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ABSTRACT In gnathostomes, the adenohypophysis, a component of the hypothalamo-
hypophysial complex, is believed to develop through hierarchically organized epigenetic interactions
based primarily on the topographical relationships between tissues. From a comparison of
developmental processes and gene expression patterns of pituitary-related genes between the
agnathan species, lampreys and gnathostomes, we speculate on the evolutionary pathway of the
vertebrate adenohypophysis. In the lamprey, this is derived from the nasohypophysial placode
(NHP) that develops anterior to the oral ectoderm. The NHP can be identified by the expression of
LjPitxA, before actual histogenesis, but it is initially distant from the future hypothalamic region.
Subsequently, the NHP expresses both LjFgf8/17 and LjBmp2/4a gene transcripts, and grows
caudally to establish a de novo contact with the hypothalamic region by the mid-pharyngula stage.
Later, the NHP gives rise to both the adenohypophysis and an unpaired nasal organ. Thus, the
topographical relationship between the NHP and the hypothalamic region is established secondarily
in the lamprey, unlike gnathostomes in which the equivalent relationship appears early in
development. Comparing the developmental pattern of the amphioxus homologue of the
adenohypophysis, we hypothesize that a modification of the regulation of the growth factor encoding
gene lies behind the evolutionary changes recognized as heterochrony and heterotopy, which leads to
the gnathostome hypophysial developmental pattern. J. Exp. Zool. (Mol. Dev. Evol.) 300B:32–47,
2003. r 2003, Wiley-Liss, Inc.

INTRODUCTION

The pituitary gland is an endocrine organ
specific to vertebrates. Integrating signals from
the hypothalamus and periphery, this gland plays
central roles in the regulation of vital processes
involved in homeostasis, metabolism, growth and
reproduction (Bentley, ’98). It consists of two
distinct parts, the anterior adenohypophysis, and
the posterior neurohypophysis. The adenohypo-
physis is a derivative of the ectodermal placode
originating from the oral ectoderm, whereas the
neurohypophysis is derived from the part of
ventral forebrain defined as the infundibulum
(Baker and Bronner-Fraser, 2001; Etchevers et al.,
2001). Fate-mapping data in embryos of various
vertebrates species have demonstrated that the
oral ectoderm region that differentiates into the

adenohypophysis is derived from the anterior
neural ridge (ANR; Couly and Le Douarin, ’85;
Eagleson et al., ’86; Osumi-Yamashita et al., ’94;
Kouki et al., 2001; Whitlock et al., 2003), once
induced as the neural crest during early embry-
ogenesis (Couly et al., ’92). Thus, development of
the pituitary gland can be viewed as a part of head
patterning, which is potentially associated with
the evolution of the vertebrate head.

In gnathostomes, the developmental sequence of
the adenohypophysis proceeds in several distinct
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steps (Burgess et al., 2002). It begins after
displacement of the midline ANR cells by the
growth of the forebrain, followed by specification
of the ectoderm and pouch formation in the
thickened oral ectoderm (Kawamura et al.,
2002). This pouch rudiment, or Rathke’s pouch,
invaginates dorsally towards the hypothalamus,
and is completely detached from the oral cavity
with the closure of the ventral pouch (Treier and
Rosenfeld, ’96; Baker and Bronner-Fraser, 2001).
Rathke’s pouch gives rise to the adenohypophysis,
and the infundibulum differentiates into the
neurohypophysis.
Recent studies have unraveled general inductive

events for pituitary organogenesis, based on the
topographical relationship defining the interac-
tions between the neural and oral ectoderm. The
secreted factor Shh, emanating from the entire
ventral diencephalon and oral ectoderm, has a
crucial role in the placodal induction and prolif-
eration of pouch cells (Treier et al., 2001; Sbrogna
et al., 2003). BMP4 and FGF activities from the
ventral diencephalon are also involved in the
formation of the definitive Rathke’s pouch (Eric-
son et al., ’98; Takuma et al., ’98). Subsequently, a
BMP2 gradient together with an opposing dorso-
ventral FGF8 gradient provides polarity to the
adenohypophysial primordium; these signaling
gradients establish overlapping expression pat-
terns of pituitary-related transcription factors as
positional cues enabling adenohypophysial cell
types to differentiate (see review by Scully and
Rosenfeld, 2002). Hypophysial patterning in the
mouse is thus based on the hierarchically orga-
nized series of epigenetic events that proceed
sequentially during development, and topographi-
cal relationships of tissues are particularly im-
portant for these processes. Such a developmental
program raises an intriguing question about its
evolution. When and how has this exquisite
developmental system been acquired in phyloge-
netic evolution? Solving this problem appears to
require us first to understand the possible primi-
tive state of hypophysial development in verte-
brates.
In the agnathans, the jawless vertebrates, the

pituitary gland is in close vicinity to the hypotha-
lamus and is involved in distinct physiological
functions (Gorbman and Tamarin, ’85; Sower and
Kawauchi, 2001). As in gnathostomes, the gland
consists of three distinct parts, also containing
several adenohypophysis-specific cell types (Patz-
ner et al., ’82; Nozaki et al., 2001), which suggests
that the hypothalamo-adenohypophysial axes and

their functions might be conserved in the ag-
nathans and gnathostomes. Nevertheless, the
developmental processes of the agnathans have
not been well studied.

The adenohypophysis in the hagfish originates
from the dorsal part of the nasopharyngeal
epithelium, which is first identified as a thickening
of the archenteric roof in early development
(Gorbman, ’83). In the lamprey, the ectoderm on
the ventral aspect of the embryonic forebrain
forms an adenohypophysial primordium known as
the nasohypophysial placode (NHP: Gorbman,
’95). The posterior part of these epithelium
differentiates as the adenohypophysis of the
hagfish and lamprey, being the part that actually
contacts the neurohypophysis, whereas the ante-
rior part of the epithelium differentiates early into
the unpaired median nasal epithelium. Thus, the
development of the adenohypophysis in the
agnathans is closely related to olfactory organ
formation, as suggested by embryonic mapping
data in gnathostomes (Couly et al., ’92). Because
the nasal placode develops in a pair and indepen-
dent from the hypophysis in gnathostomes, there
was apparently a systematic topographical change
in the developmental plan of this system in the
evolutionary transition from agnathan to gnathos-
tome. Although this implies a shift in tissue
interactions behind this change, little information
is available on the molecular developmental
mechanisms of the adenohypophysis in agnathans.
Thus, it is first necessary to describe the differ-
ences in the developmental plans of the pituitary
between agnathans and gnathostomes. The
present paper is thus intended to outline the
developmental sequence of the lamprey adenohy-
pophysis at the molecular level, and to discuss the
evolution of its developmental program in the
context of vertebrate head evolution.

MATERIALS AND METHODS

Embryos and larvae

Mature male and female lampreys, Lethenteron
japonicum, and ammocoete larvae were collected
in a tributary of the Miomote River, Niigata,
Japan, during the breeding season (mid-May) in
2002. The eggs were artificially fertilized and kept
in 10% Steinberg solution (Steinberg, ’57) at
201C. Embryonic stages were assessed morpholo-
gically according to Tahara (’88). For histological
observation, embryos and larvae were fixed in
Bouin’s fixative overnight. For whole mount
in situ hybridization, embryos were fixed in 4%
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paraformaldehyde and 1% methanol in 0.1 M
phosphate buffered saline (PFAM/PBS, pH 7.4).
Fixed embryos were dehydrated using a graded
methanol series and stored at –201C in 100%
methanol.

Histology

Specimens were embedded in paraplast. Serial
sagittal sections (6 mm) were cut and mounted on
glass slides coated with egg white glycerin. The
sections were stained with Carrazzi’s hematoxylin
(Wako, Tokyo, Japan) for the observation of
embryos, and with Mayer’s hematoxylin (Wako)
and eosin (Sigma, St Louis, MO) for larvae.
Stained sections were observed using a light
microscope (Olympus BX60, Tokyo).

Isolation of lamprey regulatory genes

We examined the expression patterns of pitui-
tary-related genes in lamprey embryos. LjFgf8/17,
LjBmp2/4a (Shigetani et al., 2002), LjPax6 (Mur-
akami et al., 2001), LjTTF-1 (Ogasawara et al.,
2001) and LjOtxA (Ueki et al., ’98) were selected.
Partial sequences of lamprey Pitx and hedgehog
(Hh) homologs were isolated by reverse transcrip-
tion–polymerase chain reaction (RT–PCR) using
total RNA extracted from L. japonicum stage
20–30 embryos as a template. The lamprey Pitx
cDNA fragment was amplified using a set of
specific primers: 50-CAACTGTCGTCGTGTTCT-
GA-30 (sense) and 50-CTCGAGTTGCACG-
TATCCCT-30 (antisense). The designs of these
primers were based on the previously identified
nucleotide sequences of the PitxA genes of Petro-
myzon marinus and L. planeri (PmPitxA and
LpPitxA, Boorman and Shimeld, 2002a). A cDNA
fragment of lamprey Hh homolog was amplified
using degenerate primers designed on the basis of
the amino acid sequences of the vertebrate sonic
hedgehog (Shh) as follows. A sense primer corre-
sponding to amino acids KLTPLAYKQ (50-
TAGCTGACSCCNYTNGCNTAYAARCA-30) and
an antisense primer corresponding to amino acids
AGFDWV(Y/F)YE (50-TCATARTRNACCCART-
CRAANCCNGC-30) were used. Amplified cDNA
fragments were cloned in a pCRII-TOPO vector
(Invitrogen, Carlsbad, CA), and sequenced using
an autosequencer (ABI 3100, Applied Biosystems,
Tokyo).

Sequence analysis

After we had confirmed the distinct homology of
nucleotide sequences of lamprey Pitx and Hh

homologs to gnathostome members of Pitx and
the hedgehog family using the BLASTX program,
respectively (Altschul et al., ’97), we carried out
multiple alignments of the deduced amino acid
sequences of lamprey Pitx and Hh homologs with
sequences already reported for other animals. A
molecular phylogenetic tree of the Hh family was
inferred using a distance matrix based on the JTT
model (Jones et al., ’92) and using the neighbor-
joining (Saitou and Nei, ’87) and maximum-like-
lihood methods (Felsenstein, ’81; Kishino et al.,
’90), and with rate heterogeneity among sites
taken into account. The partial sequences of
lamprey Pitx andHh homologs have been assigned
to DDBJ/EMBL/GenBank Accession Numbers
AB124585 and AB124584, respectively.

Whole mount in situ hybridization

The plasmids containing cDNA of lamprey
pituitary-related genes were digested with appro-
priate restriction enzymes. Antisense and sense
RNA probes were generated by in vitro transcrip-
tion using a Digoxigenin (DIG)-RNA labeling kit
(Boehringer Mannheim, Germany) according to
the manufacturer’s protocol. Whole mount in situ
hybridization was performed as described in
Murakami et al. (2001).

RESULTS

Development of the lamprey
adenohypophysis

First, the morphology of the adenohypophysis
was analyzed histologically in the fully grown
ammocoete larvae. The ammocoete adenohypo-
physis is located at the ventral side of the
diencephalon, and is in a close association with
the olfactory organ, which opens to the top of the
head through the external nostril (Fig. 1A). As in
the teleost, the adenohypophysis consists of three
distinct parts, the rostral and proximal pars
distalis, and the pars intermedia. The pars inter-
media makes close contact with the neurohypo-
physis dorsally (Fig. 1B, C). The morphology of the
lamprey adenohypophysis, however, appears to
have been established secondarily in embryogen-
esis; histological analysis of a series of embryos
showed dynamic changes in the topographical
relationships between the forebrain, oral ecto-
derm, and nasohypophysial plate (Fig. 2).

At stage 22, corresponding to the late neurula,
the forebrain and foregut with the first pharyngeal
pouch are already visible, whereas the definite
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nasohypophysial placode (NHP) is not yet identifi-
able in the rostral ectoderm covering the forebrain
(Fig. 2A, B, I). In stage 24 embryos, which have
just hatched, the oral cavity is identified as a
ventral depression in the ectoderm (Fig. 2C, D, I).
A thickening is first visible on the ventral
ectoderm anterior to the mouth opening, indicat-
ing the initial development of NHP. Although
close contact is observed between the NHP and
the ventral forebrain, this site is not the definitive
part of the brain that appears to induce the
adenohypophysis of the lamprey (Fig. 2C, D; see
below). The brain has not yet achieved morpholo-

gical differentiation at this stage, and structures
such as the epiphysis, optic chiasma and mid-
hindbrain boundary could not be discerned.

By stage 26, the upper and lower lips, velum,
epiphysis, optic chiasma and mid-hindbrain
boundary could be identified by their typical

Fig. 1. Pituitary gland of an ammocoete larva. A. Mid-
sagittal section stained with hematoxylin and eosin. The larval
adenohypophysis (arrowheads) is located at the ventral side of
the diencephalon caudal to the nasal epithelium. Anterior is to
the left. Arrows indicate the remnant of the nasohypophysial
duct. B, C. High magnification (B) and a schematic diagram
(C). The adenohypophysis consists of the rostral (red) and
proximal (blue) pars distalis (rpd and ppd), and the pars
intermedia (pi, yellow) that make close contacts with the
neurohypophysis (nh, black). Abbreviations: ne, nasal epithe-
lium; on, olfactory nerve; ep, epiphysis; hpt, hypothalamus; ch,
optic chiasma; me, median eminence.

Fig. 2. Development of the lamprey hypophysis: histologi-
cal observations. Histological sections stained with hematox-
ylin (A-H) and schematic diagram (I). Anterior is to the left for
all the embryos. The panels on the left (A, C, E, G) show low
magnification views of the embryonic and larval head, and on
the middle (B, D, F, H) high magnification micrographs of the
nasohypophysial placode (NHP). A, B. Stage 22 embryo. The
forebrain and foregut are visible, whereas the NHP is not yet
visible. C, D. Stage 24. The oral cavity is formed and the NHP
has begun to form as a thickened ectoderm on the ventral
aspect of the head (arrowheads). E, F. Stage 26. NHP is
observed as a fold of ectoderm where close contact is
established with the ventral forebrain. The NHP has grown
a caudal process of epithelial cells that extend caudal to the
level of the optic chiasma (arrowheads). G, H. Stage 30. The
upper lip has lifted dorsally and the well-developed olfactory
epithelium, an NHP derivative, is now in close contact with
the forebrain. The posterior part of the NHP that will
differentiate into the adenohypophysis (arrowheads) is still
seen as a cord of epithelial cells behind the optic chiasma. I.
Schematic diagram showing the NHP development. The
developing NHP is colored pink. The anterior part of the
NHP differentiates into the nasal epithelium (ne) and the
posterior into the adenohypophysis (pt), respectively. Abbre-
viations: n, notochord; mo, mouth; ulp, upper lip; llp, lower lip;
ph, pharynx; fb, forebrain; mb; midbrain; hb, hindbrain; tel,
telencephalon; hpt, hypothalamus; ch, optic chiasma; ep,
epiphysis; nhp, nasohypophysial placode; np, nasal placode;
ne, nasal epithelium; oc, oral cavity; fg, foregut; vel, velum; pc,
prechordal plate; pm, prechordal mesoderm.
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morphological features (Fig. 2E, F, I). The upper
lip has grown rostrally beneath the NHP, folding
the surface ectoderm, and extending caudally to
establish a contact with the post optic level of the
diencephalon (Fig. 2F, I). The latter part of the
forebrain corresponds to the later hypothalamus.
From its topographical relation to the rostral tip of
the notochord, the NHP at this stage appeared to
have grown more caudally than that of the
previous stage.
In the stage 30 embryo, the placode-derived

nasal duct has developed more posteriorly than
the dorsorostral growth of the upper lip (Fig. 2G,
H, I). The rostral part of the NHP differentiates as
the olfactory organ composed of a thick columnar
epithelium, covering the rostral aspect of the
telencephalon, whereas the posterior as the future
adenohypophysis, consisting of an epithelium of a
few cell layers, extends caudal to the level of the
optic chiasma (Fig. 2H, arrowheads).

Pituitary-related genes in lamprey
embryos

Using cDNA that was reverse transcribed from
total RNA extracted from the stage 20–30 embryo,
we succeeded in isolating a 600 bp-long Pitx cDNA
fragment. This nucleotide sequence was compared
with those of PmPitxA and LpPitxA (data not
shown, Boorman and Shimeld, 2002a), and we
concluded that this cDNA fragment is derived
from an ortholog of PmPitxA and LpPitxA. Boor-
man and Shimeld (2002a) were also unable to
assign the lamprey PitxA sequences as orthologs to
gnathostome Pitx1 or Pitx2 with confidence. Thus,
we named this clone LjPitxA (L. japonicum PitxA).
We also succeeded in isolating a 358 bp-long Hh

cDNA fragment. The deduced amino acid se-
quence of this nucleotide sequence showed strik-
ing homology to members of the Hh gene family
already reported from various animals (Fig. 3A).
Subsequent molecular phylogenetic inference was
performed using neighbor-joining, as well as
maximum-likelihood methods (Fig. 3B). In the
hedgehog family, three distinct clusters, sonic
hedgehog (Shh), indian hedgehog (Ihh) and desert
hedgehog (Dhh), have been identified in gnatho-
stomes to date (Kumar et al., ’96; Meyer and
Schartl, ’99). In our tree, LjHh showed a phyloge-
netic affinity to Shh and Ihh, but not to Dhh.
However, as is always the case for phylogenetic
tree analyses of other gene families including
cyclostome sequences (Suga et al., ’99; Kuratani
et al., 2002), we could not obtain a robust tree to

support the orthology of LjHh to either of these
subfamilies. Accordingly, we have named our Hh
clone LjHhA (L. japonicum HhA). LjHhA is the
first member of the hedgehog family reported from
cyclostomes, and further efforts to identify an-
other member of the family in this animal group
will be necessary.

To clarify the involvement of transcription
factors in adenohypophysial and olfactory organo-
genesis, we examined the expression patterns of
LjPitxA, LjTTF-1, LjPax6 and LjOtxA. These
genes potentially serve as markers for specified
structures in embryos that are involved in
pituitary differentiation (Ueki et al., ’98; Muraka-
mi et al., 2001; Ogasawara et al., 2001; Boorman
and Shimeld, 2002a).

At pre-pharyngula stages (before Tahara’s stage
22; Fig. 4A, B), LjPitxA is expressed in the
epithelial ectoderm, corresponding to the future
oral ectoderm. In hatching larvae, LjPitxA is also
expressed in the ectoderm around the mouth (Fig.
4C). By stage 25, the expression domain of LjPitxA
is divided into two ectodermal regions, NHP and
oral ectoderm, with each being separated by the
developing upper lips that do not express this gene
(Fig. 4D). LjPitxA expression is also visible in the
posterior brain, anterior to the mid-hindbrain
boundary, and pharyngeal endoderm in stage 25
embryos. The level of expression becomes more
intense with development and the expression
domain in the posterior NHP expands towards
the level corresponding to the rostral tip of the
notochord (Figs. 4E, F). The transcripts are not
observed in the nasal placode per se. By stage 27,
the placodal expression has become weak, but is
still restricted within the posterior part of the
placode (Figs. 4G, H).

At stage 22, LjTTF-1 transcripts are already
weakly expressed in the ventral diencephalon
(Fig. 5A). At stage 25 and 26, this expression
domain is posterior to the optic chiasma (Figs. 5D,
G). Thus, TTF-1 gene expression in the lamprey
also appears to specify the future hypothalamic
region, as in gnathostome embryos. Importantly,
the posterior NHP first meets this part of the
forebrain at stage 26 as noted above (Figs. 2F, 4F).
LjPax6 and LjOtxA are both expressed in the
anterior forebrain, whereas no surface ectodermal
expression could be seen at stage 22 (Figs. 5B, C).
At stage 25, LjPax6 is expressed in the entire NHP
(Fig. 5E), whereas LjOtxA expression is observed
only in its anterior part (Fig. 5F). LjPax6
transcripts are identified in the entire NHP at
stage 26 (Fig. 5H), whereas LjOtxA expression is
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now restricted to the anterior part of the NHP,
corresponding to the nasal epithelium (Fig. 5I).
To focus on the inductive events involved in the

development of the lamprey adenohypophysis at a
molecular level, we further examined the expres-
sion patterns of the signaling molecule-encoding
genes LjFgf8/17 and LjBmp2/4a. These are puta-

tive lamprey orthologs for gnathostome Fgf8,
Bmp2 and Bmp4, which are involved in gnatho-
stome adenohypophysial development (Shigetani
et al., 2002). We also examined the expression
patterns of the isolated LjHhA to clarify the
involvement of this molecule in lamprey adenohy-
pophysis development.

Fig. 3. Sequence and phylogenetic analyses of hedgehog
family including LjHhA. A. Deduced amino acid sequence of
LjHhA aligned with sequences already reported from various
gnathostomes and invertebrates. Only amino acid sites where
fragment sequence of LjHhA can be aligned are shown. Amino
acid sequence of LjHhA is highlighted in bold character.

Amino acid numbers are indicated at the both ends of each
sequence. B. Molecular phylogenetic tree of hedgehog family
including LjHhA. This tree is inferred with neighbor-joining
method using 119 amino acid sites where fragment sequence
of LjHhA can be aligned. For the methods to infer the tree, see
Materials and Methods.
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Fig. 4. Expression patterns of LjPitxA in lamprey embryos.
A. Stage 19. LjPitxA transcripts are identified in the ectoderm
covering the forebrain and foregut. B. Stage 21. LjPitxA is
expressed in a single ectodermal domain corresponding to the
stomodeal ectoderm and in the ventral forebrain. C. Stage 23.
LjPitxA expression in the ectoderm covers the future NHP
and oral ectoderm (oe). D. Stage 25. LjPitxA expression in the
ectoderm has been divided into two distinct regions: the NHP
(arrowhead) and the oral ectoderm. E, F. Stage 26. Expression
of LjPitxA has become intense and the expression domain
corresponding to the caudal NHP (arrowheads) expands
caudally, whereas the anterior nasal placode (np) does not
show any expression. G, H. Stage 27. Expression in the NHP
(arrowheads) has become weak, but is still restricted within
the posterior region. Note that the LjPitxA-positive epithelial
cells now extend caudal to the optic chiasma. F, H: higher
magnification views. Anterior is to the left for all the embryos.
Abbreviations: see Fig. 2.
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Within the domain of ectodermal expression of
LjPitxA, the growth factor encoding genes are
upregulated at relatively late stages of develop-
ment. At stage 22, LjFgf8/17 transcripts are
present in the part of the anterior ectoderm that
corresponds to the future NHP (Fig. 6A). At stage
25, LjFgf8/17 transcripts are present anterior part
of the NHP (Fig. 6B, lower arrowheads). In
addition to the NHP domain, LjFgf8/17 is also
expressed in the ventral telencephalon covered by
the rostral part of the NHP at this stage (Fig. 6B,
upper arrowhead). In the stage 27 embryo,
expression in the NHP becomes weak, whereas
that in the ventral preoptic forebrain remains at
high levels (Fig. 6C).
LjBmp2/4a transcripts are present in the epi-

dermal ectoderm, which is folding posteriorly
beneath the NHP at stage 25, (Fig. 6D). Other-
wise, LjBmp2/4a expression is found in the
prechordal plate. In slightly older embryos, the
expression domain of LjBmp2/4a is clearly re-
stricted within the posterior part of the ectoderm
folding beneath the NHP and the expression
domain has expanded posteriorly (Fig. 6E). No
LjBmp2/4a expression domain, however, is found
in the anterior nasal placode. In later develop-
mental stages, LjBmp2/4a transcripts are found
only in the pharyngeal endoderm, whereas its
expression in the posterior NHP has been lost
(Fig. 6F).
Expression of LjHhA was associated with the

ventral neural tube. In the forebrain, however,
transcripts of this gene were not found at early
stages (data not shown). Slightly before hatching,
very faint expression of LjHhA is observed in the
floor plate of the neural tube and the ventral
forebrain (Fig. 6G). At hatching, LjHhA is
strongly expressed in the floor plate and a part
of the ventral diencephalon corresponding to the
zona limitans intrathalamica (Fig. 6H). In addi-
tion, faint expression is also seen in the hypotha-
lamus, which closely contacts the developing NHP
(Fig. 6H). By stage 26, no substantial changes are

seen in the expression patterns of LjHhA com-
pared with stage 24 (Fig. 6I). These expression
patterns in the floor plate and ventral forebrain
are similar to the Shh expression pattern observed
in the central nervous system (CNS) of gnathos-
tomes (Ericson et al., ’95). Although no robust
orthology of LjHhA to either of three hedgehog
subfamilies can be ascribed with confidence at a
molecular level, LjHhA appears to be the putative
cognate of gnathostome Shh in terms of its
expression patterns.

DISCUSSION

Here we have described the developmental
pattern of the lamprey adenohypophysis at both
morphological and molecular levels. Although the
lamprey genome appears to contain the basic set of
regulatory genes required for normal patterning
of this organ system, the genes were not expressed
in the patterns that comparative embryology
between this animal and gnathostome would
predict. Because the embryonic inductive
event normally relies on specific topographical
relationships of cells, such a discrepancy may
possibly provide an important key to the question
of homology of embryonic structures (morpholo-
gical homology) and homology of genes (process
homology; Gilbert and Bolker, 2001).

Developmental patterns and processes of
the vertebrate adenohypophysis

The pituitary gland, consisting of the adenohy-
pophysis and the neurohypophysis, is found in all
vertebrates, but not in invertebrates. In gnatho-
stomes, it is derived from the rostral portion of the
ANR (Couly and Le Douarin, ’85). Once induced as
the neural crest, this part of the ectoderm gives
rise to the cephalic surface ectoderm including the
oral ectoderm, a portion of which is later specified
as Rathke’s pouch (Rathke, 1838). This interacts
with the ventral part of the hypothalamic primor-
dium, known as the infundibulum. In all the

Fig. 5. Expression of regulatory genes related to hypo-
physial development in lamprey embryos. Expression pat-
terns of LjTTF-1 (A, D, G), LjPax6 (B, E, H), and LjOtxA (C,
F, I), in high magnification micrographs of the nasohypophy-
sial region. Anterior is to the left. A, B, C. Stage 22. LjTTF-1
transcripts are weakly expressed in the ventral forebrain.
LjPax6 and LjOtxA are both expressed in the anterior
forebrain, whereas no ectodermal expression can be seen at
this stage. D, E, F. Stage 25. LjTTF-1 transcripts are present
in the ventral diencephalon caudal to the optic chiasma, and

LjPax6 is expressed in the entire NHP (E: arrowheads).
LjOtxA expression is observed only in the anterior part of
NHP (F, arrowheads). G, H, I. Stage 26. LjPax6 transcripts
are identified in the anterior part of the dorsal forebrain and
eye (opt). In addition, transcripts are identified in the NHP
(H: arrowheads). LjOtxA mRNA is expressed in the anterior
neural tube, and the expression domain is restricted to the
anterior part of the NHP, corresponding to the nasal placode
(I, arrowheads). Abbreviations: see Fig. 2.
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Fig. 7. Summary of expression patterns of pituitary-
related genes. The expression patterns of the genes examined
here are shown in two schemes for each developmental stage.
From top to bottom: late neurula, early pharyngula, and post-
hatching larva. In the late neurula, although the definitive
NHP is not detected, PitxA expression appears to specify the
rostral surface ectoderm including the future oral ectoderm.
The future hypothalamus expresses TTF-1. Fgf8/17 expres-
sion is present in the anterior NHP. At the pharyngula stage,
the NHP is visible in the ectoderm anterior to the oral cavity.
In the post-hatching larva, the PitxA expression domain has
split into two regions, of which NHP is specified in the rostral
domain. The NHP has grown caudally by this stage to make
contact with the definitive hypothalamic region specified by
TTF-1. The NHP at this stage characteristically expresses
both Fgf8/17 and Bmp2/4a, and the anterior part is identified
by OtxA expression, while the whole NHP is specified by Pax6.
Note that the topographical relationship between the NHP
and the ventral diencephalon is established as a secondary
process in the lamprey.
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examined gnathostomes, the early patterning of
the head ectoderm is similar, and the topographi-
cal relationships between Rathke’s pouch and the
hypothalamic anlage is established early in devel-
opment, and maintained subsequently (Gleiber-
man et al., ’99; Baker and Bronner-Fraser, 2001).
Exceptionally, adenohypophysial anlage of teleost
is not formed via a structure equivalent to
Rathke’s pouch, but that appears as a solid
structure that is formed at the anterior edge of
the head (Dubois and ElAmraoui, ’95; Herzog
et al., 2003). However, elasmobranches and stur-
geon, which is considered as the basal groups of
fish, have common morphological feature of the
Rathke’s pouch of amniotes (Balfour, 1878; Sew-
ertzoff, ’28; Gorbman and Bern, ’62; Kuratani
et al., 2000). Thus, it seems most likely that
pituitary developmental pattern represents sec-
ondary modification introduced into the teleost
lineage.
Close contact between the Rathke’s pouch and

the hypothalamus is central in the signaling
system involved in adenohypophysial develop-
ment, and a number of signaling molecules
function in the inductive events based on this
(Dasen and Rosenfeld, 2001). After specification of
the oral ectoderm by Shh, Pitx1 and Pitx2 gene
expressions, BMP4 derived from the hypothalamic
anlage induces the formation of Rathke’s pouch
(Ericson et al., ’98; Treier et al., ’98). Subse-
quently, FGF8 and BMP4 are both derived from
the hypothalamic anlage to induce the growth of
the pouch. Simultaneously, BMP2 in Rathke’s
pouch, together with the counteracting FGF8 in
the diencephalon constitute gradients of signaling
molecules, which serve as the prepattern of
adenohypophysial cell type distribution (Scully
and Rosenfeld, 2002). All through these develop-
mental events, the ventral diencephalon expresses
the homeobox gene, TTF-1, the marker for the

embryonic hypothalamus (Watkins-Chow and
Camper, ’98; Sheng and Westphal, ’99). This gene
expression is also an important component in
adenohypophysial development (Kimura et al.,
’96). Thus, the adenohypophysial patterning in
the gnathostome depends on an early-fixed topo-
graphical pattern of embryonic tissues on which
signaling cascades are exerted as an hierarchically
organized epigenetic system.

In the present study, some of the developmental
elements found in gnathostome adenohypophysial
patterning appeared to be conserved in lamprey
development. As already reported, for example,
LjPax6 is expressed rather ubiquitously in the
early NHP, whereas LjOtxA gene expression is
restricted to the anterior part of this placode,
corresponding to the future nasal epithelium
(Figs. 5, 7; see also Ueki et al., ’98, and Murakami
et al., 2001). In mouse embryos, Pax6 is also
expressed in the oral ectoderm, and the expression
becomes secondarily restricted to Rathke’s pouch
(Kioussi et al., ’99). Murine Otx2 is also required
for the same sets of placodes (Matsuo et al., ’95;
Mallamaci et al., ’96; Acampora et al., 2000). Thus,
these two transcription factor encoding genes may
have similar developmental functions in the
lamprey and mouse (Fig. 8, see below for evolu-
tionary consideration).

LjPitxA expression is also seen in the rostral
ectoderm of the early lamprey embryo (Figs. 4, 7),
implying a role in the regional specification of the
rostral ectoderm in this species, as in the mouse
(Dasen and Rosenfeld, 2001). In later develop-
ment, however, the LjPitxA expression domain in
the lamprey splits into two regions, the NHP and
the oral ectoderm, and only the former is then
involved in hypophysial development. In gnathos-
tome development, on the other hand, Pitx1 and
Pitx2 expressions are initially the markers for
stomodeal ectoderm, and the same expression

Fig. 6. Expression patterns of signaling molecules related
to hypophysial development in lamprey embryos. Expression
patterns of LjFgf8/17 (A, B, C), LjBmp2/4a (D, E, F), and
LjHhA (G, H, I), in high magnification micrographs of the
nasohypophysial region of embryos. A. Stage 22. A low level of
LjFgf8/17 transcripts is seen in the anterior ectoderm
corresponding to the future NHP (arrowhead). B. Stage 25.
LjFgf8/17 is expressed at low levels in the NHP (lower
arrowheads), as well as in the ventral portion of the forebrain
(upper arrowhead). C. Stage 27. Expression in the NHP has
become weak, whereas that in the ventral brain remains
visible (arrowheads). D. Stage 25. LjBmp2/4a expression is
present in the posterior part of the ectoderm folding beneath
the NHP (arrowheads), and in the prechordal plate (pc), lower
and upper lip, whereas no expression domain is found in the

hypothalamic anlage (dotted circle). E. Stage 26. Expression
domain of LjBmp2/4a is restricted to the lower ectoderm of
the caudally extending NHP (arrowheads). Note the absence
of transcripts in the nasal placode. F. Stage 27. LjBmp2/4a is
expressed in the pharyngeal endoderm, whereas that in the
NHP has been lost (arrowheads). G. Stage 23. Very faint
expression of LjHhA is present in the floor plate of the neural
tube, ventral forebrain and pharyngeal endoderm. H, I. Stage
24, 26. LjHhA is strongly expressed in the floor plate and a
part of the ventral diencephalon corresponding to zona
limitans intrathalamica (zli). Faint expression of this gene is
also present in the future hypothalamus (hpt). Note that no
expression is detected in the NHP (arrowheads) or in the oral
ectoderm. Abbreviations: see Fig. 2.
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Fig. 8. Evolution of the developmental processes of
vertebrate hypophysis: an hypothesis. A. Comparison of the
developmental processes of the adenohypophysis in the
amphioxus, lamprey and gnathostome. In the amphioxus,
Hatschek’s pit originates from the endoderm as Hatschek’s
diverticulum (Hd). The left Hd differentiates into Hatschek’s
pit (Hp) after metamorphosis. The Hp has an infundibulum-
like ventral margin of the brain, which resembles the
vertebrate hypothalamo-adenohypophysial axes. Note that
the Hd expresses both Pitx and Pax6, and that the ventral
neural tube expresses TTF-1. The adenohypophysis in the
lamprey is derived from the NHP, which appears to be
specified by PitxA. The hypothalamic primordium specifically
expresses TTF-1. Fgf and Bmp are present in the anterior and
posterior portions of the NHP, whereas no signal molecules
have been identified in the hypothalamic primordium. Note
that the topographical relationship between the adenohypo-
physis and hypothalamus is established late in development in
both the amphioxus and lamprey. In gnathostomes, the
separation of the nasal placode (NP) from the adenohypophy-
sial complex results in the regionalization of the adenohypo-
physial origin (Rathke’s pouch; Rp) in the oral ectoderm (OE).
The Rp is induced by BMP derived from the hypothalamic

primordium, following the specification of the ectodermal
anlage by the Pitx and Pax6 genes. The pouch is then
expanded and specific cell types are obtained by the action of
FGF and BMP derived from hypothalamic primordium and
the Rp. The epigenetic interactions between the Rp and
hypothalamus are established early in the development of
gnathostomes. B. The evolutionary sequence of the changes of
developmental events involved in the hypophysial organogen-
esis during chordate evolution. The events have been placed
on the phylogenic tree of the chordates. In the common
ancestor of chordates, specification of the rostral endoderm
and the ventral CNS had already been acquired by some
regulatory genes. This study suggests that the vertebrate
ancestor had already acquired an ectodermal origin of the
NHP, and that some regulatory genes may have been involved
in the regionalization and specification of the NHP after the
split from amphioxus. The topographical relationship between
the pituitary primordium and the ventral CNS is secondarily
established. After divergence of the jawless vertebrates,
separation of NP from NHP may have shifted the adenohy-
pophysial developmental field into the oral ectoderm. This
heterotopic shift is assumed in the lineage to gnathostomes.
Abbreviations: see Fig. 2.
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domain is secondarily restricted to Rathke’s pouch
(Dasen and Rosenfeld, 2001; Suh et al., 2002;
Fig. 8). The difference between the two animal
groups is more conspicuous in the spatiotemporal
expression patterns of growth factor encoding
genes; neither of the Fgf8- or Bmp2/4 cognates is
expressed in the hypothalamic anlage of the
lamprey. Instead, they are expressed in the
ectoderm adjacent to the adenohypophysial anlage
(Figs. 7, 8A). Such epidermal expression of these
genes in the lamprey do not appear to be
consistent with the patterns found in gnathos-
tomes with respect to the morphological homology
of embryonic tissues (Fig. 8). Interestingly, the
expression patterns are just as inconsistent in
terms of the anatomical architecture of the fully
formed adenohypophysis (Fig. 1). This inconsis-
tency in gene expression patterns between
gnathostomes and lamprey may possibly be linked
in part to the differences in embryonic develop-
ment of this organ.
Although in the adult lamprey the fully formed

pituitary is identified with the topographical
relationship similar to that in gnathostomes (Fig.
1; Gorbman and Bern, ’62), the development of the
adenohypophysis and the expression patterns of
pituitary-related genes are substantially different
between the two vertebrate groups. The adenohy-
pophysis of the lamprey is derived from the
posterior part of the NHP (Figs. 2, 7), which
appears as an independent entity located rostral to
the oral ectoderm. As the upper lip grows
rostrally, the posterior part of the NHP grows
caudally towards the rostral tip of the notochord to
establish a de novo contact with the postoptic level
of the ventral diencephalon: the hypothalamic
primordium expressing TTF-1 (Figs. 5G, 7). It is
at this stage that the lamprey embryo first
acquires the relationship between tissues similar
to that found between Rathke’s pouch and the
hypothalamus in gnathostomes.
During the topographical shift of the NHP, no

signaling molecules can be identified in the
hypothalamic anlage, but both FGF and BMP
were identified in the NHP and surrounding
ectoderm. We could not clarify here whether such
a secondarily established topographical relation-
ship in the lamprey is responsible for the spatio-
temporal regulation of molecular cascades, or
whether epidermally derived growth factors could
possibly compensate for similar functions that
have been suggested in the mouse. These ques-
tions will require further experimental examina-
tion. Thus, the anatomical relationship between

the adenohypophysis and the hypothalamic anlage
is not established in the lamprey until a late stage
of development. In gnathostome development, on
the other hand, the homologous relationship is
obtained very early in embryogenesis, and the
same relationship is responsible for integrated
signaling that epigenetically induces the adenohy-
pophysis and its anatomical differentiation into
three components. Irrespective of such a profound
difference in developmental patterns, apparently
homologous sets of genes are involved in adeno-
hypophysial development in both of these
animal groups, even though they are expressed
in different places and at different times. The
evolutionary developmental biology of the adeno-
hypophysis thus appears to provide an intriguing
mix of heterochrony and heterotopy (see Hall, ’98).
The evolution of the pituitary developmental
program from agnathans to gnathostomes could
be viewed as changes in epigenetic patterning
programs between rostral ectoderm and the
ventral forebrain.

Evolution of the vertebrate pituitary:
epigenetic development changes?

The epigenetic patterning programs in the
adenohypophysial development of the gnatho-
stomes raises an intriguing question as to how
such programs might have been acquired in
phylogenetic evolution. As exemplified in the
gnathostome, the topographical relationship
between the hypothalamus and Rathke’s pouch
has two different aspects of biological significance:
epigenetic induction during development, and the
endocrine network of the adult. The present study
opens questions not simply on the origin of the
hypophysis, but also on the mechanisms behind
the integration of developmental systems and the
function of a fully formed organ system into an
embryonic configuration.

Amphioxus, the sister group of vertebrates,
shares several common basic features with verte-
brates, not only in adult morphology, but also in
embryonic developmental mechanisms (reviewed
by Holland and Holland, 2001). However, the
development of the hypophysis may be substan-
tially different between these animal groups. In
amphioxus, Hatschek’s pit has been considered
the homolog of the vertebrate adenohypophysis
(Nozaki and Gorbman, ’92; Gorbman et al., ’99).
This develops from an evagination of the endo-
derm, named as Hatschek’s diverticulum, at the
anterior end of the pharyngeal endoderm (Fig. 8).
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Amphioxus cognates of the Pitx and Pax6 genes
appear to specify the rostral endoderm, corre-
sponding to the future left Hatschek’s diverticu-
lum (Glardon et al., ’98; Yasui et al., 2000;
Boorman and Shimeld, 2002b). Amphioxus TTF-
1 also seems to identify the ventral part of the
rostral neural tube, which is closely associated
with Hatschek’s pit (Venkatesh et al., ’99; Ogasa-
wara, 2000). From the spatiotemporal expression
patterns of these regulatory genes, the basic
developmental patterning mechanisms of the
Hatschek’s pit and the ventral CNS may have
already been established at molecular levels in the
common ancestor of chordates.
Of the pair of Hatschek’s diverticula in the

amphioxus larva, the left one differentiates into
Hatschek’s pit, located in the roof of the prebuccal
cavity after metamorphosis (Holland and Holland,
2001). Simultaneously, the pit makes contact with
the ventral CNS, thus establishing the vertebrate
homolog of the hypothalamo-hypophysial complex
(Fig. 8). It is not known whether this part of the
amphioxus ‘brain’ actually induces the differentia-
tion of the Hatschek’s pit, nor are there any
known genes specifically expressed in this part of
the neural tube. Nevertheless, the overall anatomy
of this system as well as the extensive resemblance
in cytological configuration strongly supports the
idea that it represents the evolutionary origin of
the vertebrate adenohypophysis (Gorbman et al.,
’99), although there are differences in develop-
mental origin; the Hatschek’s pit is of the rostral
endoderm derivative, unlike in the vertebrates.
Importantly, the topographical relationship be-
tween Hatschek’s pit and the ventral CNS is
secondarily established in this animal, as observed
in the lamprey. It seems highly probable, there-
fore, that the close topographical relationship
between the CNS and adenohypophysial equiva-
lent was originally established in the late phase of
development in chordates.
From a comparison of the gene expression

patterns between amphioxus and vertebrates, the
anterior ectoderm in amphioxus may possibly
contain the origin of the sensory placode that is
homologous to the gnathostome olfactory placode
(Holland and Holland, 2001). However, in this
species, the developmental origins differ between
the olfactory placode and Hatschek’s pit. In the
lamprey, however, the nasal organ and the
adenohypophysis develop from a single placode
(Fig. 2). Moreover, as in gnathostomes, some
signal molecules are secreted from the lamprey
NHP, suggesting its possible involvement in

differentiation of this region. It seems, therefore,
most likely that the ectodermal adenohypophysis
was first acquired in the vertebrate ancestor, or
after the split of the lineage leading to amphioxus,
together with the growth factor mediated mole-
cular cascades to regionalize the NHP (Fig. 8). As
defined by Haeckel (1875), such displacement of
the development of an organ or tissue in space is
termed ‘heterotopy’. A heterotopic shift, such as
the differentiation of the olfactory and adenohy-
pophysial placodes in the ectoderm, can be
assumed in the lineage to agnathans to explain
the evolutionary developmental processes in the
early common ancestor of the vertebrates (Fig. 8).

As the basic developmental plan, the nasal and
adenohypophysial placodes are closely related to
each other in vertebrates. For the gnathostomes,
the nasal and hypophysial placodes can be fate-
mapped very close to each other at early develop-
mental stages (Couly and Le Douarin, ’85). In
subsequent developmental stages, however, they
are soon separated from each other, possibly
partly because of the rostral growth of the part
of the brain that vertically induces Rathke’s pouch
(Kawamura and Kikuyama, ’98; Gleiberman et al.,
’99). In gnathostomes, therefore, one crucial
evolutionary change introduced into the pattern-
ing of the pituitary gland appears to have been the
early embryonic separation of the nasal placode
from the nasohypophysial complex, resulting in
the regionalization of the adenohypophysis in the
oral ectoderm. This event may have resulted in the
accelerated establishment of a topographical re-
lationship between the primordia of the adenohy-
pophysis and the hypothalamus. This heterotopic
shift may also have opened a possibility for
mesenchymal reorganization.

On the basis of the comparison of the morpho-
logical patterning of trigeminal crest cells, which
form the jaw primordia in the lamprey and
gnathostome, Kuratani et al. (2001) have postu-
lated one possible scenario to explain the evolution
of the gnathostome jaw. Because of the solid NHP,
jaw primordia fail to move rostromedially to form
the medial nasal septum as in the gnathostomes,
but instead form the upper lip in the lamprey.
Therefore, the accelerated separation of the
nasohypophysial ectoderm in gnathostomes would
possibly be the key innovation allowing jaw
patterning during vertebrate evolution.

Our hypothetical scenario for the evolutionary
sequence of hypophysial development strongly
suggests that the topographical relationship itself
was first set up as a functional organ system in the
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chordate ancestor, and that embryonic patterning
has secondarily adopted the same topography of
tissues towards the earlier phases of development,
to utilize it as the basis for epigenetic interactions.
Our data on regulatory gene expression patterns
imply that regulation of growth factor encoding
genes are more subject to heterotopic changes in
regulation, rather than those genes encoding
transcription factors and often serving as specific
markers. Whether such a change could explain the
above evolutionary reprogramming, often realized
as heterochrony and heterotopy, will be one of the
key questions for evolutionary developmental
biology. Further studies in the lamprey to eluci-
date the function of regulatory genes in this organ
system would be intriguing and contribute to
further advancements in this field.
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