessory thymic tissue, thymus IV: the occur-
rence in man. Anat Rec 1941;79:179-209.

[58] Stewart FW. On the (so-called) thymus IV and the ultimo-branchial body of
the cat (Felis domestica). Am J Anat 1918;24:191-223.

[59] Shoumura SES, Isono H. The parathyroid gland under normal and experimen-
tal conditions. Kaibogaku Zasshi 1993;68(1):5-29.

[60] Bowden TJ, Cook P, Rombout JH. Development and function of the thymus in
teleosts. Fish Shellfish Immunol 2005;19(5):413-27.

[61] Moore-Scott BA, Manley NR. Differential expression of Sonic hedge-
hog along the anterior-posterior axis regulates patterning of pharyngeal
pouch endoderm and pharyngeal endoderm-derived organs. Dev Biol
2005;278(2):323-35.

[62] Potts JT. Parathyroid hormone: past and present. ] Endocrinol
2005;187(3):311-25.

[63] Munger BL, Roth SI. The cytology of the normal parathyroid glands of man
and Virginia deer; a light and electron microscopic study with morphologic
evidence of secretory activity. ] Cell Biol 1963;16:379-400.

[64] Hollander G, Gill J, Zuklys S, Iwanami N, Liu C, Takahama Y. Cellular
and molecular events during early thymus development. Inmunol Rev
2006;209:28-46.

[65] Gordon ], Wilson VA, Blair NF, Sheridan ], Farley A, Wilson L, et al. Func-
tional evidence for a single endodermal origin for the thymic epithelium. Nat
Immunol 2004;5(5):546-53.

[66] Le Lievre CS, Le Douarin NM. Mesenchymal derivatives of the neural crest:
analysis of chimaeric quail and chick embryos. ] Embryol Exp Morphol
1975;34(1):125-54.

[67] Bockman DE, Redmond ME, Kirby ML. Altered development of pharyngeal
arch vessels after neural crest ablation. Ann NY Acad Sci 1990;588:296-304.

[68] Griffith AV, Cardenas K, Carter C, Gordon ], Iberg A, Engleka K, et al. Increased
thymus- and decreased parathyroid-fated organ domains in Splotch mutant
embryos. Dev Biol 2009;327(1):216-27.

[69] Kameda Y, Arai Y, Nishimaki T, Chisaka O. The role of Hoxa3 gene in
parathyroid gland organogenesis of the mouse. ] Histochem Cytochem
2004;52(5):641-51.

[70] XuPX, Zheng W, Laclef C, Maire P, Maas RL, Peters H, et al. Eyal is required for
the morphogenesis of mammalian thymus, parathyroid and thyroid. Devel-
opment 2002;129(13):3033-44.

[71] Peters H, Neubuser A, Kratochwil K, Balling R. Pax9-deficient mice lack
pharyngeal pouch derivatives and teeth and exhibit craniofacial and limb
abnormalities. Genes Dev 1998;12(17):2735-47.

[72] Bonini NM, Bui QT, Gray-Board GL, Warrick JM. The Drosophila eyes absent
gene directs ectopic eye formation in a pathway conserved between flies and
vertebrates. Development 1997;124(23):4819-26.

[73] Jones BW, Fetter RD, Tear G, Goodman CS. Glial cells missing: a genetic switch
that controls glial versus neuronal fate. Cell 1995;82(6):1013-23.

[74] Liu Z, Yu S, Manley NR. Gem?2 is required for the differentiation and survival
of parathyroid precursor cells in the parathyroid/thymus primordia. Dev Biol
2007;305(1):333-46.

[75] GuntherT, ChenZF, Kim J, Priemel M, Rueger JM, Amling M, et al. Genetic abla-
tion of parathyroid glands reveals another source of parathyroid hormone.
Nature 2000;406(6792):199-203.

[76] Okabe M, Graham A. The origin of the parathyroid gland. Proc Natl Acad Sci
USA 2004;101(51):17716-9.

[77] Thomee C, Schubert SW, ParmaJ, Le PQ, Hashemolhosseini S, Wegner M, et al.
GCMB mutation in familial isolated hypoparathyroidism with residual secre-
tion of parathyroid hormone. J Clin Endocrinol Metab 2005;90(5):2487-92.

[78] Ding C, Buckingham B, Levine MA. Familial isolated hypoparathyroidism
caused by a mutation in the gene for the transcription factor GCMB. ] Clin
Invest 2001;108(8):1215-20.

[79] Baumber L, Tufarelli C, Patel S, King P, Johnson CA, Maher ER, et al. Identi-
fication of a novel mutation disrupting the DNA binding activity of GCM2
in autosomal recessive familial isolated hypoparathyroidism. ] Med Genet
2005;42(5):443-8.

[80] Canaff L, Zhou X, Mosesova I, Cole DE, Hendy GN. Glial cells missing-
2 (GCM2) transactivates the calcium-sensing receptor gene: effect of a
dominant-negative GCM2 mutant associated with autosomal dominant
hypoparathyroidism. Hum Mutat 2009;30(1):85-92.

[81] Correa P, Akerstrom G, Westin G. Underexpression of Gcm2, a master reg-
ulatory gene of parathyroid gland development, in adenomas of primary
hyperparathyroidism. Clin Endocrinol (Oxf) 2002;57(4):501-5.

[82] Kebebew E, Peng M, Wong MG, Ginzinger D, Duh QY, Clark OH. GCMB gene,
a master regulator of parathyroid gland development, expression, and regu-
lation in hyperparathyroidism. Surgery 2004;136(6):1261-6.

[83] Hogan BM, Hunter MP, Oates AC, Crowhurst MO, Hall NE, Heath JK, et al.
Zebrafish gcm? is required for gill filament budding from pharyngeal ecto-
derm. Dev Biol 2004;276(2):508-22.

[84] Hanaoka R, Ohmori Y, Uyemura K, Hosoya T, Hotta Y, Shirao T, et al.
Zebrafish gcmb is required for pharyngeal cartilage formation. Mech Dev
2004;121(10):1235-47.

[85] Nehls M, Pfeifer D, Schorpp M, Hedrich H, Boehm T. New member of the
winged-helix protein family disrupted in mouse and rat nude mutations.
Nature 1994;372(6501):103-7.

[86] Mecklenburg L, Tychsen B, Paus R. Learning from nudity: lessons from the
nude phenotype. Exp Dermatol 2005;14(11):797-810.

[87] Frank], Pignata C, Panteleyev AA, Prowse DM, Baden H, Weiner L, et al. Expos-
ing the human nude phenotype. Nature 1999;398(6727):473-4.

[88] Dooley ], Erickson M, Roelink H, Farr AG. Nude thymic rudiment
lacking functional foxnl resembles respiratory epithelium. Dev Dyn
2005;233(4):1605-12.

[89] ChenlL,Xiao S, Manley NR. Foxn1 is required to maintain the postnatal thymic
microenvironmentin a dosage-sensitive manner. Blood 2009;113(3):567-74.

[90] Dudley ]. The development of the ultimobranchial body of the fowl, Gallus
domesticus. Am J Anat 1942;71(1):65-97.

[91] Kingsbury BF. On the fate of the ultimobranchial body within the human
thryoid gland. Anat Rec 1935;61:155-73.

[92] Kameda Y. Ontogeny of chicken ultimobranchial glands studied by
an immunoperoxidase method using calcitonin, somatostatin and 19S-
thyroglobulin antisera. Anat Embryol (Berl) 1984;170(2):139-44.

[93] Manley NR, Capecchi MR. The role of Hoxa-3 in mouse thymus and thyroid
development. Development 1995;121(7):1989-2003.

[94] Lam SH, Chua HL, Gong Z, Wen Z, Lam TJ, Sin YM. Morphologic transformation
of the thymus in developing zebrafish. Dev Dyn 2002;225(1):87-94.

[95] Manley NR, Capecchi MR. Hox group 3 paralogs regulate the development
and migration of the thymus, thyroid, and parathyroid glands. Dev Biol
1998;195(1):1-15.

[96] Rogers WM. The fate of the ultimobranchial body in the white rat (Mus
norvegicus albinus). Am ] Anat 1927;38:349-477.

[97] Wang C-A. The anatomic basis of parathyroid surgery. Ann Surg
1975;183:271-5.

[98] Phitayakorn R, McHenry CR. Incidence and location of ectopic abnormal
parathyroid glands. Am J Surg 2006;191(3):418-23.

[99] Edis AJ, Purnell DC, van Heerden JA. The undescended “parathymus”. An occa-
sional cause of failed neck exploration for hyperparathyroidism. Ann Surg
1979;190(1):64-8.

[100] Maret A, Bourdeau I, Ding C, Kadkol SS, Westra WH, Levine MA. Expression
of GCMB by intrathymic parathyroid hormone-secreting adenomas indicates
their parathyroid cell origin. ] Clin Endocrinol Metab 2004;89(1):8-12.

[101] Su D, Ellis S, Napier A, Lee K, Manley NR. Hoxa3 and pax1 regulate epithelial
cell death and proliferation during thymus and parathyroid organogenesis.
Dev Biol 2001;236(2):316-29.

[102] Hetzer-Egger C, Schorpp M, Haas-Assenbaum A, Balling R, Peters H, Boehm T.
Thymopoiesis requires Pax9 function in thymic epithelial cells. Eur J Immunol
2002;32(4):1175-81.

[103] Abu-Issa R, Smyth G, Smoak I, Yamamura K, Meyers EN. Fgf8 is required for
pharyngeal arch and cardiovascular development in the mouse. Development
2002;129(19):4613-25.

[104] Frank DU, Fotheringham LK, Brewer JA, Muglia L], Tristani-Firouzi M, Capec-
chi MR, et al. An Fgf8 mouse mutant phenocopies human 22q11 deletion
syndrome. Development 2002;129(19):4591-603.

[105] Kameda Y, Ito M, Nishimaki T, Gotoh N. FRS2alpha is required for the sep-
aration, migration, and survival of pharyngeal-endoderm derived organs
including thyroid, ultimobranchial body, parathyroid, and thymus. Dev Dyn
2009;238(3):503-13.

[106] AltB, Elsalini OA, Schrumpf P, Haufs N, Lawson ND, Schwabe GC, et al. Arteries
define the position of the thyroid gland during its developmental relocalisa-
tion. Development 2006;133(19):3797-804.

[107] Kameda Y. Carotid body and glomus cells distributed in the wall of the com-
mon carotid artery in the bird. Microsc Res Tech 2002;59(3):196-206.



	The pharyngeal pouches and clefts: Development, evolution, structure and derivatives
	The emergence and development of the pharyngeal arches
	The pharyngeal pouch and cleft derivatives in birds and mammals
	The first pharyngeal pouch and cleft derivatives
	The second pharyngeal pouch derivatives
	The third and fourth pharyngeal pouch derivatives
	The most caudal pharyngeal pouch derivatives

	The migration of the pharyngeal glands
	Conclusions
	References


