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Endocrinology of protochordates1

Nancy M. Sherwood, Bruce A. Adams, and Javier A. Tello

Abstract: Large-scale gene duplications occurred early in the vertebrate lineage after the split with protochordates.
Thus, protochordate hormones and their receptors, transcription factors, and signaling pathways may be the foundation
for the endocrine system in vertebrates. A number of hormones have been identified including cionin, a likely ancestor
of cholecytokinin (CCK) and gastrin. Both insulin and insulin-like growth hormone (IGF) have been identified in sepa-
rate cDNAs in a tunicate, whereas only a single insulin-like peptide was found in amphioxus. In tunicates, nine distinct
forms of gonadotropin-releasing hormone (GnRH) are shown to induce gamete release, even though a pituitary gland
and sex steroids are lacking. In both tunicates and amphioxus, there is evidence of some components of a thyroid sys-
tem, but the lack of a sequenced genome for amphioxus has slowed progress in the structural identification of its hor-
mones. Immunocytochemistry has been used to tentatively identify a number of hormones in protochordates, but
structural and functional studies are needed. For receptors, protochordates have many vertebrate homologs of nuclear
receptors, such as the thyroid, retinoic acid, and retinoid X receptors. Also, tunicates have cell surface receptors includ-
ing the G-protein-coupled type, such as β-adrenergic, putative endocannabinoid, cionin (CCK-like), and two GnRH re-
ceptors. Several tyrosine kinase receptors include two epidermal growth factor (EGF) receptors (tunicates) and an
insulin/IGF receptor (amphioxus). Interestingly, neither steroid receptors nor a full complement of enzymes for synthe-
sis of sex steroids are encoded in the Ciona genome. Tunicates appear to have some but not all of the necessary mole-
cules to develop a vertebrate-like pituitary or complete thyroid system.

Résumé : Des duplications géniques à grande échelle se sont produites tôt dans la lignée des vertébrés après leur sépa-
ration des protochordés. Les hormones des protochordés et leurs récepteurs, leurs facteurs de transcription et leurs
voies de signalisation peuvent donc former la base du système endocrinien des vertébrés. Plusieurs hormones ont pu
être identifiées, dont la cionine, un ancêtre probable de la cholécytokinine (CCK) et la gastrine. L’insuline et une hor-
mone de croissance semblable à l’insuline (IGF) ont toutes deux été identifiées dans des ADNc chez un tunicier, alors
qu’il n’y a qu’un seul peptide de type insuline chez l’amphioxus. Chez les tuniciers, neuf formes différentes de
l’hormone de libération de la gonadotropine (GnRH) peuvent induire la libération des gamètes, même s’il n’existe pas
un gland pituitaire ni de stéroïdes sexuels. Tant chez les tuniciers que chez l’amphioxus, il y a des indications de
l’existence de certains éléments d’un système thyroïdien, mais l’absence de génome séquencé chez l’amphioxus retarde
l’identification structurale des hormones. L’immunocytochimie a servi de façon exploratoire à identifier un certain
nombre d’hormones chez les protochordés, mais il faudrait des études structurales et fonctionnelles. Pour ce qui est des
récepteurs, les protochordés possèdent plusieurs homologues des récepteurs nucléaires des vertébrés, tels que les récep-
teurs thyroïdiens et les récepteurs de l’acide rétinoïque et de la rétinoïde-X. De plus, les tuniciers possèdent des récep-
teurs cellulaires superficiels, dont les types couplés à la protéine G, tels que les récepteurs β-adrénergiques, les
récepteurs endocannabinoïdes putatifs, les récepteurs de la cionine (similaires au type CCK) et deux récepteurs de la
GnRH. Il y a plusieurs récepteurs de la tyrosine kinase, dont deux récepteurs du facteur de croissance épidermique
(EGF) chez les tuniciers et un récepteur de l’insuline/IGF chez l’amphioxus. Fait intéressant, ni les récepteurs de sté-
roïdes, ni l’ensemble complet des enzymes de synthèse des stéroïdes sexuels ne sont encodés dans le génome de
Ciona. Les tuniciers semblent posséder quelques-unes, mais pas l’ensemble, des molécules nécessaires pour développer
un système pituitaire ou un système thyroïdien complet du même type que ceux des vertébrés.
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Introduction and strategies for
identification of protochordate hormones

The secretion of hormones is an ancient process. Plants,
bacteria, yeast, invertebrates, and vertebrates all secrete pro-
teins that affect other cells or organisms. The earliest se-
creted hormones were autocrine or paracrine before a true
circulatory system evolved for widespread, rapid distribution
of hormones known as endocrines. Because we know that
single-celled organisms can secrete hormones, it is not sur-
prising that almost every tissue in the body can synthesize
and secrete hormones. Even nerve cells that first evolved
in coelenterates are capable of secreting hormones such as
the phenylalanine–methionine–arginine–phenylalanine amide
peptide (FMRFamide).

The question that we consider here is the origin of spe-
cific hormones and, in particular, the identity and function of
hormones that were present at a critical point in evolution
just before the origin of the vertebrates. There is a consensus
that the protochordates were ancestral to the vertebrates, but
the nature of the ancestor, whether a urochordate or a cepha-
lochordate, remains uncertain. We examine the literature as
to the identified hormones and their receptors in both extant
groups. Also, we consider the origin of the pituitary and thy-
roid glands for protochordates in terms of expression of
mRNA for hormones, receptors, transcription factors, or en-
zymes that foreshadow full-blown systems in vertebrates.
The present determination of the hormones and their func-
tions in the protochordates is of great interest because the
large-scale duplication of genes is thought to be important
in the origin of the vertebrates. Hence, the protochordate
endocrine system provides a unique window through which
we can deduce the essential hormones that were subse-
quently duplicated in vertebrates. If the duplicated genes
were not lost, then they were presumably altered to encode
new hormones with distinct functions or to provide new
forms of regulation.

Three strategies in particular have been used to identify
sources of hormones and hormone-containing structures in
protochordates. The first strategy is based on anatomy,
whereby the various cell layers have been tracked from fer-
tilization to the mature adult to describe the protochordate
equivalents to vertebrate endocrine structures. The second
strategy consists of applying antisera raised against known
vertebrate hormones on prepared sections or tissue extracts.
This approach includes immunocytochemistry and radio-
immunoassay. The third and more recent method is the mo-
lecular approach for identification and localization of the
protochordate homologs of genes for hormones, receptors,
and transcription factors that are essential for the endocrine
cell development in vertebrates. Protochordates lack any dis-
tinct “endocrine glands” that are overtly analogous to those
of the vertebrates. However, evidence suggests that there are
a number of hormones produced in cells of almost every
major tissue type, as well as unique structures containing
hormone-producing cells, in both urochordates and cephalo-
chordates.

Researchers typically only recognize hormones that have
significant homology to vertebrate or invertebrate hormones
for which we already know the structure. Our understanding
of the development of the protochordate neuroendocrine sys-

tem and anatomy is improving as more marker genes be-
come available. The sequencing of the genomes of Ciona
intestinalis (L., 1767) and Ciona savignyi Herdman, 1882
offers the first step toward identifying novel hormones that
are unique to protochordate species.

Tunicate hormones

Cionin: a model of hormone identification
The first hormone identified by protein structure in proto-

chordates was cionin in the tunicate C. intestinalis (Johnsen
and Rehfeld 1990), although the cDNA for an insulin/
insulin-like growth factor in amphioxus was reported later in
the same year (Chan et al. 1990). The discovery of cionin
follows a similar pattern to that for several other hormones
identified in tunicates. Originally, antisera raised against mam-
malian forms of cholecystokinin (CCK) and gastrin were
shown to cross-react with a molecule in the gastrointestinal
tract and neural ganglion (“brain”) of the tunicate (Table 1).
Five different species of tunicates were used for immuno-
cytochemistry or radioimmunoassay of tissue extracts. It be-
came clear that antisera specific for the C-terminus of CCK
and gastrin had the highest cross-reactivity; this region of
the two hormones is bioactive and tightly conserved in evo-
lution. In the 1980s, there were two detailed studies of
C. intestinalis tissues using high-performance liquid chroma-
tography (HPLC), gel chromatography, and 11 antisera raised
against different forms and fragments of CCK and gastrin
(Thorndyke and Dockray 1986; Conlon et al. 1988a). The
results showed that the C. intestinalis molecule was not
identical with either vertebrate molecule. Finally, in 1990, a
peptide of eight amino acids in length was purified from
C. intestinalis and its primary structure determined (Johnsen
and Rehfeld 1990). This peptide, cionin, is thought to be the
common ancestor of both CCK and gastrin because the last
five amino acids are identical in all three peptides. In con-
trast, cionin has two sulfated tyrosines, whereas CCK and
gastrin each have one sulfated tyrosine in different positions
from each other.

Cionin is a brain and gut peptide as shown by expression
of both protein and cDNA in these two tissues (Monstein et
al. 1993). The role of cionin in the brain is not known but is
speculated to control body-wall movement (Thorndyke and
Dockray 1986). There is experimental evidence of several
functions for cionin in the gut. Synthetic cionin was equally
potent with sulfated CCK in causing contraction of gall-
bladder strips isolated from either a mammal (pig) or a fish
(rainbow trout); both peptides had equal affinity binding to
receptors in mammalian gall bladders (Schjoldager et al.
1991, 1995).

Cionin has high bioactivity and binds to certain types of
CCK receptors in vertebrates. Cionin is one of the few hor-
mones for which the peptide and gene structure are known
for C. intestinalis and the peptide has been localized in the
brain and gut. In addition, the synthetic peptide has been
used for physiological studies in mammals, although further
physiological studies in tunicates are needed with the puta-
tive cionin receptor that was recently isolated by Nilsson et
al. (2003) (see below, section Tunicate seven-transmembrane
receptors).
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Gonadotropin-releasing hormone (GnRH): a tightly
conserved molecule

At present there are 24 related peptides in the GnRH fam-
ily (Sherwood and Adams 2005). Tunicates have 9 identified
forms of GnRH, vertebrates have 14 forms, and an octopus
has 1 form. GnRH is clearly an ancient molecule that has a
role in reproduction. Originally, GnRH was detected using
immunocytochemistry in C. intestinalis nerve cells in the
ventral part of the neural ganglion and outside of the gan-
glion near the neural gland (Georges and Dubois 1980, 1985).
Also, some GnRH cells “formed a continuous line from the
posterior part of the ganglion to the posterior part of the
genital orifices, and apparently to the genital glands” (Geor-
ges and Dubois 1985). Then in 1988, extracts of the neural
complex from Ascidiella aspersa (Müller, 1776) (Table 1)
were separated by gel chromatography and a GnRH-like fac-
tor was detected by radioimmunoassay (Dufour et al. 1988).
In 1990, we used HPLC – radioimmunoassay (RIA) to show
that GnRH was likely to be present in Chelyosoma
productum Stimpson, 1864 (Kelsall et al. 1990). Finally, in
the same species of tunicate, we determined the primary
structures of two forms of GnRH by sequencing the peptides
(Powell et al. 1996; Craig et al. 1997). Both forms of GnRH
were 10 amino acids in length with high sequence identity to
vertebrate GnRHs. One of the C. productum GnRHs was un-
usual in that it contained a cysteine at position 6, which cre-
ated a dimer, the first and only one observed within the
GnRH family.

In 2003, we isolated two cDNAs that each encoded three
forms of GnRH in C. intestinalis for a total of six novel
forms of GnRH (Adams et al. 2003). We found that C. savi-
gnyi also had two cDNAs encoding a total of six GnRHs,
but only one GnRH was different from the forms identified
in C. intestinalis. Hence, nine distinct forms of GnRH repre-
sent seven forms from the genus Ciona and two from
C. productum. All of the tunicate GnRH forms are 10 amino
acids in length and share identical amino acids in positions
1–4 and 9–10 with most (12/14) vertebrate GnRHs.

In vertebrates, like protochordates, GnRH is expressed in
neurons. The role of the vertebrate neuropeptide is to stimu-
late the synthesis and release of gonadotropins from the pi-
tuitary. The pituitary hormones, such as luteinizing hormone
(LH) and follicle-stimulating hormone (FSH), then act on
the gonads to stimulate steroidogenesis and gametogenesis.
Hence, as a neuropeptide, GnRH acts indirectly on the go-
nads. In addition, both the vertebrate ovary and testis express
GnRH and GnRH receptors (Clayton et al. 1992; Gnessi et
al. 1997; Botte et al. 1998), suggesting that GnRH acts di-
rectly as a local hormone in the gonad in an autocrine or
paracrine manner (for review see Sherwood and Adams
2005). The function of vertebrate GnRHs generated in the
gonads is not clear. In vitro or in vivo studies in rats show
that exogenous GnRH can inhibit estrogen and progesterone
production in ovarian cells (Hsueh and Erickson 1979) or
block gonadotropin-induced meiosis in oocytes or testoster-
one production (Pati and Habibi 2000; for review see
Sherwood and Adams 2005).

The function of GnRH in protochordates may provide an
insight into its original role in evolution. Evidence to date
suggests that tunicates do not have a pituitary gland (see be-

low, section Origin of the pituitary), although theoretically
there could be scattered cells that synthesize a gonadotropin-
like molecule. There is no strong evidence for such a pitu-
itary molecule in the genome to date. At one time, the tuni-
cate neural gland was suggested as a precursor to the
vertebrate pituitary, but ultrastructural evidence has shown
that there are no endocrine cells or electron-dense granular
secretions. Rather, the gland epithelium is composed almost
entirely of phagocytes (Ruppert 1990). Ruppert suggests the
gland may act to compensate for the loss of water during
“squirting” by filtering seawater to provide water recovery
for the blood.

Instead, GnRH in tunicates appears to act directly on the
gonads and (or) gonoducts. Tunicate GnRH is present in
nerves that terminate in a blood sinus near the testis and
ovary in the hermaphroditic tunicate (Mackie 1995). The
function of GnRH in regard to stimulation and release of sex
steroids is not likely, as genes have not been identified in the
Ciona genome for a complete set of enzymes needed for ste-
roid synthesis or for sex steroid receptors (Dehal et al. 2002;
Campbell et al. 2004; Kho 2004). Rather, the function of
GnRH in reproduction may be to release gametes (Terakado
2001; Adams et al. 2003). We injected each of the nine
known tunicate peptides into gravid C. intestinalis and found
that they released gametes. GnRH receptors in C. intestinalis
have been identified in several tissues including testes and
gonoducts (Kusakabe et al. 2003) (see below, section Tuni-
cate seven-transmembrane receptors).

GnRH in tunicates may have some nonreproductive func-
tions. For example, GnRH has been detected in sensory cells
that occur in the siphons and branchial sacs. The neurites of
these cells run “below the epithelium, intermingling and
forming a netlike array before entering larger nerve bundles
leading to the ganglion” (Mackie and Wyeth 2000). The sen-
sory receptors are thought to activate various motor re-
sponses including siphon contraction. We know that a GnRH
injection near to the gonoducts results in an increase in wa-
ter flow through the siphons, which suggests that GnRH is
affecting the contractility of muscles (Adams et al. 2003).
Also, sensory cells containing GnRH are found in a cupular
organ that is thought to detect vibrations or water move-
ments in Corella inflata Huntsman, 1912 (Mackie and
Singla 2004). Another example of a special role for GnRH
neuroendocrine cells may be as precursor neural crest –
placodal cells thought previously to be exclusively in verte-
brates (Baker and Bronner-Fraser 1997). The ascidian exam-
ple is the peripheral GnRH cells that appear to delaminate
from the dorsal strand, which is derived from the embryonic
neural tube (Mackie 1995). The GnRH in these cells cross-
reacts with antisera that detects ascidian GnRH of known
structure (Adams et al. 2003).

GnRH is perhaps one of the most successful stories to
date in the protochordates because the protein structure,
cDNA, gene, cell location, and at least some of the functions
have been deduced. It is clear that the GnRHs identified to
date have high identity with vertebrate GnRHs. In addition,
at least two C. intestinalis receptors for GnRH have been
identified by structure, although further characterization and
function remain to be determined (see below, section Tuni-
cate seven-transmembrane receptors).
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Glucagon superfamily of neural, gut, and gonadal
peptides

There are nine hormones identified in the glucagon super-
family in humans. Studies on the evolution of this super-
family show that duplication of exons and (or) genes may be
responsible for this group of hormones that are related by
structure. All nine hormones have been detected in the gut
and eight are present in nerve cells of mammalian brains
(Sherwood et al. 2000). The hormones regulate metabolism,
growth, and the cardiovascular, endocrine, intestinal, and im-
mune systems. These peptides all act through their receptors
to increase cAMP.

In tunicates, the strongest evidence for superfamily mem-
bers is for pituitary adenylate cylcase activating polypeptide
(PACAP) and growth hormone releasing hormone (GHRH),
as they have been identified by cDNA and partial gene struc-
ture (discussed below). Immunocytochemistry has been used
to suggest that glucagon, secretin, vasoactive intestinal poly-
peptide (VIP), and peptide histidine–isoleucine (PHI) are
present. Thus, six of the family members are tentatively
identified, but no evidence has been presented for the
glucagon-like peptides (GLP-1 and GLP-2) or for glucose-
dependent insulinotropic polypeptide (GIP).

Two hormones, GHRH and PACAP, have been identified
in one species of tunicates, C. productum. Two cDNAs were
isolated in which both hormones were encoded in tandem in
each gene (McRory and Sherwood 1997a). In terms of evo-
lution, an interesting aspect was that each hormone deduced
from the nucleotides was only 27 amino acids in length,
which is the biologically active core for this family of hor-
mones. In vertebrates, PACAP is expressed as both 27 and
38 amino-acid peptides and GHRH is biologically active as
a GHRH-27 fragment, but it is expressed as a 43–46 amino-
acid peptide (see Guillemin 1986; Sherwood et al. 2000).
The identity of PACAP from C. productum was clear, as it
was 96% identical with the human form of PACAP-27. The
identity of GHRH was less clear, as there was only 59%
identity with human GHRH-27. In fact, human glucagon had
a closer identity of 67% to the tunicate peptide. The decision
to identify this second peptide as a putative GHRH was
based on both identity and position in the transcript where it
precedes PACAP, as does GHRH, in all non-mammalian ver-
tebrates. The second cDNA encoding both hormones had the
same organization, but the percent identity was lower for
PACAP (85%) and the same for GHRH (59%) than for the
human forms. The two tunicate genes appeared to be rela-
tively recent duplicates.

The function of PACAP and GHRH in tunicates is not
known, but expression studies done with reverse transcrip-
tase – polymerase chain reaction (RT–PCR) showed that
transcripts from both genes are detected in the neural gan-
glion; additionally, the transcript from a second ghrh–pacap
gene was detected in the dorsal strand and gut. In situ hy-
bridization studies of the neural ganglion confirmed the
presence of both tunicate mRNAs in the cells of the neural
ganglion (McRory and Sherwood 1997a). It is important to
note that PACAP/GHRH transcripts were not found in the
neural gland, gonad, heart, or branchial basket. It will be im-
portant in the future to determine the structure and location
of the receptors for these two hormones to identify the target

tissues. Functional analysis is necessary, especially for the
GHRH-like molecule, to identify its place in the super-
family.

Glucagon has been detected by immunocytochemistry in
only one tunicate species, Styela plicata (Lesueur, 1823)
(Pestarino 1990b). The location was in neurons in the cortex
of the neural ganglion. Two groups have reported that gluca-
gon is not present in the gut of either S. plicata (Pestarino
1993) or S. clava (Bevis and Thorndyke 1979). The struc-
tural identity of glucagon in protochordates would be impor-
tant, as it appears to be an ancient molecule in that all three
peptides (glucagon, GLP-1, and GLP-2) have been identified
in a single cDNA in lamprey. However, structural confirma-
tion is essential to exclude other members of the superfamily
that share some identity with glucagon.

In tunicates, VIP, like glucagon, has only been identified
by immunocytochemistry and only in the neural ganglion
(Fritsch et al. 1982; Pestarino 1990b, 1993). Because VIP
was first identified as an intestinal peptide in vertebrates, it
is surprising that VIP has not been detected in the tunicate
gut. However, VIP has been identified by immunocytochem-
istry in the amphioxus gut (Table 2; Reinecke 1981).

Two hormones, secretin and PHI, have been detected in
both the brain and gut by immunocytochemistry. Secretin
was found in cortical nerve cells of the brain (Fritsch et al.
1982; Pestarino 1982a, 1984a, 1990b) and in the gut (Bevis
and Thorndyke 1979; Fritsch et al. 1982; Pestarino 1982a,
1982b; Pestarino et al. 1982; Pestarino and Tagliafierro
1983). Also, Pestarino (1984a) reported that secretin was
present in the neural gland, but this seems unlikely based on
other studies of the neural gland (Ruppert 1990). The func-
tion of secretin is not known, but Bevis and Thorndyke
(1981) showed that the infusion of porcine secretin into a
stomach vessel did not stimulate the secretion of gastric pro-
tein. To date, the structure of secretin has been isolated and
sequenced only from birds and mammals, which may indi-
cate that the cross-reactivity in tunicates is with a different,
although perhaps a related, molecule.

The detection of PHI in tunicates is unusual in that PHI is
encoded in the same gene with VIP in vertebrates. There-
fore, one would expect to detect both hormones at the same
time in the same tissue, although alternative splicing could
occur. Both PHI and VIP were found in the neural ganglion,
but only PHI was detected in the gut (Pestarino 1990a, 1993).

The tunicate hormones in the glucagon superfamily need
to be identified first by structure and then by function. Even
PACAP and GHRH need to be identified in more than one
species. All of the hormones need to be evaluated for func-
tion, and one of the most fruitful ways will be to use anti-
sense oligonucleotides in the form of morpholinos or
siRNAs. These methods depend on isolation of the cDNAs
for the hormones, injection of the blocking agents into fertil-
ized eggs, and culturing the larva into adulthood. The impor-
tance of the peptides in early development or maintenance of
young and adult organisms could then be studied. Immuno-
cytochemistry gives an important clue that an endocrine-type
molecule might be present, but the peptide or mRNA struc-
ture must be determined before functional studies can be
meaningful using the correct peptide or preparing the knock-
out or knockdown of a specific gene.

© 2005 NRC Canada
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Insulin and insulin-like growth factor (IGF) structures
The insulin superfamily includes insulin, IGF-I and IGF-

II, relaxin, and several invertebrate insulin-related peptides.
The peptides are structurally related and are important in
metabolism, growth, and development. The origin of the
family is only partially known. It has been determined that
IGF-I and IGF-II probably resulted from a gene duplication
just before or early in the evolution of cartilaginous fish be-
cause only one form of IGF is present in jawless fish, but
two forms of IGF are detected in the jawed cartilaginous
fish. The origin of separate insulin and IGF molecules is
thought to have occurred earlier in evolution than the fish. It
is thought that there was a common precursor molecule for
insulin and IGF, but the timing of the duplication event is
not known.

In the protochordate C. productum, two cDNAs and par-
tial genes were sequenced. One cDNA appeared to encode
insulin and other IGF (McRory and Sherwood 1997b). The
proinsulin molecule had B, C, and A domains with appropri-
ate cut sites at each end of the C peptide. The structure of
the precursor implies that the A and B chains would be
cleaved from the precursor and would connect by disulfide
bonds using cysteines in the A and B chains, as in vertebrate
insulins. The deduced amino acids in mature insulin are 64%
identical with human insulin.

The tunicate IGF in C. productum was different from in-
sulin in that the putative D and E domains were present as
expected for IGF. However, there was an unusual repeat seg-
ment of 42 base pairs (bp) in the B domain of the tunicate
IGF. The tunicate IGF and human IGF-I are 45% identical in
amino acids for the combined B/A/D/E domains. Like the
vertebrate molecules, both tunicate insulin and IGF have the
correct amino acids for proper structural folding, receptor
binding, and disulfide links. The common ancestor for insu-
lin and IGF may be relatively close to the protochordates in
that the deduced amino-acid sequence of tunicate pre-
proinsulin (signal peptide and B, C, A domains) is 87%
identical with tunicate pre-proIGF, although the latter is con-
siderably longer than pre-proinsulin (McRory and Sherwood
1997b). Complementary to the evidence for an insulin cDNA
is a report that the homeobox domain within the CiHbox8
gene from C. intestinalis shows 86% identity to mouse insu-
lin promoter factor 1 (IPF1), which is expressed in the pan-
creas (Di Gregorio et al. 1995).

The early studies of insulin in protochordates showed that
insulin activity was present in gut extract from C. intestin-
alis. The mouse hemidiaphragm assay was used to measure
the activity (Falkmer and Wilson 1967; Davidson et al. 1971).
Later, the presence of insulin activity in the gut was con-
firmed by HPLC–RIA studies with anti-porcine insulin anti-
serum; the semipurified extract had an insulin-like effect in
the rat fat-cell assay in which the incorporation of labeled
glucose into adipocytes was measured (Galloway and
Cutfield 1988). Immunocytochemical studies demonstrated
that putative insulin cells were present in the esophagus of
the digestive tract (Bevis and Thorndyke 1978). Later,
immunoreactive insulin was identified in the neural ganglion
(O’Neil et al. 1986). Both studies were confirmed by a re-
port showing the presence of immunoreactive insulin in the
entero-endocrine cells of the upper intestine and in the neu-
ral ganglion (Reinecke et al. 1993a, 1999). The presence of

insulin in the intestine of protochordates is a pre-vertebrate
condition, as the pancreas does not appear in evolution until
the jawless fish (see Conlon et al. 1988b). Insulin and IGF
were found to coexist in the same cells, although in situ hy-
bridization is needed to confirm this observation. In addi-
tion, the immunoreactive IGF was found in the ovary of
C. intestinalis (Reinecke et al. 1999). The same authors
point out that the C. intestinalis IGF molecule is not identi-
cal to mammalian (porcine) IGF, as the latter was not effi-
cient in blocking the antiserum in pre-absorption studies
(Reinecke et al. 1993).

One study used in situ hybridization to localize the insulin
and IGF molecules that were structurally identified in C. pro-
ductum. Both insulin and IGF were present in the neural
ganglion, but not in the neural gland (McRory and Sherwood
1997b). Other organs were not studied by in situ hybridiza-
tion. However, RT–PCR was used in several organs to detect
identified insulin and IGF.

Data on relaxin in protochordates is recent. Georges et al.
(1990a, 1990b) detected relaxin in the ovary of three species
of tunicates (Table 1) by immunocytochemistry, chromatog-
raphy, and bioassay (relaxation of rat uterine contractions).
Immunoreactive relaxin was confirmed to be present in the
follicle cells of the ovary in C. intestinalis (Reinecke et al.
1999). Relaxin coexisted in the same cells with IGF. A
further paper (Georges and Schwabe 1999) reported that
C. intestinalis relaxin is 100% identical to the pig relaxin af-
ter cDNA- and protein-sequencing studies. Mammalian relaxins
are quite variable in structure, which suggests that confirma-
tion of the primary structure of C. intestinalis relaxin is
needed.

The function of insulin, IGF, or relaxin in tunicates is un-
known. That invertebrates metabolize carbohydrates, fats,
and proteins is unquestioned, but the nature of hormonal reg-
ulation is not clear (Davidson et al. 1971). One problem is
that the synthesis of tunicate insulin is difficult because of
the disulfide connections within the molecule. To study de-
velopment, one might knockdown protein translation of in-
sulin or IGF (or other hormones) using morpholinos or siRNA
to the specific mRNA. However, few studies have attempted
to analyze tunicate metabolism and growth in adults.

Thyroid-related hormones in tunicates
The vertebrate thyroid system is composed mainly of two

compartments: a central one that regulates the brain–
pituitary–thyroid axis and peripheral tissues that have the
ability to regulate local levels of thyroid hormones (THs).
The basic distinguishing structure of the thyroid is the thy-
roid follicle. This is a system for thyroid function that has
evolved in vertebrates but does not represent the minimum
capacity for thyroid function. Protochordates and other in-
vertebrates lack thyroid follicles. However, there are an in-
creasing number of studies showing TH-like compounds and
metabolism in these animals, which probably represents the
ancestral version of thyroid function (for review see Eales
1997).

THs have been identified in a number of tissues of adult
tunicates, notably the blood, endostyle, and tunic, as well as
in larvae (Table 1). Also, treatment of larvae with THs or
inhibitors of TH production alters metamorphosis to an adult
tunicate (Patricolo et al. 1981). A thyroid-stimulating-hormone-
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like (TSH-like) hormone may also exist in tunicates. TSH is
the key pituitary hormone in vertebrates that stimulates TH
release from thyroid follicles in vertebrates. Two immuno-
logical methods were used to detect a TSH-like compound
in the blood, endostyle, and ovary of C. intestinalis (Di
Fiore et al. 1997). Furthermore, crude extracts from the
endostyle and ovary were capable of inducing cAMP
production in rat thyroid cell culture (Di Fiore et al. 1997).
To date, there is no strong evidence for TSH in the
C. intestinalis genome. However, thyrotropin-releasing hor-
mone (TRH), which is only three amino acids in length in
vertebrates, and its receptor have not been published to date
for tunicates; thyroglobulin is likewise missing (Campbell et
al. 2004). The possibility of a brain–pituitary–thyroid (or
TRH–TSH–TH) regulatory cascade requires identification of
the tunicate TRH and TSH structures and physiological test-
ing of the molecules in tunicates.

Other vertebrate-like peptide hormones with
preliminary identification in tunicates

Pro-opiomelanocortin (POMC) is a large precursor mole-
cule that contains several hormones including enkephalin, β-
endorphin, α-melanocyte-stimulating hormone (α-MSH), and
adrenocorticotropic hormone (ACTH). The gene is expressed
in the pituitary gland and in nerve cells in the brain. There-
fore, it is not surprising that there are immunocytochemistry
studies in tunicates that have detected ACTH, β-endorphin,
methionine–enkephalin (met–enkephalin), and α-MSH (Ta-
ble 1). The molecules are located in several different tissues,
but the result depends on the specificity of the probe.
Clearly, the precursor molecule and specific receptors need
to be isolated and identified.

There are a number of other endocrine hormones that
have been reported based on immunocytochemistry. They
are bombesin, calcitonin, FMRFamide, motilin, neurokinin
A, neuropeptide Y (NPY), neurotensin, pancreatic polypep-
tide (PP), somatostatin, and substance P (Table 1). Several of
these hormones are likely candidates, as they are highly con-
served throughout the evolution of vertebrates. However,
their structure in tunicates must be determined before they
can be added to the list of hormones expressed in tunicates.

Amphioxus hormones

Insulin-related hormones in amphioxus
Considerable excitement was generated with the publica-

tion by Chan et al. (1990) of a gene that encodes an insulin-
like peptide from amphioxus (Branchiostoma californiense
Andrews, 1893). The precursor structure contained a signal
peptide, and B, C, and A domains along with a D and E do-
main at the C-terminus. The authors point out that the mole-
cule is similar to insulin because there are basic residues and
hence potential cleavage sites at each end of the C domain,
which must be removed so that the A and B domains can be
cut from the precursor leaving an insulin molecule with A
and B chains connected by disulfide bonds. However, the
precursor molecule lacks a stop codon or cleavage site fol-
lowing the A domain, which excludes the peptide from
forming an insulin molecule. Instead, the peptide falls into
an IGF group in which the peptide is not cleaved after the A
domain but continues with a D and E domain. The question

is whether this amphioxus insulin-like peptide is the com-
mon ancestor to the insulin and IGF families or whether it
simply represents an IGF molecule in which the cleavage
sites at the end of the C domain are not used, as in many
peptides. The prediction would be that a separate insulin
molecule will be found in amphioxus. It is also possible that
this insulin-like molecule is specialized only in amphioxus
to perform both insulin and IGF functions.

Vertebrate insulin and IGF molecules always contain a se-
ries of three aromatic amino acids at the end of the B chain
(B24–B26), which are important for receptor binding. It is
strange that the amphioxus molecule has only one aromatic
residue in these positions, whereas the tunicate (C. produc-
tum) molecules for both insulin-like and IGF-like peptides
each have three aromatic residues in the appropriate region
of the B chain. The insulin–IGF receptor isolated for amphi-
oxus does bind the insulin-like peptide (Pashmforoush et al.
1996), so peptide–receptor interaction may have changed in
the cephalochordate line after its separation from the line
leading to vertebrates.

There are a number of reasons to reserve judgment on
whether the amphioxus insulin-like peptide is an ancestral
molecule for both insulin and IGF. We know the separation
is present in all vertebrates because the jawless hagfish has
both insulin and IGF and the dognose shark has a further du-
plication of the IGF gene, so the shark hormones include in-
sulin, IGF-I, and IGF-II (see Reinecke and Collet 1998).
Supportive evidence that the separation of insulin and IGF is
older than cephalochordates is based on two studies. In the
first, immunoreactive forms of insulin and IGF were de-
tected in both amphioxus and tunicates (C. intestinalis) with
antisera that do not cross-react, at least with mammalian
forms of insulin and IGF (Reinecke et al. 1993a). In the sec-
ond study, a separate cDNA was isolated for an insulin-like
and IGF-like peptide for another tunicate, C. productum
(McRory and Sherwood 1997b). The function of the latter
two molecules has not been tested, but the insulin-like mole-
cule had a stop codon at the end of the A chain as in verte-
brates, whereas the IGF-like peptide did not have a stop
codon leaving D and E domains as expected. It should be
noted that the sequence similarity between the two cDNAs
led to the suggestion that there was a recent duplication of
the insulin-like gene within C. productum (Chan and Steiner
2000). If true, either the insulin duplicate gained a stop
codon or the IGF duplicate lost a stop codon at the end of
the A domain. At present, these two studies support a sepa-
ration of insulin and IGF in a species that evolved before the
protochordates. Other evidence that the separation came be-
fore tunicates is discussed by Reinecke and Collet (1998).
They argue that the presence in the amphioxus insulin-like
peptide of D and E domains in the same exon with the A do-
main shows that the molecule is not a hybrid or ancestral
molecule, but an IGF molecule. Also, the presence of a basic
residue at the N-terminal of the E domain predicts that the E
domain might be removed as expected for a pro-IGF mole-
cule. Reinecke and Collet (1998) conclude “…another
insulin-like gene exists in the cephalochordates that does not
have the carboxy-terminal domains”. Also, Chu et al. (1994)
note that certain amino acids that are required for stability
and biological activity of either insulin or IGF are not pres-
ent in the amphioxus insulin-like molecule. Close scrutiny of
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the two Ciona genomes in which only one IGF-like mole-
cule has been found to date (Satou et al. 2003a) and the se-
quencing of the amphioxus genome will help to identify any
insulin, IGF, or pseudogenes so that the separation of insulin
and IGF can be definitively decided for protochordates.

Thyroid-related hormones in amphioxus
Cephalochordate studies are limited on thyroid function

compared with those in tunicates, but they suggest a system
with similar components and complexity. Also, the cephalo-
chordates have an endostyle, and this is the focus of thyroid
investigations. Evidence for thyroglobulin with associated
iodothyronine residues (including THs, Table 2) was ob-
tained in amphioxus endostyle (Dominici et al. 1981). Fur-
thermore, cross-reactivity with an antibody to human TSH in
the brain vesicle and Hatschek’s pit regions coincided with
maturation (Fang and Weng 2002). Together, these data sug-
gest that it would be worth while to isolate TSH cDNA, if
possible, to evaluate a brain–thyroid axis in amphioxus.
Thyroid-releasing hormone (TRH) was detected by radio-
immunoassay in extracts of amphioxus heads, but the quan-
tity was too small (2 pg/mg tissue) for proper identification
(Jackson and Reichlin 1974). Further components of the
chordate thyroid system such as TH receptors and regulatory
deiodinase enzymes need to be identified to complete the
picture of the thyroidal system in cephalochordates.

Other hormones in amphioxus
Only a few hormones have been identified by structure in

cephalochordates compared with urochordates. This is un-
doubtedly due to the small size of the hormones, difficulty in
obtaining samples because of the restricted location of
amphioxus, and the lack of a published genome. In Table 2,
there are many hormones that have been tentatively identi-
fied by immunocytochemistry, immunoassays, or in situ hy-
bridization. However, until the structures are isolated and
sequenced, the positive cross-reactions are suggestive at
best. Only the positive results and not the negative reactions
are shown in Tables 1–3. Many studies have reported a lack
of cross-reactivity with antisera raised against the peptides
or hormones shown in the tables (e.g., Sahlin 1988; Nozaki
and Gorbman 1992; Uemura et al. 1994). The conclusion is
that any peptides present are not identical to the vertebrate
forms to which antisera were generated. The positive reac-
tions could show that part of the molecule is related to a ver-
tebrate molecule or that the antiserum is binding to an
unrelated molecule producing a false positive. Some mole-
cules such as FMRFamide and enkephalin are known to
have a long evolutionary history before the protochordates,
making their presence more likely. Also, simple neurotrans-
mitters like γ-amino butyric acid (GABA), catecholamines,
and serotonin (Table 2) that were detected are good candi-
dates for amphioxus. The remaining steroids and peptides
are in limbo. For example, the presence of LH, FSH, and
TSH-like molecules and their receptors must be proven be-
fore hypotheses are generated about the origin of the pitu-
itary, thyroid, and pancreas. To date, some of the receptors
(insulin-like peptide receptor (ILP-R), retinoic acid receptor
(RAR), and retinoid X receptor (RXR)) have been easier to
identify and isolate than smaller hormones and the receptors

give support to the idea that amphioxus does have IGF or in-
sulin and retinoic acid.

Most of the peptides have been detected in the nervous
system in amphioxus. They include ACTH, angiotensin II,
calcitonin, CCK/gastrin, FMRFamide, GnRH, insulin, IGF,
LH, NPY, neurotensin, oxytocin, pancreatic polypeptide, sub-
stance P, TRH (head region), TSH, urotensin I, vasopressin/
vasotocin, VIP, and several neurotransmitters, such as cate-
cholamines, GABA, and serotonins (Table 2). One of the
most interesting of these putative peptides is calcitonin
because it is expressed in neural crest cells (C-cells) in ver-
tebrates. If the structure of calcitonin is identified in proto-
chordates, and this calcium-regulating hormone is shown to
be expressed in C cells, the information would help to estab-
lish whether true neural crest cells exist in protochordates
(Baker and Bronner-Fraser 1997). The same authors have
identified GnRH-expressing cells as possible neural crest
cells in urochordates, making the identification of the GnRH
gene in amphioxus of considerable interest.

The other tissue in amphioxus that has been intensively
studied is Hatschek’s pit because of its putative role as a pi-
tuitary precursor. The immunoreactive hormones reported to
date include CCK/gastrin (the C-terminal portion), β-LH,
neuropeptide Y, substance P, TSH, and TRH (in the head re-
gion). Additionally, in a larva the preoral organ has mole-
cules that cross-react with ACTH, CCK/gastrin, FMRFamide,
α-MSH, and neurotensin. Although ACTH and α-MSH are
secreted from the vertebrate pituitary, they are expressed ad-
ditionally in the nervous system and in other tissues in verte-
brates, so they are not exclusive to the pituitary. LH and
TSH were found in both the brain and Hatschek’s pit in
amphioxus (Fang and Weng 2002). In vertebrates, β-LH and
TSH are good markers of pituitary tissue that are distinct
from nervous tissue, but in amphioxus both hormones are
detected in Hatschek’s pit and the nervous system, making
the structural identification of LH and TSH a priority (see
below, section Origin of the pituitary system).

Receptors for hormones and
neurotransmitters in protochordates

The capacity of an animal to respond to a wide variety of
sensory and chemical stimuli such as light, hormones,
neurotransmitters, and pheromones depends upon the pres-
ence of cellular receptors. A receptor is the link between the
detection of a stimuli and the internalization of the signal to
evoke a cellular or systematic response. A cell can use a re-
ceptor on its surface to receive and transmit a stimulus or al-
low a signal molecule to enter the cell by diffusion or
channels. There are two broad categories of receptors: nu-
clear receptors and cell-surface receptors. Nuclear receptors
(NR) encompass a group of ligand-inducible transcription
factors that freely diffuse into the cell’s nucleus to regulate
the transcription of target genes (Mangelsdorf et al. 1995).
Cell-surface receptors encompass various proteins embedded
in the membrane phospholipid bilayer that undergo ligand-
activated conformational changes that initiate an intracellular
signaling cascade within target cells. The four basic types of
membrane-embedded hormone receptors are G-protein-
coupled seven-transmembrane receptors, ion-channel recep-
tors, tyrosine-kinase-linked receptors, and intrinsic
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enzymatic activity receptors. All known NRs were placed
into six subfamilies based on phylogenetic comparisons in
the ligand- and DNA-binding domains. The six subfamilies
are (1) thyroid receptors (TRs), vitamin D receptors (VDRs),
peroxisome-proliferator-activated receptors (PPARs), RARs,
and ecdysone receptors (EcRs), as well as many orphan re-
ceptors; (2) RXRs, and orphan receptors including COUP,
HNF4, Tailless, TR2, and TR4 receptors; (3) steroid recep-
tors; (4) NGFIB orphan receptors; (5) FTZ-F1 orphan recep-
tors; and (6) GCNF1 orphan receptor (Laudet 1997).

Tunicate seven-transmembrane receptors
Kimura et al. (2003) studied the effects of noradrenaline

(NA) and adrenaline (A) on development in the tunicate
C. savignyi. They proposed that morphological events are
triggered by the release of NA and (or) A, which act through
the seven-transmembrane β1-adrenergic receptor pathway in
the developing C. savignyi nervous system. They examined
the effects of the β-adrenergic receptor agonist, isoproter-
enol, and found that this drug induced systemic events in-
cluding tail resorption. The addition of both the β-adrenergic
receptor antagonist propranolol and a specific β1-adrenergic
receptor antagonist, metoprolol, inhibited this NA-induced
tail resorption. These observations led Kimura to investigate
if these effects were exclusive to the β1-adrenergic-receptor-
mediated pathway. This appeared to be true, as the addition
of specific antagonists to the α- and β2-adrenergic receptors
showed no inhibition of NA-induced tail resorption. Tissue
expression of the β1-adrenergic receptor was examined using
a β1-adrenergic-receptor-specific antibody and staining was
evident at regions of the adhesive papillae, brain vesicle, and
neuron-like fibers protruding toward the tail. Observation
of the tail under a confocal microscope suggested that the
β1-adrenergic receptor is present in the neuron with its local-
ization unchanged during tail resorption. This temporal
expression of the β1-adrenergic receptor indicates that inter-
actions between NA and the β1-adrenergic receptor are in-
volved in the process of tunicate metamorphosis.

A novel seven-transmembrane G-protein-coupled receptor
gene expressed in the neural tube of C. intestinalis was iden-
tified by Etani and Nishikata (2002). Expression of this gene
was restricted to the neural tube in the developing tail-bud
embryo and was thus called CiNut, for C. intestinalis neural-
tube-specific gene. It is included here as a hormone receptor
because its closest homology is to the turkey adrenergic re-
ceptor. It is thought that CiNut acts as a G-protein-coupled
receptor involved in signal transduction during neural-tube
formation, with its expression coinciding with neural plate
cell extension into formation of the neural tube.

Another type of G-protein-coupled receptor similar to the
vertebrate cannabinoid receptors CB1 and CB2 have been
found encoded in the C. intestinalis genome. Cannabinoid
receptors mediate the effects of �9-tetrahydrocannabinol,
the psychoactive ingredient of cannabis (Howlett et al. 2002).
CB1 is normally expressed in the nervous system of verte-
brates, with CB2 being associated with the immune system
in mammals (Lutz 2002). Analysis of the cDNA revealed a
gene of 1551 bp coding for a protein of 423 amino acids in
length (Elphick et al. 2003). This data suggest that with a se-
quence identity of 28% (CB1) and 24% (CB2) it might be a
tunicate ortholog of the vertebrate genes (Elphick et al. 2003).

Further binding studies with �9-tetrahydrocannabinol are
necessary to properly characterize this receptor and under-
stand its function in tunicates.

Cholecystokinins affect gastric secretion in S. clava, im-
plying a CCK-like receptor may be present in tunicates. A
search of the C. intestinalis cDNA sequence library revealed
a putative cionin receptor (CioR) by Nilsson et al. (2003).
They found that CioR was contained in an open reading
frame of 1578 bp encoding a 526 amino-acid protein. The
deduced amino-acid sequence indicated a membrane-bound
protein containing seven-membrane spanning domains with
35%–40% amino-acid identity with the mammalian CCK1
and CCK2 receptors (Nilsson et al. 2003). Binding studies
using CCK-8 against CioR expressed in COS-7 (monkey
kidney cells) produced inconclusive results. Possible reasons
for these uncertain results are that CCK-8 does not contain
the necessary number of sulphated tyrosine residues or per-
haps improper post-translational targeting of the receptor
may have played a role. Further characterization of the puta-
tive CioR with the 125I-cionin will be necessary when the
radiolabeled ligand becomes available. Nilsson proposed
that CioR might be an ortholog of the vertebrate chole-
cystokinin receptors and phylogenetic analysis revealed that
C. intestinalis CioR forms a clade with the vertebrate CCK
receptors. The presence of only one CioR gene in the
C. intestinalis genome and two orthologs in the vertebrate
lineage indicate that gene duplication may have given rise to
CCK1 and CCK2 receptors (Nilsson et al. 2003).

Native GnRH peptides were effective at stimulating the
reproductive axis in a tunicate species, which suggests that
Ciona transmits the GnRH signal through a possible GnRH
receptor similar to those possessed by vertebrates. Kusakabe
et al. (2003) recently isolated two putative receptor genes
(ciGnRHR-1 and ciGnRHR-2) with a third GnRHR-like pseudo-
gene, all clustering on the same scaffold. All ciGnRHRs pos-
sess a feature common to the type II receptors, a long
carboxyl-terminal tail that is required for rapid desensitiza-
tion and receptor internalization. The ciGnRHR-1 gene is
encoded in an 8.4-kb section and the ciGnRHR-2 gene is en-
coded in a 7.4-kb section of the genome. Comparison of the
tunicate GnRHRs with those of some select vertebrate type I
and type II GnRHRs reveals very high conservation. Molec-
ular phylogenetics show that the Ciona GnRHRs produce
their own branch and are more closely related to each other
than to any of the vertebrate GnRHRs. Expression of both
C. intestinalis GnRHR genes were detected in the neural
complex, stomach, gonoducts, testis, intestine, endostyle,
and branchial sac (Kusakabe et al. 2003). This wide tissue
expression pattern, along with the distribution of GnRH neu-
rons (Adams et al. 2003), suggests that these organs are im-
portant endocrine targets. The genes encoding the type II
GnRHR in both the human and the marmoset Callithrix
jacchus (L., 1758) have shown expression throughout the
brain and various other non-neural and reproductive tissues
(Millar et al. 2001; Neill et al. 2001). In vertebrates and
tunicates, GnRH and GnRHRs are involved in many physio-
logical processes other than those located in the pituitary
gland.

Lack of steroid receptor homologs in tunicates
Six related nuclear receptors for steroid hormones are



found in vertebrate genomes: one each for progestins (PR),
androgens (AR), glucocorticoids (GR), and mineralocorti-
coids (MR), and two for estrogens (α-ER and β-ER). These
steroid receptors act as ligand-directed transcription factors
that direct sexual differentiation, reproduction, behaviour,
immunity, and stress response. No orthologs of steroid re-
ceptor genes were encoded in the C. intestinalis, Drosophila
melanogaster Meigen, 1830, or Caenorhabditis elegans
(Maupas, 1900) Dougherty, 1955 genomes (Thornton et al.
2003). Thornton suggests that the steroid receptors have
evolved because of a duplication of a more ancient estrogen-
related receptor within the last 500 million years in the
chordate lineage.

A structural homolog of the thyroid receptor has been
identified in the tunicate C. intestinalis (Carosa et al. 1998).
A screen of a C. intestinalis cDNA library using the DNA-
binding domain of Xenopus laevis (Daudin, 1802) thyroid
hormone receptor (αTR) resulted in identification and char-
acterization of a homolog lacking an AF2 transactivation do-
main and unable to bind triiodothyronine. They named this
receptor CiNR1 and it appears to be structurally similar to
the common ancestral gene of TRs. Expression studies de-
tected this mRNA in the early embryo and in tissues of the
larval stages, but not in any adult tissue. This suggests that
CiNR1 may play a crucial role during development and
metamorphosis.

Two additional nuclear receptor genes were found in
C. intestinalis encoding homologs to the transcriptional
activators RAR and RXR, named CiRAR and CiRXR, respec-
tively. RA regulates differentiation, proliferation, and
morphogenesis of various embryonic and adult cell types in
vertebrates through these two receptors (Escriva et al. 1997;
Fujiwara and Kawamura 2003). Kamimura et al. (2000)
demonstrated RA-dependent transactivation in vivo and
DNA-binding in vitro for the RXR/RAR heterodimer in
tunicates. During embryogenesis, excess RA induces abnor-
malities in many tissues including anterior neural tissues and
pharyngeal gill slits (Denuce 1991; De Bernardi et al. 1994;
Hinman and Degnan 1998). It has been hypothesized that
since the effects of exogenous RA in protochordates resem-
ble those found in vertebrates, acquisition of the RAR axis
may be a crucial event for evolution of the chordate-specific
morphology (Fujiwara and Kawamura 2003). In situ hybrid-
ization revealed ubiquitous expression of CiRXR mRNA but
only limited expression of CiRAR mRNA. CiRAR mRNA
was initially detected at the 32-cell stage with a heavy con-
centration of mRNA detected in the epidermal-lineage
blastomers (Nagatomo et al. 2003). Localization of CiRAR
mRNA within the embryo was not altered with treatment of
high concentrations of RA during gastrulation and neuru-
lation. A positive feedback regulation of RA inducing up-
regulation of RAR has been shown in vertebrates and was
expected to up-regulate CiRAR, but instead, a reduction of
CiRAR mRNA was observed in the head endoderm
(Nagatomo et al. 2003). This result was confirmed with an
initial microarray study showing that CiRAR was not up-
regulated in RA-treated embryos (Fujiwara and Kawamura
2003) and may indicate that positive autoregulation of CiRAR
may not aid the action of RA during C. intestinalis embryo-
genesis. A homolog of the RAR was also identified in the
budding tunicate Polyandrocarpa misakiensis Watanabe and

Tokioka, 1972 by Hisata et al. (1998). They showed that
PmRAR was expressed in the cells of the epidermis and
mesenchyme of the developing bud and confirmed that
PmRAR was a functional RAR after co-electroporating
C. intestinalis embryos with both a PmRAR expression vector
and a lacZ reporter plasmid containing RA response ele-
ments.

Tunicate tyrosine kinase receptors
Hormones as well as various growth factors act to bind

and stimulate receptor tyrosine kinases (RTKs) to form
homodimers. After dimerization each tyrosine kinase subse-
quently cross-phosphorylates each intracellular domain. This
autophosphorylation activates ras GTPases, which in turn ac-
tivate mitogen-activated protein kinase (MAPK) pathways
(Treisman 1996). After surveying the C. intestinalis genome,
Satou et al. (2003a) identified what appeared to be many
RTK homologs. They found two genes for epidermal growth
factor receptors that they called Ci-EGF1 and Ci-EGF2, and
three RTK candidate genes with immunoglobulin-like do-
mains (one is a C. intestinalis orthologue of FGFR, one
TYRO3/AXL/MER, and one VEGFR). These genes were an-
notated based on genome and expressed sequence tags and
subsequent testing must be performed to confirm the stated
identities.

Kamei et al. (2000) were able to isolate a single member
of the fibroblast growth factor receptor (FGFR) from the
tunicate Halocynthia roretzi (von Drasche, 1884). This is a
member of the protein tyrosine kinase receptor family in-
volved in mesoderm formation, integration of growth, pat-
terning, and various tissue developmental processes (Kim et
al. 2000). They designed kinase-specific primers and used
RT–PCR to produce amplicons that were used to probe a
cDNA library of the middle tail-bud stage. They isolated a
single FGFR family gene of 3507 bp in length, which en-
coded features common in overall structure and amino-acid
homology to vertebrate FGFRs. In situ hybridization of the
whole embryo showed strong HrFGFR transcription in the
posterior region from the middle neurula stage. The tran-
scripts were isolated to two small regions in the tail at the
early to middle tail-bud stages. Kamei notes that the pres-
ence of only one FGFR gene in the tunicate H. roretzi indi-
cates that the FGFR gene family duplications occurred after
H. roretzi diverged from the lineage leading to vertebrates.

Amphioxus seven-transmembrane receptors
Escriva et al. (2002) extended their investigation into the

presence of receptors involved with RA signaling in the
invertebrate amphioxus. They isolated full-length cDNAs
for the RAR, RXR, and an orphan receptor (AmphiTR2/4)
involved with down regulation of RAR–RXR-mediated
transactivation. Each receptor cDNA was transfected into
COS-1 (monkey kidney cells) and ROS 17/2.8 (rat osteo-
sarcoma cells), and the ability to bind a synthetic Retinoic
Acid Response Element reporter gene in the presence of RA
was tested. They found RAR–RXR heterodimers were able
to activate the reporter gene with a half maximal stimulation
of 10–8 mol/L of RA, a result similar to that of the mam-
malian RAR–RXR heterodimer (Laudet and Gronemeyer
2001). Escriva found that AmphiTR2/4 was able to repress
the RAR–RXR heterodimer activated transcription in the
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presence of RA and suggested that in amphioxus, like in
vertebrates, AmphiTR2/4 can inhibit RA signaling.

Expression patterns of AmphiTR2/4 mRNA occurred in
areas similar to the diencephalon plus anterior midbrain,
while expression patterns of AmphiRAR mRNA were high in
areas homologous to the hindbrain and spinal cord. They
suggest a model for anteroposterior patterning of the
amphioxus nerve cord and pharynx whereby anterior levels
of AmphiRAR are lowered in part by competitive inhibition
by AmphiTR2/4, which is required for patterning of the
forebrain and formation of gill slits, with the posterior
boundary of both set by the sharp increase in AmphiRAR ex-
pression in the adjacent tissues.

Amphioxus tyrosine kinase receptors
Insulin and its family members IGF-I and IGF-II, are

found in all vertebrates. These growth peptides share many
structural similarities and are thought to have been derived
from a common ancestral gene. The protochordate amphioxus
contains a gene structure for an insulin-like peptide (ILP)
molecule with features common to both insulin and IGF
(Chan et al. 1990), although others argue that ILP belongs
only to the IGF group (see above, section Insulin-related
hormones in amphioxus). Pashmforoush et al. (1996) investi-
gated if amphioxus also contained a matching ILP receptor
and used the degenerate primers for an amino-acid sequence
shared by three human insulin/IGF-I receptor family mem-
bers. They were able to isolate and characterize a single ty-
rosine kinase family member present in amphioxus, which
they named ILP-R. This cognate receptor shared an amino-
acid sequence that was similar to the human insulin/IGF-I
family members with 49% identity to human insulin recep-
tor, 47% identity to human IGF receptor, and 44% identity
to human insulin-related receptor. To test the receptor
for binding and activation with the appropriate ligand,
Pashmforoush et al. transfected the ILP-R cDNA into human
fetal kidney fibroblast 293 cells and performed receptor acti-
vation studies. They were able to indirectly determine the
ligand-binding affinity by measuring the amount of auto-
phosphorylation of the ILP-R. Activation of the ILP-R’s
intrinsic tyrosine kinase activity is dependent on the extra-
cellular binding of the ligand to the receptor. They achieved
half-maximal receptor stimulation with 5 × 10–7 mol/L of
synthetic ILP. Both human IGF-I and insulin were able to
activate the amphioxus receptor but at a much higher ligand
concentration (10–5 mol/L). Further studies are needed in in-
vertebrates to determine where insulin and IGF separated,
but the emergence of two genes for insulin and IGF would
lead to a selective advantage by further specialization of
genes involved with growth and metabolic activity.

Controversial steroid receptors in amphioxus
Fang et al. (2003) found the presence of α-ER and β-ER

immunocytochemical positive staining in the nervous sys-
tem, wheel organ, Hatschek’s pit, and gonads of amphioxus.
They used polyclonal antibodies and found localization of α-
ER and β-ER in adult and different developmental stages of
larvae. This is a controversial finding considering that no
steroid receptor genes have been found within the fruit fly,
the roundworm, or the tunicate genome (Thornton et al.
2003). It is possible that the polyclonal antibodies are bind-

ing nonspecifically to a related amino-acid sequence on an
unrelated protein.

To date, the receptor complement in the tunicate contains
elements from an ancestral origin but also features some in-
teresting exclusions. The apparent lack of steroid receptor
homologs in the tunicate C. intestinalis, the insect D. mela-
nogaster, and the nematode C. elegans hints at the evolution
of steroid receptors in the vertebrate lineage (Thornton et al.
2003). Tunicates possess many vertebrate homologs of nu-
clear receptors such as a thyroid receptor, a RAR, and a
RXR; they also have G-protein-coupled receptors, such as a
β-adrenergic receptor, a putative endocannabinoid receptor,
two or more GnRH receptors, and other seven-transmembrane
receptors such as the CCK-like receptor. The presence of
these receptors in both protochordate and vertebrate
genomes suggest that these receptors may have originated
from an ancestor common to chordates.

Origin of the pituitary system

Origin of the pituitary
In mature animals, the vertebrate pituitary consists of an-

terior, intermediate (together these two form the adeno-
hypophysis), and posterior lobes. The anterior pituitary
consists of five main endocrine cell types that produce and
release six hormones depending on input from hypothalamic
peptides and feedback from target tissues: corticotropes pro-
duce ACTH; lactotropes release prolactin; somatotropes
secrete growth hormone (GH); gonadotropes secrete the
gonadotropins LH and FSH; and thyrotropes secretes
thyrotropin. The intermediate lobe has melanotropes that
produce β-MSH and α-MSH (both ACTH and β-MSH are
cleaved from the POMC precursor). Numerous regulatory
components, mainly in the form of transcription factors,
have been isolated or identified in mammalian models and
these components are being sorted into cascades of “jobs”
during normal (or abnormal) pituitary development. There
are a number of excellent reviews cataloging the components
and mechanisms for known pituitary-gland development in
mammals (for reviews see Kioussi et al. 1999; Savage et al.
2003).

There is an evolving understanding in mammals of the an-
atomical events that unfold to form the pituitary gland, com-
posed of the adenohypophysis and neurohypophysis (posterior
pituitary), which have distinct embryological origins. The
neurohypophysis is derived from the neuroectoderm, origi-
nating from the base of the hypothalamus; the posterior
pituitary (pars nervosa), infundibular stem, and median emi-
nence are included. Our understanding of the origin of the
vertebrate pituitary has changed in recent years. In amphibi-
ans, the entire pituitary and preoptic–hypothalamic region of
the brain are derived from the anterior neural ridge
(neuroectoderm) in the embryo (Kawamura and Kikuyama
1998). The presumptive pituitary cells migrate from the neu-
ral ridge to make contact with the tip of the foregut (phar-
ynx) as a Rathke’s pouch-like structure, and then move
under the hypothalamus to form the anterior and intermedi-
ate pituitary. A similar cell fate for pituitary precursor cells
has been reported for chick and rat embryos from compara-
ble areas of the brain (ventral neural ridge in chicks and just
anterior to the neural plate in rats) (Kouki et al. 2001;
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Kawamura et al. 2002). In mammals, under the influence of
interactions with the embryonic diencephalon, the adeno-
hypophysis differentiates. Eventually, the six hormone-
producing cell types are generated in a highly coordinated
temporal and spatial process. The development program
continues with signaling by proteins such as FGFs, bone
morphogenetic factors, wingless-type factors, and sonic
hedgehog as well as RA for differentiation and proliferation
between and within the hypothalamus and pituitary tissues
to produces the full complement of characters of the mature
pituitary gland.

Tunicate neural complex
In the tunicate, the neural complex is composed of three

units that include the cerebral ganglion, neural gland, and
ciliated funnel. The neural gland and the cerebral ganglion
are derived from the neural ectoderm, whereas the ciliated
funnel is derived from the non-neural ectoderm of the devel-
oping pharynx. This development has been examined in light
of the development of the vertebrate pituitary (Kioussi et al.
1999; Christiaen et al. 2002).

A number of early studies designated a functional purpose
to the neural gland based on studies of extracts from the
neural ganglion – neural gland of C. intestinalis (Bacq and
Florkin 1935). There is little evidence to date to support the
neural gland specifically as a source of hormones in tuni-
cates. This data is limited to only a few studies in which
ACTH, prolactin, β-endorphin, and α-MSH were detected by
immunofluorescence in S. plicata (Pestarino 1984b, 1985a,
1985b, 1985c). Three of these hormones (except prolactin)
are expressed also in nerve cells in vertebrates, so they are
not pituitary markers. There have been perhaps as many or
more negative results for staining in the neural gland using a
variety of antibodies. However, isolation of genes for hor-
mones and subsequent application of these cRNAs for in situ
hybridization studies of the neural gland should clarify this
debate. The neural gland certainly has other functions. For
example, Ruppert (1990) described the neural gland wall as
“a loose, irregular, non-ciliated ephithelium of phagocytes”
and suggested that it serves as a structure for blood volume
regulation and as part of the filter-feeding apparatus. A
neurogenic function has also been postulated whereby the
neural gland in Botryllus schlosseri (Pallas, 1766) has been
identified as a source of precursor cells that migrate and de-
velop into mature nerve cells (Burighel et al. 1998). Tran-
scription factor expression profiles may help confirm or
refute a role for the neural gland in hormone production (see
below, section Evidence based on pituitary transcription fac-
tor homologs). In conclusion, a comparison of Ciona and
vertebrate genomes provides evidence that tunicates have
some homologs of the hormones and receptors needed to es-
tablish a hypothalamic–pituitary–endocrine gland system,
but lack some of the critical genes for a complete vertebrate-
type system (Campbell et al. 2004).

Hatschek’s pit in amphioxus
In amphioxus, a groove-like structure in the mouth cavity

known as Hatschek’s pit has been identified as a candidate
for a pituitary-like function in the cephalochordates (Nozaki
and Gorbman 1992). Ablation of Hatschek’s pit in Branchio-
stoma belcheri (Gray, 1847) impeded ovulation and gonadal

development, indicating a role in normal gonadal function
(Fang et al. 2001a). Gorbman et al. (1999) described an
asymmetrical lobe of the right ventral margin of the brain
that extends to and contacts Hatschek’s pit, similar to the
hypothalamo–adenohypophyseal system of vertebrates. Fur-
thermore, a protrusion of nerve cord has been identified on
the right side of the notochord, and may represent the func-
tional equivalent of the neurohypophysis (Nozaki et al.
1999). There is also evidence for LH in the neural protru-
sion. Using a number of antibodies to pituitary hormones in
vertebrates, Nozaki and Gorbman (1992) identified weak
staining in Hatschek’s pit with an antibody to human chori-
onic and β-LH gonadotropins; they also stained substance P
and met–enkephalin. Also, NPY was identified by immuno-
reactive methods in Hatschek’s pit (Table 2). However, the
latter three hormones (substance P, met–enkephalin, NPY)
are expressed also in the nervous system. Antibodies to
ACTH, prolactin, GH, or MSH from a number of key
pituitary-specific cell types failed to produce staining. These
data suggest that Hatschek’s pit still lacks substantial evi-
dence that it has functions equivalent to those seen in the
vertebrate pituitary.

Evidence based on pituitary transcription factor
homologs

Numerous studies have identified a large number of tran-
scription factors that directly coordinate development and
function of the anterior pituitary of mammals, and a number
of putative homologs have been identified in protochordates.

Pit-1, a POU-class homeodomain protein, was the first pi-
tuitary transcription factor to be identified and is the gene
product most associated with specification of pituitary devel-
opment. Generally, it is responsible for the development of
thyrotropes, somatotropes, and lactotropes. Immunocyto-
chemical staining in amphioxus with a monoclonal antibody
to rat Pit-1 showed staining in the dorsolateral nerve cells as
well as in the spinal cord (Candiani and Pestarino 1998,
1999). A Pit-1 homolog has not yet been identified in tuni-
cates.

Pitx is an activator of many pituitary hormones and tran-
scription factor gene promoters. The Pitx-class proteins
contain homeodomains that play roles in pituitary develop-
mental pathways (see Drouin et al. 1998; for review see
Kioussi et al. 1999). For example, Pitx is believed to be nec-
essary for the expression of the Lhx3/Lim3 gene, the expres-
sion of which coincides with the Rathke’s pouch stage in
pituitary development (see Savage et al. 2003). In mammals,
there are three Pitx gene products that are closely related in
structure, but are expressed at different times in develop-
ment. There has only been one Pitx homolog identified in
protochordates to date (Yasui et al. 2000). Expression of the
C. intestinalis Pitx gene first appears in the embryonic ante-
rior neural ridge, then in the primordial pharynx (Boorman
and Shimeld 2002; Christiaen et al. 2002). Expression of the
Pitx gene in the adult neural complex was confined to the
tunicate ciliated funnel, which has been interpreted to be ho-
mologous to the adenohypophysis (Boorman and Shimeld
2002). In two species of amphioxus, B. belcheri and Bran-
chiostoma floridae Hubbs, 1922, the gene for Pitx is
expressed early in the developing amphioxus in the mes-
endoderm, and then on the left side of the embryo during the
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neurula stage, and finally in structures that exist on the left
side of the larvae, including the preoral pit (Yasui et al.
2000; Boorman and Shimeld 2002). A homolog to the mam-
malian Lhx3/Lim3 gene has been identified in amphioxus
and found to be expressed exclusively in the preoral pit of
10-day-old larvae (Wang et al. 2002).

Increasingly, mining of the tunicate genome and use of
amphioxus DNA as a template is revealing a host of homo-
logs to genes that are important in the normal development
of the CNS and pituitary in mammals. Often these function-
ally homologous candidates, for example AmphiBrn1/2/4 in
B. floridae (Candiani et al. 2002) and Cimsx-b in Ciona
(Aniello et al. 1999), are expressed in the primordial phar-
ynx, suggesting at least that they have the potential to have a
conserved role in adenohypophysis cell-like development. In
many cases, transcription factors that have two or three para-
logs in mammals have but a single homolog in protochor-
dates, suggesting that extra copies after gene or genome
duplications allowed specialization of these transcription
factors and development of the pituitary of extant mammals.

Origin of the thyroid system

Evolution of the thyroid system
Protochordates and ammocoete larvae contain a sub-

pharyngeal glandular sac known as the endostyle that have
some variation in structure but are similar in function. The
number of cell types and the shapes of the cells vary. De-
scriptions are present for up to nine cell types in the
endostyle of tunicates, six types in amphioxus, and five main
cell types with subclasses in lamprey.

The endostyle has two known major functions. For one,
the endostyle is an important component of the digestive
system, based on a study of a number of enzymatic features,
e.g., in tunicates (Godeaux 1989). Proteins are secreted for
the purpose of catching food particles from seawater, serving
as a component of the general filter-feeding mechanism for
the early chordates. A number of endostyle-specific genes
are being identified and characterized from C. intestinalis.
These genes code for an actin and predicted secretory pro-
teins (Ogasawara and Satoh 1998; Sasaki et al. 2003) that
are important in the digestive process. The second major
function, sequestering and incorporating of iodide into iodo-
thyronine residues, is synonymous with the function of the
follicles in the vertebrate thyroid. The hypothesis that the
vertebrate thyroid was derived from the endostyle of the
protochordates was originally based on evidence of anatomi-
cal equivalence based on the observation by Schneider
(1879) that the endostyle of the larval stage (ammocoete) of
the lamprey is rearranged during metamorphosis to form the
thyroid in the adult. At about the same time, the endostyle
was described in tunicates and amphioxus (Van Wijhe 1914)
and the link to the vertebrate thyroid was made. However, a
number of features of thyroid equivalence remains to be es-
tablished.

To identify features of a thyroid system in protochordates,
it is useful to consider the basic units of function of the thy-
roid system in vertebrates. Hallmarks of the vertebrate thy-
roid system include (i) trapping of iodine from an external
source; (ii) uptake of the trapped iodine into specialized
cells for incorporation by an enzyme peroxidase into an

iodotyrosine or an iodothyronine; (iii) storage in thyroglobu-
lin, release and transport of THs bound to carriers such as
transthyretin, albumin, or blood cells; (iv) activation or inac-
tivation of the THs by enzyme(s) typically in the form of a
deiodinase; (v) binding of THs to specific receptors, which
are intracellular DNA-binding receptors in vertebrates, to
cause activation of a cellular event.

The idea of the endostyle as the rudiment of thyroid gland
was supported by studies showing that cells of the endostyle
in tunicates could bind iodine (Barrington and Franchi 1956).
Eventually studies in various tunicate species showed 131I
binding in a number of tissues, including blood, endostyle,
tunic, gonads, and branchial sac mainly as protein-bound io-
dine, but in smaller amounts as iodotyrosine and thyroxine
in certain tissues (Kennedy 1966; Suzuki and Kondo 1971).
Peroxidase was shown by histochemistry to have a variable
distribution in the endostyle of 10 tunicate species, although
many species had at least a faint expression of peroxidase in
zone 7 of the endostyle (Kobayashi et al. 1983), and has
been also shown in a pelagic tunicate, Oikopleura dioica
Fol, 1872 (Fredriksson et al. 1985). The presence of a per-
oxidase enzyme in the endostyle was called into question
briefly, as sequencing of the genes of the protein-secreting
zones of the endostyle of two tunicates, H. roretzi (Ogasawara
et al. 1996) and C. intestinalis (Ogasawara and Satoh 1998),
failed to reveal a peroxidase gene. Presence of a peroxidase
gene and clarification of its localization to zone 7 of the
endostyle finally came with the isolation and characteriza-
tion of cDNA clones for thyroid peroxidase genes in the
same two tunicates (Ogasawara et al. 1999).

Although early accounts were conflicting, accumulation
of radioactive iodine was demonstrated in amphioxus
(Thomas 1956). Barrington (1958) later showed that the
endostyle is similarly divided into cellular zones based on
cell type (with only six zones in amphioxus compared with
nine zones in the genus Ciona), and determined that only
zone 5 cells were capable of incorporating iodine. These
studies were supported by a number of independent groups.
Recently, an amphioxus homolog of the thyroid peroxidase
has been isolated from B. belcheri and shown to be ex-
pressed in cells of zone 5 and 6 of the adult endostyle
(Ogasawara 2000). Fang and Weng (2002) observed an in-
crease in endostyle growth with the stage of maturation in
amphioxus. Also, antibodies generated against human thyro-
globulin stained the endostyle cell zones 3 and 5.

Iodotyrosines can be further iodinated or two can be
joined to form the iodothyronines L-thyroxine (3′ ,5′ ,3,5-
tetraiodothyronine (T4)) and 3′,3,5-triiodothyronine (T3). T4
is the most abundant form of TH produced in thyroid folli-
cles of vertebrates, whereas T3 is considered to be the major
active form of TH.

The family of deiodinase enzymes adds another level of
complexity and regulation to a thyroid system by activating
and inactivating THs. Deiodination of T4 to T3 was demon-
strated in vivo in a tunicate Phallusia mammillata (Cuvier,
1815) using seawater spiked with radiolabeled T4 (Leloup
and Seugnet 1989). Since then, two deiodinase enzymes have
been identified based on sequence identity from the genomes
of two Ciona species, C. intestinalis and C. savignyi (Dehal
et al. 2002; Shepherdley et al. 2004), and microsomes pre-
pared from the intestine of C. intestinalis are capable of both
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inner-ring and outer-ring deiodination of radiolabeled T4
(J.G. Eales and B.A. Adams, unpublished data). Another
homolog of vertebrate deiodinases has been isolated and
characterized for typical deiodinase properties (e.g., temper-
ature, pH, and cofactor optima) from a tunicate, H. roretzi,
based on analysis of the MAGEST database (Shepherdley et
al. 2004). The phylogenetic and chemical properties of this
tunicate deiodinase, hDx, exclude its categorization into any
of the three vertebrate deiodinase groupings. However, fur-
ther identification and characterization of protochordate
deiodinases will contribute to a clearer picture of the evolu-
tion of the TH-metabolizing capacity of vertebrates.

A final proof for TH function in tunicates is the identifica-
tion of TH receptors. In vertebrates, T3 is considered the
activated form of TH because it has a higher affinity for
DNA-binding receptors than T4. Binding of T3 causes a
change in the receptor that can result in activation or repres-
sion of a specific gene. Radiolabeled T3 was found to bind
to nuclear extracts prepared from a tunicate, P. mamillata
(Fredriksson et al. 1993). Carosa et al. (1998) screened a
Ciona library with the DNA-binding domain of X. laevis and
isolated a nuclear hormone receptor, C. intestinalis nuclear
receptor 1 (CiNR1) that is similar to vertebrate TH recep-
tors.

Evidence based on thyroid transcription factor
homologs

The mode of thyroid development is derived primarily
from mammalian studies. Thyroid follicular cells are gener-
ated from the endoderm of the primitive pharynx (Noden
1991); these cells congregate at the anterior wall of the tra-
chea where they proliferate and differentiate into thyroid
follicular cells (Macchia 2000). Although very few tran-
scription factors have been identified as having a role in
thyroid development in any species, they are increasingly
playing a role in the understanding of the pathways of thy-
roid development and may also provide insight into the evo-
lution of the thyroidal system.

In vertebrates, knockdown or mutation studies have iden-
tified transcription factors necessary for the late specification
and generation of thyroid cell precursors: thyroid transcrip-
tion factor 1 (TTF-1; also known as Nkx-2.1, Titf1, and
T/ebp), TTF-2 (also known as FoxE1), Hhex, and Pax-8 in
mammals, and TTF-1, Pax-2.1, Hhex, and Pax-8 in zebrafish
(Elsalini et al. 2003). In mice, the role TTF-1, TTF-2 and
Pax-8 (Pax-2.1 in zebrafish) of these factors has been deter-
mined to be binding to the upstream regulatory regions of
thyroglobulin, thyroperoxidase, and the thyrotropin receptor
genes, and to control their regulation (see Ogasawara 2000
and references therein). Furthermore, TTF-1 is necessary for
normal development of the brain, lung, pituitary, and thyroid
in the mouse (Kimura et al. 1996). Indeed, the endostyle ex-
presses TTF-1 in tunicates (Ristoratore et al. 1999),
amphioxus (Venkatesh et al. 1999; Ogasawara 2000), and
lamprey (Ogasawara et al. 2001).

In C. intestinalis, TTF-1 is also a regulator of endodermal
differentiation (Ristoratore et al. 1999). Cititf1 mRNA is ex-
pressed early through gastrulation until neurulation in the
early tail-bud stage at which time it subsides until the middle
tail-bud stage. It is then expressed in endoderm derivatives
thereafter, particularly the region where the endostyle will

develop. Injection of extra copies of Cititf1 mRNA had no
effect at pregastrulation stages on the embryos, but injection
into larval stages disrupted head–trunk formation
(Ristoratore et al. 1999); a result that coincides with the tem-
poral expression of this gene, suggesting it plays different
roles in development. Cititf1 is expressed in the endostyle in
zones 1, 3, and 5 of the adult, where its protein product is
capable of binding and activating the thyroglobulin gene as
in mouse (Ristoratore et al. 1999). This expression pattern is
shared by the homolog in the sister tunicate H. roretzi TTF-1.
In two species of amphioxus, B. belcheri and B. floridae,
TTF-1 mRNA is expressed in the endostyle rudiment along
the right side of the pharynx as well as in the adult endostyle
(Venkatesh et al. 1999; Ogasawara 2000).

The features meant to characterize the nature of endostyle
cells as precursors to thyroid follicles have brought the un-
derstanding of the development of the follicles into question.
Expression studies of thyroid peroxidase and TTF-1 genes
might be expected to show overlap, because peroxidase ex-
pression is dependent on TTF-1. However, the results of
these expression studies only add to the confusion. In tuni-
cate (Ogasawara et al. 1999) and lamprey larvae (Ogasawara
et al. 2001), overlap of these two genes was not observed,
but in both cases the TTF-1 gene was expressed in cells
adjacent to cells that express the peroxidase gene. In
amphioxus, there is some overlap of expression of the two
genes in some of the cell types, but not all (Ogasawara
2000).

Increasingly, other transcription factors are being identi-
fied that are essential for thyroid development in vertebrates.
The DNA-binding paired domain-containing Pax genes are
one such family of transcription factors. Pax-8, or Pax-2 in
X. laevis (Heller and Brandli 1997), is expressed in the de-
veloping thyroid of most vertebrates and is not essential
for development of the general thyroid gland structure
(Mansouri et al. 1998). However, mice lacking Pax-8 contain
only the neural crest-derived C cells, but lack thyroid
follicular cells, which account in part for the reduced size of
the thyroid in these animals (Mansouri et al. 1998). A muta-
tion in the zebrafish ortholog Pax-2.1 leads to a failure of
thyroid follicle formation in zebrafish (Wendl et al. 2002);
however, this is not the role of the ortholog in mouse, where
it functions in development of the midbrain, eye, ear, and
kidney (Torres et al. 1995; Favor et al. 1996).

An ortholog of the Pax gene family has been isolated in
amphioxus, AmphiPax2/5/8, based on similarity to the three
Pax genes in vertebrates (Kozmik et al. 1999). AmphiPax2/
5/8 is expressed early in B. floridae in the neurula stage in
the CNS, kidney rudiment, and gut, but is expressed later in
the early larval stage in the pharyngeal endoderm, in cells
that will form the endostyle and gill slits (Holland and Hol-
land 1999; Kozmik et al. 1999).

Phylogenetic analysis of vertebrate and invertebrate
winged-helix/forkhead (Fox) domain transcription factor
genes has identified 17 classes of Fox genes (Mazet et al.
2003b). A recent description and phylogenetic analysis iden-
tified 29 genes of this family in the C. intestinalis genome,
but only 24 of the 29 genes identified are orthologs to known
Fox genes (Yagi et al. 2003). Genes have been identified for
as many as 10 subclasses of Fox proteins in amphioxus
(Mazet et al. 2003b). However, it raises some issues related
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to the evolution of the thyroid. AmphiFoxE4 is a transcrip-
tion factor closely related to vertebrate genes that encode
TTF-2/FoxE1, described above as having a role in regulation
of vertebrate thyroid peroxidase and thyroglobulin. In
amphioxus, AmphiFoxE4 expression occurs early in pharynx
development and in the club-shaped gland (Yu et al. 2002),
a structure that shows no expression of TTF-1 (Venkatesh et
al. 1999). The expression pattern of AmphiFoxE4 in an adult
amphioxus has not been studied. These data suggest that, in
evolution, a transfer of FoxE2 gene occurs from the endo-
style to thyroid follicles, as only amphioxus has the club-
shaped gland (Mazet 2002; Yu et al. 2002). The Ciona
homolog of TTF-2/FoxE was recently isolated and found to
be specific to the endostyle, and specifically in cell zones 5
and 7 (Ogasawara and Satou 2003). In the same study, a
FoxQ gene was isolated and found to be more widespread,
including the endostyle (zones 2, 3, 5, 7, and 8), the endo-
dermal region of the pharyngeal gill and the esophagus of
the young adult (Ogasawara and Satou 2003).

Other factors are essential for mammalian morphogenesis
of the thyroid, including the protein tyrosine phoshatase eyes
absent (Eya) (Xu et al. 2002). A single gene has been anno-
tated in the C. intestinalis genome as an ortholog of Eya;
however, the expression pattern remains to be studied.

Other transcription factors that are important for special-
ized function of endocrine cell development in vertebrates
have structural homologs in protochordates and may offer
some insight into the evolution of peripheral hormone-
producing cells. For example, in mammals, Pax-6 mNRA is
expressed in neurons as well as pancreatic endocrine cells
(Turque et al. 1994), where its expression is essential for
normal development of pancreatic islets in mammals
(St-Onge et al. 1997; Sander et al. 1997) but is expressed ex-
clusively in the developing CNS of the tunicates P. mammil-
lata (Glardon et al. 1998) and C. intestinalis (Mazet et al.
2003a). In amphioxus, AmphiPax-6 is detectable during the
Hatschek’s pit formation in the left diverticulum (Glardon et
al. 1998). Interestingly, other vertebrate pancreas transcrip-
tion factors are expressed in neural cells in the protochor-
dates, including the C. intestinalis homolog of insulin promoter
factor 1 (Ci-IPF1) (Corrado et al. 2001). Taken together, it is
too early to speculate on the nature of pancreatic evolution
from protochordates to vertebrates, but at least it appears
that a number of factors in the regulation of the vertebrate
pancreas were hardwired in the genome of early chordates.
Functional studies should provide us with sufficient informa-
tion to discern if the structural homologs of these specialized
cells in mammals are also functional homologs.

Many of the above data highlight the idea that transcrip-
tion factors specialize and change in function in evolution so
that any conclusion derived from their expression pattern
and functions in one class of organisms is not directly trans-
ferable to another class of organisms, particularly those sep-
arated by a large evolutionary distance. Clearly, the presence
or absence of particular transcription factors cannot alone
provide the insight we seek into the development of endo-
crine cells. A number of regulatory elements, including the
sequences of promoter and enhancer regions of genes (so-
called cis-regulatory elements) can provide additional clues
and highlight the differences for protochordate specification
of endocrine cell development.
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