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Abstract

Pituitary  gland,  or  pituitary  for  short,  is  characteristic  of  all  vertebrates.  As  a  “master  gland” controlling a
multitude of important functions in the body, its evolutionary origin has been an object of investigations of
evolutionary biology for two centuries. Previous morphological, ultrastructural and immunohistochemical studies
suggested the homology of the Hatschek’s pit of amphioxus and vertebrate pituitary. Developmental genetics
study showed that the development of Hatschek’s pit and vertebrate pituitary is both subject to regulation by the
common genes such as Pit1, Lhx3 and BMP3b. Our recent studies demonstrated that the Hatschek’s pit is able to
secrete growth hormone (GH)-like hormone and thyroid-stimulating hormone (TSH)-like hormone that both play
functions similar to vertebrate GH and TSH. We thus think that the emergence of Hatschek’s pit represents one of
important events during endocrine network evolution, which laid a foundation for the subsequent formation of a
hypothalamic-pituitary system in vertebrates.
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1  Introduction
The term hypophysis is derived from hypo, under (the brain),

+ physis, growth. Its alternate name, pituitary gland or just pituit-
ary for short, is derived from pittuita, meaning slime or phlegm.
The pituitary, located behind the nose and above the nasal and
oral cavities in humans, was believed to be the source of phlegm,
one of the four humors of the body proposed by Caludius Galen
(he was a noted Greek physician and medical writer, AD 130–
200) about 1 900 years ago. The other humors were blood, black
bile, and yellow bile. The doctrine of the Four Humours had a
special relationship with Chinese Five Elements, with phlegm,
blood, black bile and yellow bile equivalent to water, fire, earth
and air, respectively (Singer, 1931). For centuries, it was thought
that the vertebrate pituitary secreted mucus externally or
cerebrospinal fluid internally.

The pituitary gland is now known as an endocrine gland loc-
ated downstream of the hypothalamus at the base of the brain,
and composed of an anterior, an intermediate and a posterior
lobes. Pituitary endocrine functions were elucidated only during
the first half of the 20th century (Haller, 1897; Candiani et al.,
2008). It secretes pivotal hormones such as growth hormone
(GH), prolactin (PRL), thyroid-stimulating hormone (TSH), ad-
renocorticotrophic hormone (ACTH), luteinizing hormone (LH)
and follicle-stimulating hormone (FSH), which regulate func-
tions including growth, metabolism, reproduction and homeo-
stasis. The acquisition of pituitary was considered to be a semin-
al event that led to physiological divergence (growth, metabol-
ism, reproduction, homeostasis and stress) during animal evolu-
tion, and hence its origin has long been an object of investiga-

tions of evolutionary biology.
Amphioxus, a basal chordate, is the best available stand-in for

the proximate invertebrate ancestor of vertebrates (Fig. 1), and
thus is an excellent model for study of the origin of vertebrates
and their structures. We have investigated the developmental
and evolutionary biology of this evolutionarily important animal
for more than 30 years (Zhang, 2020). Below we will discuss the
state-of-the-art understanding of the evolutionary origin of ver-
tebrate pituitary.

2  Developmental and morphological homology
Studies on the morphogenesis of vertebrate pituitary dated

from the early 19th century (Haller, 1897), while studies on the
genetic controls of pituitary development commenced only
about 30 years ago (Simmons et al., 1990). The embryonic verteb-
rate brain develops as three distinct swelling known, from the
antierior to the posterior, as the prosencephalon (forebrain), the
mesencephalon (midbrain), and the rhombencephalon (hind-
brain). With time, this initial simple segmentation of the brain
becomes further subdivided. The prosencephalon becomes sub-
divided into the anterior telecephalon, and the posterior dien-
cephalon; the mesencephalon remains undivided, and the rhom-
bcephalon gives rise to the anterior metencephalon and the pos-
terior myelencephalon. During subsequent development, these
regions differentiate into the major components of the adult
brain. The pituitary develops through fusion of a ventral growth
or evagination from the diencephalon, the infundibulum, with an
ectodermal sac known as the hypophyseal pouch or Rathke’s
pouch (RP) (Schwind, 1928; Kaufman, 1992).  
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The development of vertebrate pituitary has been studied ex-
tensively in mouse, and it seems that, to a large degree, pituitary
development in humans mirrors that in rodents. Development-
ally the pituitary has a dual embryonic origin: the anterior and in-
termediate lobes (adenohypophysis) are derived from the oral
ectoderm, while the posterior lobe (neurohypophysis) originates
from the neural ectoderm. The adenohypophysis contains six
distinct cell types, each of them defined by the hormone(s) they
produce. How are these cell types formed? Soon after gastrula-
tion, complex interactions between the head mesoderm and the
neural and non-neural ectoderm define a domain at the border

of the neural plate. These involve fibroblast growth factor (FGF)
signalling inducing neural fate, bone morphogenetic proteins
(BMPs) and wingless-related integration site (WNT) activities in-
ducing future epidermal identity in non-neural ectoderm, and
active inhibition of BMP and WNT signalling pathways by the
neural ectoderm and head mesoderm (Saint-Jeannet and
Moody, 2014; Alatzoglou et al., 2020). Opposing activities of
BMP4 and Sonic hedgehog (SHH) within the ventral dienceph-
alon pattern this region and participate in correct morphogenes-
is of the infundibulum and in consequence positioning of RP.
Within the infundibulum, BMP4 and FGF8, FGF10 and FGF18 are
required for development of RP. In RP at 10.5 days post coitum
(dpc), BMP2 is present and there is a uniform suppressor of
mothers against decapentaplegic homolog (SMAD) activation
profile, while the FGF pathway is only activated dorsally (Davis
et al., 2011; Rizzoti, 2015). At this stage, different transcription
factors required for RP progenitor proliferation and/or mainten-
ance are ubiquitously expressed. Later, at 14.5 dpc, progenitors
are confined around the RP lumen, while differentiating and dif-
ferentiated cells away from the lumen define the developing an-
terior pituitary. The terminal differentiation of the anterior pituit-
ary cell types is the result of complex interactions between ex-
trinsic signaling molecules and transcription factors (Hesx1,
Sox2, Sox3, Otx2, Lhx3, Lhx4, Gata2, Isl1, Prop1 and Pou1f1)
(Rizzoti, 2015; Fig. 2). For example, the first identified ho-
moeodomain transcription factor Pou1f1 (initially known as Pit1)
was shown to play a crucial role in the determination and differ-
entiation of three anterior pituitary cell types representing the so-
matotroph, lactotroph and thyrotroph lineages (Kelberman et al.,
2009).

Several structures in invertebrate deuterostomes have been
proposed to be homologous to vertebrate pituitary (most often to
the adenohypophysis). The earliest proposed homologs were the
neural gland/duct complex of ascidian tunicates (Julin, 1881), the
preoral organ/Hatschek’s pit of amphioxus (Cattie, 1882) and the
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Fig. 1.   Chordate phylogeny, showing the current understanding
of chordate relationship. Phylogenomic studies suggest that the
ascidian (Urochordate) is the sister group to the vertebrate and
that amphioxus (Cephalochordate) is the basal group of chord-
ates.
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Fig. 2.     Development of vertebrate pituitary (a) and main signalling pathways and factors controlling pituitary development (b).
a. Pituitary development starts with the formation of the hypophyseal placode, apposed to the future ventral diencephalon. The
placode later invaginates to form Rathke’s pouch (RP), still in contact in its dorsal most part with the infundibulum, which lies within
the ventral diencephalon. The infundibulum then evaginates towards RP. The anterior and intermediate lobes originate from RP.
b. During pituitary development, the temporal and spatial expression of a cascade of signaling molecules and transcription factors
plays a crucial role in organ commitment, cell proliferation, patterning, and terminal differentiation.
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protocoel and its duct in hemichordates (Bateson, 1885; Cun-
ningham, 1887). Subsequent proposals were Kölliker’s pit
(Hatschek, 1892) and Hatschek’s nephridium (Legros, 1898) for
amphioxus and the stomochord (Komai, 1951) and preoral cili-
ary organ (Barrington, 1963) for hemichordates. The most recent
addition to the list was the ciliated funnel of appendicularian tu-
nicates (Holmberg, 1982). Most structures proposed as homo-
logs of vertebrate pituitary have long been discounted, and accu-
mulating data tend to bolster the idea of a homology of Hatschek’s
pit and vertebrate adenohypophysis.

The neural tube of amphioxus is slightly enlarged rostrally to
form the cerebral vesicle (Lacalli, 1996; Ruppert, 1997; Holland
et al., 1999; Holland and Holland, 2001). There are two ciliated
pits in the head region of amphioxus: Kölliker’s pit, an epidermal
invagination on the left outer side of the rostral area of the anim-
al, and Hatschek’s pit, a dorsal evagination of tall cells from the
mouth epithelium which fuses with the adjacent part of preoral
ectoderm (Hatschek, 1881, 1884; Glardon et al., 1998; Holland
and Holland, 2001). As mentioned above, Hatschek’s pit has
been suggested on morphological grounds to be a homolog of
vertebrate adenohypophysis more than a century ago (Cattie,
1882; Legros, 1898; Drach, 1948). This homology was later
strengthened by ultrastuctural and immunohistochemical exam-
inations that showed the presence of granulated secretory cells in
the epithelium lining this pit, together with ciliated cells (Tjoa
and Welsch, 1974; Welsch and Welsch, 1978; Sahlin and Olsson,
1986), the production of vertebrate-like gonadotropic hormones
in the secretory cells (Zhang et al., 1982; Chang et al., 1985; Noza-
ki and Gorbman, 1992) and the discovery of an infundibulum-
like extension from the cerebral vesicle that ends at Hatschek’s
pit (Lacalli, 1996, 2004, 2008, 2017, 2018).

The homology of Hatschek’s pit and adenohypophysis was
also supported by the studies of developmental genetics, which is
less prone to false negatives and false positives than immunocyt-
ochemistry. Pit1 or Pou1f1, a member of the POU protein family
that belongs to the helix-turn-helix superfamily, is an anterior
pituitary-specific transcription factor. In vertebrates, the adeno-
hypophysis is chief site of Pit1 expression in the embryo and the
sole site of expression in postembryonic stages (Simmons et al.,
1990; Treacy and Rosenfeld, 1992). Pit1 acts as developmental
regulator of the anterior pituitary, and it is responsible for GH
and PRL cell commitment, differentiation, and gene expression.
Furthermore, Pit1 is necessary for the expression of the human
and mouse thyrotropin β (TSHβ) gene together with other factors
(Rhodes et al., 1994; Cohen et al., 1996). It was found that the am-
phioxus Pit1, which is only one copy in the draft genome se-
quence of the Florida amphioxus (Branchiostoma floridae), was
expressed solely in the nascent and definitive preoral organ
(=Hatschek’s pit in adult) of amphioxus embryos and larvae, re-
spectively (Candiani et al., 2008). In accordance with this, Pit1
was also found to be localized in two groups of cells lining
Hatschek’s pit (Candiani and Pestarino, 1998), which corres-
pond exactly to the granulated endocrine or type 1 cells previ-
ously described by Sahlin and Olsson (1986). Additionally, in ver-
tebrates, Lhx3, a LIM-homeobox gene, is expressed after but not
during gastrulation in special subsets of neuronal cells of the
central nervous system and pituitary gland cells (Dawid et al.,
1995; Zhadanov et al., 1995). Similarly, amphioxus Lhx3 was ex-
pressed in the preoral pit of larvae (Wang et al., 2002), from
which the wheel organ and Hatschek’s pit develop (Hatschek,
1892; Conklin, 1932). BMP3b is a cytokine belonging to the
Transforming Growth Factor β (TGF-β) superfamily. In Xenopus,
BMP3b was expressed in the precursors of adenohypophysis

(Hino et al., 2003). Interestingly, the transcripts of amphioxus
homolog AmphiBMP3/3b were also detected in the preoral or-
gan during embryonic development (Sun et al., 2010).

3  Functional homology
Searching for evidence for pituitary hormones in invertebrate

chordates started about four decades ago. Immunocytochem-
istry using antibodies raised against vertebrate pituitary hor-
mones generated positive reactions in the neural gland/duct
complex of ascidian tunicates (Pestarino, 1984, 1985) and in
Hatschek’s pit of amphioxus (Chang et al., 1985; Fang, 1993; Fang
et al., 1999; Nozaki and Gorbman, 1992). However, earlier works
to clone pituitary hormone genes such GH gene from amphioxus
were not successful. GH is one of the most important hormones
secreted by vertebrate pituitary. GH binds to the GH receptor
(GHR) on the plasma membrane of hepatocytes, resulting in the
production of insulin-like growth factor I (IGF-I), which plays a
key role in the regulation of proliferation, differentiation and
anti-apoptosis of bone and muscle cells. Through repeated at-
tempts and experiments, we have cloned a cDNA encoding a pro-
tein of 208 amino acids, which belongs to class-I cytokine super-
family, and bears a 3-dimensional structure closely similar to that
of human GH, and found that this GH-like polypeptide (GHl) was
predominantly distributed in the Hatschek’s pit (Li et al., 2014).
Both amphioxus GHl and human GH share some conserved
amino acids, such as R70 and R175, which are critical for the in-
teraction with GHRs. We then showed that recombinant amphi-
oxus GHl (rGHl) as well as zebrafish GH (rGH) exhibited a simil-
ar capacity to bind to the GHR prepared and partially purified
through a wheat-germ agglutinin (WGA)-agarose column from
the livers of zebrafish in a dose-dependent manner. We also
demonstrated that rGHl stimulated the expression of igf-i in the
liver of zebrafish, as rGH did so. As GH functions by binding to
GHR, we thus set out to explore its receptor. We identified a pep-
tide, called GH/PRLlBP, consisting of 224 amino acids, from am-
phioxus by cDNA cloning. GH/PRLlBP contains the entire hor-
mone binding domain of GH/PRL receptors. It was widely ex-
pressed among the different tissues of amphioxus, including the
hepatic caecum, gill, hing-gut, notochord and testis. Such wide
expression pattern is consistent with the pleiotropic actions of
GH peptides in vertebrates. Interestingly, we showed that recom-
binant GH/PRLlBP (rGH/PRLlBP) specifically interacted with
amphioxus rGHl as well as zebrafish rGH, and the interaction of
rGH/PRLlBP with rGHl effectively suppressed the expression of
igf-i stimulated by rGHl in the liver. Importantly, we found that
rGHl, like zebrafish rGH, was able to promote the growth of
zebrafish, and supplementation of amphioxus rGHl as well as
zebrafish rGH could both similarly rescue the abnormal morpho-
genesis caused by GH shortage via tbx5-MO knockdown in
zebrafish embryos. These indicate for the first time that there ex-
ists a functional GH-like hormone in the basal chordate amphi-
oxus (Fig. 3).

In addition to growth promotion, GH is known to play an im-
portant role in osmoregulation in vertebrates. As GHl is the only
and sole functional protein capable of promoting growth in am-
phioxus, we thus tested if it can mediate osmoregulation. We
demonstrated clearly that rGHl increased not only the survival
rate of amphioxus but also the muscle moisture under high salin-
ity (Li et al., 2017). Moreover, rGHl induced the expression of the
ion transporter Na+-K+-ATPase (NKA) and Na+-K+-2Cl− cotrans-
porter (NKCC) in the gill as well as the expression of IGFl in the
hepatic caecum, indicating that GHl fulfills the osmoregulatory
activity through the same mechanisms of vertebrate GH. These
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suggested that the osmoregulatory activity of GH had emerged in
the basal chordate amphioxus.

TSH is another important pituitary hormone which stimu-
lates the production and secretion of the thyroid hormones (THs)
T4  and T3  via binding to specific membrane TSH receptor
(TSHR). TSH, FSH and LH form a family of glycoprotein hor-
mones (GpHs) that have carbohydrate side chains. GpHs are het-
erodimers of two noncovalently associated α and β subunits. The
α subunits (TSHα, FSHα and LHα) of these hormones are com-
mon; however, their β subunits (TSHβ, FSHβ and LHβ) are
unique and grant specific bioactivity. About two decades ago, a
new GpH was identified and named thyrostimulin because it ac-
tivated TSHR (Nakabayashi et al., 2002). Compared with other
GpHs, thyrostimulin is believed to consist of two distinct sub-
units known as GpA2 (α subunit) and GpB5 (β subunit), forming
a heterodimer based on the colocalization of its subunits in the
pituitary in vertebrates (Park et al., 2005; Sudo et al., 2005; Veen-
stra, 2010). It was thus thought to act mostly as a regulator with
autocrine and paracrine functions rather than as a systemic hor-
mone.

In addition to thyrostimulin, all jawed vertebrates have three
heterodimeric pituitary GpHs: TSHα/TSHβ, FSHα/FSHβ and
LHα/LHβ. These classical TSH, FSH and LH subunits in jawed
vertebrates are not found in jawless vertebrates, such as the
lamprey, and primitive chordates including amphioxus. It was
found that the lamprey has one heterodimeric pituitary GpH
consisting of GpA2/GpHβ as well as thyrostimulin (Sower et al.,
2006; Sower, 2015; Sower and Hausken, 2017), and amphioxus
possesses only thyrostimulin consisting of GpA2/GpB5 as its sole
GpH (Holland et al., 2008; Dos Santos et al., 2009; Tando and
Kubokawa, 2009a, b; Sower, 2015). Previous studies showed that
in amphioxus, the gene gpa2 is expressed mainly in the anterior
part of the nerve cord and the left side of the central canal (Tando
and Kubokawa, 2009a), whereas the gene gphβ is expressed pre-
dominantly in the dorsal part of the nerve cord, the atrial cells of
the gill, and the previtellogenic oocytes (Tando and Kubokawa,
2009b). Both phylogenetic and synteny analyses revealed that the
thyrostimulin subunits are ancestral to the vertebrate GpH sub-
units (Sudo et al., 2005; Dos Santos et al., 2009; Tando and
Kubokawa, 2009b), but their function remains poorly defined.

Recently, we have cloned both GpA2 and GpB5 as well as
TSHR genes from amphioxus Branchiostoma japonicum, and
clearly showed that amphioxus GpA2, GpB5, and TSHR represen-
ted the archetypes of vertebrate TSHα, TSHβ and TSHR, respect-
ively. In contrast to the different tissue expression reported by
Tando and Kubokawa (2009b), we found that gpa2 and gpb5
were coexpressed in the Hatschek pit, a homolog of the verteb-
rate pituitary (Wang et al., 2018). We also demonstrated that re-
combinant amphioxus GpA2 and GpB5, like zebrafish TSHα and

TSHβ, were able to bind to both amphioxus and zebrafish TSHRs
and that tethered amphioxus thyrostimulin, like vertebrate TSH,
activated both protein kinase A and protein kinase C pathways in
the cells expressing amphioxus TSHR. Additionally, we showed
that recombinant amphioxus thyrostimulin induced the produc-
tion of thyroid hormone T4 (Fig. 3). Because genuine TSH is ab-
sent in amphioxus and thyrostimulin is the only and sole gly-
coprotein hormone, thus our data suggest that amphioxus
thyrostimulin is a functional glycoprotein hormone that plays a
role as TSH does in vertebrates. These data also expand our un-
derstanding of the ancient origin of TSH and TSHR within the
basal chordate amphioxus.

4  Conclusions and prospects
Our understanding of the Hatchek’s pit of amphioxus has un-

dergone a tremendous transformation over the past decade. Pre-
viously, morphological, ultrastructural and immunohistochemic-
al examinations suggested the homology of Hatchek’s pit and
vertebrate pituitary. Developmental genetics study revealed that
the development of Hatschek’s pit and vertebrate pituitary is
both subject to regulation by the common genes such as Pit1,
Lhx3  and BMP3b. Our recent studies have shown that the
Hatschek’s pit can produce GH-like hormone and TSH-like hor-
mone, and both the hormones play physiological activities typic-
al of vertebrate GH and TSH, providing functional evidences for a
link between Hatschek’s pit and vertebrate pituitary.

All vertebrate brains contain a hypothalamus, which forms
the ventral part of the diencephalon. One of the most important
functions of the hypothalamus is to link the nervous system to
the endocrine system via the pituitary gland, which is called the
hypothalamic-pituitary system. For example, the hypothalamus
secretes GH-releasing hormone (GHRH), which triggers the pro-
duction of GH. Of note, a brain-Hatschek’s pit connection has
been suggested in amphioxus by Gorbman et al. (1999). Addi-
tionally, we have identified a GHRH-like gene (Bb_267100R;
http://genome.bucm. edu.cn/lancelet/) and its receptor gene
(XP_019638674.1; https://www.ncbi.nlm.nih.gov/protein/) from
amphioxus genome data (unpublished data). These suggest that
an ancient form of the vertebrate-like hypothalamic-pituitary
system might have emmerged in amphioxus. However, this de-
mands further study.

References
Alatzoglou K S, Gregory L C, Dattani M T. 2020. Development of the

pituitary gland. Comprehensive Physiology, 10(2): 389–413
Barrington E J W. 1963. Hormones and evolution. In: Barrington E J

W, ed. An Introduction to General and Comparative Endo-
crinology. Oxford: Clarendon Press

Bateson W. 1885. The later stages in the development of Balanoglos-

Hatschek’s pit

GHL/IGF axis thyrostimulin-TH axis

pituitary

GH/IGF axis TSH-TH axis
 

Fig. 3.   Diagram showing the functional homology of Hatschek’s pit and vertebrate pituitary.

4 Zhang Shicui et al. Acta Oceanol. Sin., 2022, Vol. 41, No. 12, P. 1–6  

http://genome.bucm. edu.cn/lancelet/
https://www.ncbi.nlm.nih.gov/protein/
http://genome.bucm. edu.cn/lancelet/
https://www.ncbi.nlm.nih.gov/protein/
http://genome.bucm. edu.cn/lancelet/
https://www.ncbi.nlm.nih.gov/protein/
http://genome.bucm. edu.cn/lancelet/
https://www.ncbi.nlm.nih.gov/protein/


sus kowalevskii, with a suggestion as to the affinities of the En-
teropneusta. Quarterly Journal of Microscopical Science,
25(S1): 81–122

Candiani S, Holland N D, Oliveri D, et al. 2008. Expression of the am-
phioxus Pit-1 gene (AmphiPOU1F1/Pit-1) exclusively in the de-
veloping preoral organ, a putative homolog of the vertebrate
adenohypophysis. Brain Research Bulletin, 75(2–4): 324–330

Candiani S, Pestarino M. 1998. Expression of the tissue-specific tran-
scription factor Pit-1 in the lancelet, Bbranchiostoma lanceol-
atum. Journal of Comparative Neurology, 392(3): 343–351, doi:
10.1002/(SICI)1096-9861(19980316)392:3<343::AID-CNE5>
3.0.CO;2-1

Cattie J T. 1882. Recherches sur la glande pinéale (epihphysis cerebri)
des plagiostomes, des ganoïdes et des téléostéens. Arch Bio-
logy (in German), 3: 101–194

Chang C Y, Liu Y X, Zhu Y T, et al. 1985. The reproductive endocrino-
logy of amphioxus. In: Carlick D G, Korner P I, eds. Frontiers in
Physiological Research. Canberra: Australian Academy of Sci-
ence, 79–86

Cohen E L, Wondisford E F, Radovick S. 1996. Role of Pit-1 in the gene
expression of growth hormone, prolactin, and thyrotropin. En-
docrinology and Metabolism Clinics of North America, 25(3):
523–540, doi: 10.1016/S0889-8529(05)70339-X

Conklin E G. 1932. The embryology of amphioxus. Journal of Mor-
phology, 54(1): 69–151, doi: 10.1002/jmor.1050540103

Cunningham J T. 1887. Memoirs: Dr. Dohrn’s inquiries into the evol-
ution of organs in the Chordata. Journal of Cell Science, s2-27:
265–284

Davis S W, Mortensen A H, Camper S A. 2011. Birthdating studies re-
shape models for pituitary gland cell specification. Develop-
mental Biology, 352(2): 215–227, doi: 10.1016/j.ydbio.2011.
01.010

Dawid I B, Toyama R, Taira M. 1995. LIM domain proteins. Comptes
rendus de l'Académie des sciences. Série III, 318(3): 295–306

Dos Santos S, Bardet C, Bertrand S, et al. 2009. Distinct expression
patterns of glycoprotein hormone-α2 and -β5 in a basal chord-
ate suggest independent developmental functions. Endocrino-
logy, 150(8): 3815–3822, doi: 10.1210/en.2008-1743

Drach P. 1948. Embranchcment des Céphaloeordés (in French). In:
Traité de Zoologic, ed. Paris: P. P. Grassé

Fang Yongqiang. 1993. Immunocytochemical localization of fish gon-
adotropin (GTH) in the brain vesicle and Hatschek’s pit of am-
phioxus. Chinese Science Bulletin, 38(20): 1747–1751

Fang Yongqiang, Huang Weiquan, Chen Lei, et al. 1999. Distribution
of gonadotropin-releasing hormone in the brain and Hatschek’s
pit of amphioxus (Branchiostoma belcheri). Acta Zoologica Sin-
ica, 45(1): 106–111

Glardon S, Holland L Z, Gehring W J, et al. 1998. Isolation and devel-
opmental expression of the amphioxus pax-6 gene (amphipax-
6): insights into eye and photoreceptor evolution. Develop-
ment, 125(14): 2701–2710, doi: 10.1242/dev.125.14.2701

Gorbman A, Nozaki M, Kubokawa K. 1999. A brain-Hatschek’s pit
connection in amphioxus. General and Comparative Endo-
crinology, 113(2): 251–254, doi: 10.1006/gcen.1998.7193

Haller B. 1897. Untersuchungen über die hypophyse und die in-
fundibularorgane. Morphologisches Jahrbuch (in German), 25:
31–114

Hatschek B. 1881. Studien über Entwicklung des Amphioxus (in Ger-
man). Ann Arbor: University of Michigan Library Press, 1–88

Hatschek B. 1884. Mittheilungen über amphioxus. Zoologischer An-
zeiger (in German), 7(177): 517–520

Hatschek B. 1892. Die metamerie des amphioxus und des ammoco-
etes. Anatomischer Anzeiger (in German), 6: 136–161

Hino J, Nishimatsu S I, Nagai T, et al. 2003. Coordination of BMP-3b
and cerberus is required for head formation of Xenopus embry-
os. Developmental Biology, 260(1): 138–157, doi: 10.1016/
S0012-1606(03)00223-9

Holland L Z, Albalat R, Azumi K, et al. 2008. The amphioxus genome
illuminates vertebrate origins and cephalochordate biology.
Genome Research, 18(7): 1100–1111, doi: 10.1101/gr.073676.
107

Holland L Z, Holland N D. 2001. Evolution of neural crest and
placodes: amphioxus as a model for the ancestral vertebrate?.
The Journal of Anatomy, 199(1–2): 85–98

Holland L Z, Schubert M, Kozmik Z, et al. 1999. AmphiPax3/7, an am-
phioxus paired box gene: insights into chordate myogenesis,
neurogenesis, and the possible evolutionary precursor of defin-
itive vertebrate neural crest. Evolution & Development, 1(3):
153–165

Holmberg K. 1982. The ciliated brain duct of Oikopleura dioica (Tu-
nicata, Appendicularia). Acta Zoologica, 63(2): 101–109, doi:
10.1111/j.1463-6395.1982.tb00765.x

Julin C. 1881. Recherches sur l'organisation des Ascidies simples: 1.
Sur l'hypophyse et quelques organes qui s'y rattachent, dans les
genres Corella, Phallusia, Ascidia. Archives de Biologie (in Ger-
man), 2(1): 59–126

Kaufman M H. 1992. The Atlas of Mouse Development. San Diego:
Academic Press

Kelberman D, Rizzoti K, Lovell-Badge R, et al. 2009. Genetic regula-
tion of pituitary gland development in human and mouse. En-
docrine Reviews, 30(7): 790–829, doi: 10.1210/er.2009-0008

Komai T. 1951. The homology of the “notochord” found in ptero-
branchs and enteropneusts. The American Naturalist, 85(823):
270–271, doi: 10.1086/281678

Lacalli T C. 1996. Frontal eye circuitry, rostral sensory pathways and
brain organization in amphioxus larvae: evidence from 3D re-
constructions. Philosophical Transactions of the Royal Society
B: Biological Sciences, 351(1337): 243–263, doi: 10.1098/rstb.
1996.0022

Lacalli T C. 2004. Sensory systems in amphioxus: a window on the an-
cestral chordate condition. Brain, Behavior and Evolution,
64(3): 148–162

Lacalli T C. 2008. Basic features of the ancestral chordate brain: a pro-
tochordate perspective. Brain Research Bulletin, 75(2–4):
319–323

Lacalli T. 2017. Interpreting amphioxus, and thoughts on ancestral
chordate mouths and brains. International Journal of Develop-
mental Biology, 61: 649–654, doi: 10.1387/ijdb.170105tl

Lacalli T. 2018. Amphioxus neurocircuits, enhanced arousal, and the
origin of vertebrate consciousness. Consciousness and Cogni-
tion, 62: 127–134, doi: 10.1016/j.concog.2018.03.006

Legros R. 1898. Développement de la cavité buccale de l’Amphioxus
lanceolatus: deuxième partie. Arch Anat Microscop (in Ger-
man), 2: 1–43

Li Mengyang, Gao Zhan, Ji Dongrui, et al. 2014. Functional character-
ization of GH-like homolog in amphioxus reveals an ancient
origin of GH/GH receptor system. Endocrinology, 155(12):
4818–4830, doi: 10.1210/en.2014-1377

Li Mengyang, Jiang Chengyan, Zhang Yu, et al. 2017. Activities of am-
phioxus GH-like protein in osmoregulation: insight into origin
of vertebrate GH family. International Journal of Endocrino-
logy, 2017: 9538685

Nakabayashi K, Matsumi H, Bhalla A, et al. 2002. Thyrostimulin, a
heterodimer of two new human glycoprotein hormone sub-
units, activates the thyroid-stimulating hormone receptor. The
Journal of Clinical Investigation, 109(11): 1445–1452, doi:
10.1172/JCI0214340

Nozaki M, Gorbman A. 1992. The question of functional homology of
Hatschek’s pit of amphioxus (Branchiostoma belcheri) and the
vertebrate adenohypophysis (Endocrinology). Zoological Sci-
ence, 9: 387–395

Park J I, Semyonov J, Chang Chia Lin, et al. 2005. Conservation of the
heterodimeric glycoprotein hormone subunit family proteins
and the LGR signaling system from nematodes to humans. En-
docrine, 26(3): 267–276, doi: 10.1385/ENDO:26:3:267

Pestarino M. 1984. Immunocytochemical demonstration of pro-
lactin-like activity in the neural gland of the ascidian Styela
plicata. General and Comparative Endocrinology, 54(3):
444–449, doi: 10.1016/0016-6480(84)90160-6

Pestarino M. 1985. A pituitary-like role of the neural gland of an as-
cidian. General and Comparative Endocrinology, 60(2):
293–297, doi: 10.1016/0016-6480(85)90326-0

  Zhang Shicui et al. Acta Oceanol. Sin., 2022, Vol. 41, No. 12, P. 1–6 5

http://dx.doi.org/10.1002/(SICI)1096-9861(19980316)392:3%3C343::AID-CNE5%3E3.0.CO;2-1
http://dx.doi.org/10.1002/(SICI)1096-9861(19980316)392:3%3C343::AID-CNE5%3E3.0.CO;2-1
http://dx.doi.org/10.1016/S0889-8529(05)70339-X
http://dx.doi.org/10.1002/jmor.1050540103
http://dx.doi.org/10.1016/j.ydbio.2011.01.010
http://dx.doi.org/10.1016/j.ydbio.2011.01.010
http://dx.doi.org/10.1210/en.2008-1743
http://dx.doi.org/10.1242/dev.125.14.2701
http://dx.doi.org/10.1006/gcen.1998.7193
http://dx.doi.org/10.1016/S0012-1606(03)00223-9
http://dx.doi.org/10.1016/S0012-1606(03)00223-9
http://dx.doi.org/10.1101/gr.073676.107
http://dx.doi.org/10.1101/gr.073676.107
http://dx.doi.org/10.1111/j.1463-6395.1982.tb00765.x
http://dx.doi.org/10.1210/er.2009-0008
http://dx.doi.org/10.1086/281678
http://dx.doi.org/10.1098/rstb.1996.0022
http://dx.doi.org/10.1098/rstb.1996.0022
http://dx.doi.org/10.1387/ijdb.170105tl
http://dx.doi.org/10.1016/j.concog.2018.03.006
http://dx.doi.org/10.1210/en.2014-1377
http://dx.doi.org/10.1172/JCI0214340
http://dx.doi.org/10.1385/ENDO:26:3:267
http://dx.doi.org/10.1016/0016-6480(84)90160-6
http://dx.doi.org/10.1016/0016-6480(85)90326-0
http://dx.doi.org/10.1002/(SICI)1096-9861(19980316)392:3%3C343::AID-CNE5%3E3.0.CO;2-1
http://dx.doi.org/10.1002/(SICI)1096-9861(19980316)392:3%3C343::AID-CNE5%3E3.0.CO;2-1
http://dx.doi.org/10.1016/S0889-8529(05)70339-X
http://dx.doi.org/10.1002/jmor.1050540103
http://dx.doi.org/10.1016/j.ydbio.2011.01.010
http://dx.doi.org/10.1016/j.ydbio.2011.01.010
http://dx.doi.org/10.1210/en.2008-1743
http://dx.doi.org/10.1242/dev.125.14.2701
http://dx.doi.org/10.1006/gcen.1998.7193
http://dx.doi.org/10.1016/S0012-1606(03)00223-9
http://dx.doi.org/10.1016/S0012-1606(03)00223-9
http://dx.doi.org/10.1101/gr.073676.107
http://dx.doi.org/10.1101/gr.073676.107
http://dx.doi.org/10.1111/j.1463-6395.1982.tb00765.x
http://dx.doi.org/10.1210/er.2009-0008
http://dx.doi.org/10.1086/281678
http://dx.doi.org/10.1098/rstb.1996.0022
http://dx.doi.org/10.1098/rstb.1996.0022
http://dx.doi.org/10.1387/ijdb.170105tl
http://dx.doi.org/10.1016/j.concog.2018.03.006
http://dx.doi.org/10.1210/en.2014-1377
http://dx.doi.org/10.1172/JCI0214340
http://dx.doi.org/10.1385/ENDO:26:3:267
http://dx.doi.org/10.1016/0016-6480(84)90160-6
http://dx.doi.org/10.1016/0016-6480(85)90326-0
http://dx.doi.org/10.1002/(SICI)1096-9861(19980316)392:3%3C343::AID-CNE5%3E3.0.CO;2-1
http://dx.doi.org/10.1002/(SICI)1096-9861(19980316)392:3%3C343::AID-CNE5%3E3.0.CO;2-1
http://dx.doi.org/10.1016/S0889-8529(05)70339-X
http://dx.doi.org/10.1002/jmor.1050540103
http://dx.doi.org/10.1016/j.ydbio.2011.01.010
http://dx.doi.org/10.1016/j.ydbio.2011.01.010
http://dx.doi.org/10.1210/en.2008-1743
http://dx.doi.org/10.1242/dev.125.14.2701
http://dx.doi.org/10.1006/gcen.1998.7193
http://dx.doi.org/10.1016/S0012-1606(03)00223-9
http://dx.doi.org/10.1016/S0012-1606(03)00223-9
http://dx.doi.org/10.1101/gr.073676.107
http://dx.doi.org/10.1101/gr.073676.107
http://dx.doi.org/10.1111/j.1463-6395.1982.tb00765.x
http://dx.doi.org/10.1210/er.2009-0008
http://dx.doi.org/10.1086/281678
http://dx.doi.org/10.1098/rstb.1996.0022
http://dx.doi.org/10.1098/rstb.1996.0022
http://dx.doi.org/10.1387/ijdb.170105tl
http://dx.doi.org/10.1016/j.concog.2018.03.006
http://dx.doi.org/10.1210/en.2014-1377
http://dx.doi.org/10.1172/JCI0214340
http://dx.doi.org/10.1385/ENDO:26:3:267
http://dx.doi.org/10.1016/0016-6480(84)90160-6
http://dx.doi.org/10.1016/0016-6480(85)90326-0
http://dx.doi.org/10.1002/(SICI)1096-9861(19980316)392:3%3C343::AID-CNE5%3E3.0.CO;2-1
http://dx.doi.org/10.1002/(SICI)1096-9861(19980316)392:3%3C343::AID-CNE5%3E3.0.CO;2-1
http://dx.doi.org/10.1016/S0889-8529(05)70339-X
http://dx.doi.org/10.1002/jmor.1050540103
http://dx.doi.org/10.1016/j.ydbio.2011.01.010
http://dx.doi.org/10.1016/j.ydbio.2011.01.010
http://dx.doi.org/10.1210/en.2008-1743
http://dx.doi.org/10.1242/dev.125.14.2701
http://dx.doi.org/10.1006/gcen.1998.7193
http://dx.doi.org/10.1016/S0012-1606(03)00223-9
http://dx.doi.org/10.1016/S0012-1606(03)00223-9
http://dx.doi.org/10.1101/gr.073676.107
http://dx.doi.org/10.1101/gr.073676.107
http://dx.doi.org/10.1111/j.1463-6395.1982.tb00765.x
http://dx.doi.org/10.1210/er.2009-0008
http://dx.doi.org/10.1086/281678
http://dx.doi.org/10.1098/rstb.1996.0022
http://dx.doi.org/10.1098/rstb.1996.0022
http://dx.doi.org/10.1387/ijdb.170105tl
http://dx.doi.org/10.1016/j.concog.2018.03.006
http://dx.doi.org/10.1210/en.2014-1377
http://dx.doi.org/10.1172/JCI0214340
http://dx.doi.org/10.1385/ENDO:26:3:267
http://dx.doi.org/10.1016/0016-6480(84)90160-6
http://dx.doi.org/10.1016/0016-6480(85)90326-0


Rhodes S J, DiMattia G E, Rosenfeld M G. 1994. Transcriptional
mechanisms in anterior pituitary cell differentiation. Current
Opinion in Genetics & Development, 4(5): 709–717

Rizzoti K. 2015. Genetic regulation of murine pituitary development.
Journal of Molecular Endocrinology, 54(2): R55–R73, doi:
10.1530/JME-14-0237

Ruppert E E. 1997. Cephalochordata (Acrania). In: Harrison F W,
Ruppert E E, eds. Microscopic Anatomy of Invertebrates. Vol.
15. New York: Wiley-Liss, 349–504

Sahlin K, Olsson R. 1986. The wheel organ and Hatschek’s groove in
the lancelet, Branchiostoma lanceolatum (cephalochordata).
Acta Zoologica, 67(4): 201–209, doi: 10.1111/j.1463-6395.1986.
tb00864.x

Saint-Jeannet J P, Moody S A. 2014. Establishing the pre-placodal re-
gion and breaking it into placodes with distinct identities. De-
velopmental Biology, 389(1): 13–27, doi: 10.1016/j.ydbio.2014.
02.011

Schwind J L. 1928. The development of the hypophysis cerebri of the
albino rat. American Journal of Anatomy, 41(2): 295–319, doi:
10.1002/aja.1000410206

Simmons D M, Voss J W, Ingraham H A, et al. 1990. Pituitary cell
phenotypes involve cell-specific Pit-1 mRNA translation and
synergistic interactions with other classes of transcription
factors. Genes & Developm, 4(5): 695–711

Singer C J. 1931. A Short History of Biology. Oxford: Clarendon Press,
7–9

Sower S A. 2015. Breaking dogma on the hypothalamic-pituitary ana-
tomical relations in vertebrates. Endocrinology, 156(11):
3882–3884, doi: 10.1210/en.2015-1778

Sower S A, Hausken K N. 2017. A lamprey view on the origins of neur-
oendocrine regulation of the thyroid axis. Molecular and Cellu-
lar Endocrinology, 459: 21–27, doi: 10.1016/j.mce.2017.04.012

Sower S A, Moriyama S, Kasahara M, et al. 2006. Identification of sea
lamprey GTHβ-like cDNA and its evolutionary implications.
General and Comparative Endocrinology, 148(1): 22–32, doi:
10.1016/j.ygcen.2005.11.009

Sudo S, Kuwabara Y, Park J I, et al. 2005. Heterodimeric fly glycopro-
tein hormone-α2 (GPA2) and glycoprotein hormone-β5 (GPB5)
activate fly leucine-rich repeat-containing G protein-coupled
receptor-1 (DLGR1) and stimulation of human thyrotropin re-
ceptors by chimeric fly GPA2 and human GPB5. Endocrinology,
146(8): 3596–3604, doi: 10.1210/en.2005-0317

Sun Yi, Zhang Qiujin, Zhong Jing, et al. 2010. Characterization and
expression of AmphiBMP3/3b  gene in amphioxus Bran-
chiostoma japonicum. Development, Growth & Differentiation,

52(2): 157–167
Tando Y, Kubokawa K. 2009a. A homolog of the vertebrate thyrostim-

ulin glycoprotein hormone α subunit (GPA2) is expressed in
amphioxus neurons. Zoological Science, 26(6): 409–414, doi:
10.2108/zsj.26.409

Tando Y, Kubokawa K. 2009b. Expression of the gene for ancestral
glycoprotein hormone β subunit in the nerve cord of amphiox-
us. General and Comparative Endocrinology, 162(3): 329–339,
doi: 10.1016/j.ygcen.2009.04.015

Tjoa L T, Welsch U. 1974. Electron microscopical observations on
Kölliker’s and Hatschek’s pit and on the wheel organ in the
head region of Amphioxus (Branchiostoma lanceolatum). Cell
and Tissue Research, 153(2): 175–187

Treacy M N, Rosenfeld M G. 1992. Expression of a family of POU-do-
main protein regulatory genes during development of the cent-
ral nervous system. Annual Review of Neuroscience, 15:
139–165, doi: 10.1146/annurev.ne.15.030192.001035

Veenstra J A. 2010. Neurohormones and neuropeptides encoded by
the genome of Lottia gigantea, with reference to other mollusks
and insects. General and Comparative Endocrinology, 167(1):
86–103, doi: 10.1016/j.ygcen.2010.02.010

Wang Peng, Liu Shousheng, Yang Qingyun, et al. 2018. Functional
characterization of thyrostimulin in amphioxus suggests an an-
cestral origin of the TH signaling pathway. Endocrinology,
159(10): 3536–3548, doi: 10.1210/en.2018-00550

Wang Yong, Zhang Peijun, Yasui K, et al. 2002. Expression of Bblhx3,
a LIM-homeobox gene, in the development of amphioxus
Branchiostoma belcheri tsingtauense. Mechanisms of Develop-
ment, 117(1–2): 315–319

Welsch L T, Welsch U. 1978. Histological and Elektronmicroscopical
observations on the preoral ciliary groove of Saccoglossus horst
(Hemichordata) and on Hatschek’s pit of Branchiostoma
lanceolatum (Acrania). A contribution to the phylogenetic de-
velopment of the adenohypophysis. Zoologische Jahrbücher,
100: 564–578

Zhadanov A B, Bertuzzi S, Taira M, et al. 1995. Expression pattern of
the murine LIM class homeobox gene Lhx3 in subsets of neural
and neuroendocrine tissues. Developmental Dynamics, 202(4):
354–364, doi: 10.1002/aja.1002020405

Zhang Shicui. 2020. Evolutionary Biology of Amphioxus (in Chinese).
Beijing: Science Press

Zhang Zhiyi, Zhu Yitao, Chen Dayuan. 1982. Immunocytochemical
demonstration of luteinizing hormone (LH) in Hatschek’s pit of
amphioxus (Branchiostoma belcheri Gray). Chinese Science
Bulletin, 27(11): 1233–1234

6 Zhang Shicui et al. Acta Oceanol. Sin., 2022, Vol. 41, No. 12, P. 1–6  

http://dx.doi.org/10.1530/JME-14-0237
http://dx.doi.org/10.1111/j.1463-6395.1986.tb00864.x
http://dx.doi.org/10.1111/j.1463-6395.1986.tb00864.x
http://dx.doi.org/10.1016/j.ydbio.2014.02.011
http://dx.doi.org/10.1016/j.ydbio.2014.02.011
http://dx.doi.org/10.1002/aja.1000410206
http://dx.doi.org/10.1210/en.2015-1778
http://dx.doi.org/10.1016/j.mce.2017.04.012
http://dx.doi.org/10.1016/j.ygcen.2005.11.009
http://dx.doi.org/10.1210/en.2005-0317
http://dx.doi.org/10.2108/zsj.26.409
http://dx.doi.org/10.1016/j.ygcen.2009.04.015
http://dx.doi.org/10.1146/annurev.ne.15.030192.001035
http://dx.doi.org/10.1016/j.ygcen.2010.02.010
http://dx.doi.org/10.1210/en.2018-00550
http://dx.doi.org/10.1002/aja.1002020405
http://dx.doi.org/10.1530/JME-14-0237
http://dx.doi.org/10.1111/j.1463-6395.1986.tb00864.x
http://dx.doi.org/10.1111/j.1463-6395.1986.tb00864.x
http://dx.doi.org/10.1016/j.ydbio.2014.02.011
http://dx.doi.org/10.1016/j.ydbio.2014.02.011
http://dx.doi.org/10.1002/aja.1000410206
http://dx.doi.org/10.1210/en.2015-1778
http://dx.doi.org/10.1016/j.mce.2017.04.012
http://dx.doi.org/10.1016/j.ygcen.2005.11.009
http://dx.doi.org/10.1210/en.2005-0317
http://dx.doi.org/10.1530/JME-14-0237
http://dx.doi.org/10.1111/j.1463-6395.1986.tb00864.x
http://dx.doi.org/10.1111/j.1463-6395.1986.tb00864.x
http://dx.doi.org/10.1016/j.ydbio.2014.02.011
http://dx.doi.org/10.1016/j.ydbio.2014.02.011
http://dx.doi.org/10.1002/aja.1000410206
http://dx.doi.org/10.1210/en.2015-1778
http://dx.doi.org/10.1016/j.mce.2017.04.012
http://dx.doi.org/10.1016/j.ygcen.2005.11.009
http://dx.doi.org/10.1210/en.2005-0317
http://dx.doi.org/10.2108/zsj.26.409
http://dx.doi.org/10.1016/j.ygcen.2009.04.015
http://dx.doi.org/10.1146/annurev.ne.15.030192.001035
http://dx.doi.org/10.1016/j.ygcen.2010.02.010
http://dx.doi.org/10.1210/en.2018-00550
http://dx.doi.org/10.1002/aja.1002020405
http://dx.doi.org/10.2108/zsj.26.409
http://dx.doi.org/10.1016/j.ygcen.2009.04.015
http://dx.doi.org/10.1146/annurev.ne.15.030192.001035
http://dx.doi.org/10.1016/j.ygcen.2010.02.010
http://dx.doi.org/10.1210/en.2018-00550
http://dx.doi.org/10.1002/aja.1002020405
http://dx.doi.org/10.1530/JME-14-0237
http://dx.doi.org/10.1111/j.1463-6395.1986.tb00864.x
http://dx.doi.org/10.1111/j.1463-6395.1986.tb00864.x
http://dx.doi.org/10.1016/j.ydbio.2014.02.011
http://dx.doi.org/10.1016/j.ydbio.2014.02.011
http://dx.doi.org/10.1002/aja.1000410206
http://dx.doi.org/10.1210/en.2015-1778
http://dx.doi.org/10.1016/j.mce.2017.04.012
http://dx.doi.org/10.1016/j.ygcen.2005.11.009
http://dx.doi.org/10.1210/en.2005-0317
http://dx.doi.org/10.2108/zsj.26.409
http://dx.doi.org/10.1016/j.ygcen.2009.04.015
http://dx.doi.org/10.1146/annurev.ne.15.030192.001035
http://dx.doi.org/10.1016/j.ygcen.2010.02.010
http://dx.doi.org/10.1210/en.2018-00550
http://dx.doi.org/10.1002/aja.1002020405
http://dx.doi.org/10.1530/JME-14-0237
http://dx.doi.org/10.1111/j.1463-6395.1986.tb00864.x
http://dx.doi.org/10.1111/j.1463-6395.1986.tb00864.x
http://dx.doi.org/10.1016/j.ydbio.2014.02.011
http://dx.doi.org/10.1016/j.ydbio.2014.02.011
http://dx.doi.org/10.1002/aja.1000410206
http://dx.doi.org/10.1210/en.2015-1778
http://dx.doi.org/10.1016/j.mce.2017.04.012
http://dx.doi.org/10.1016/j.ygcen.2005.11.009
http://dx.doi.org/10.1210/en.2005-0317
http://dx.doi.org/10.1530/JME-14-0237
http://dx.doi.org/10.1111/j.1463-6395.1986.tb00864.x
http://dx.doi.org/10.1111/j.1463-6395.1986.tb00864.x
http://dx.doi.org/10.1016/j.ydbio.2014.02.011
http://dx.doi.org/10.1016/j.ydbio.2014.02.011
http://dx.doi.org/10.1002/aja.1000410206
http://dx.doi.org/10.1210/en.2015-1778
http://dx.doi.org/10.1016/j.mce.2017.04.012
http://dx.doi.org/10.1016/j.ygcen.2005.11.009
http://dx.doi.org/10.1210/en.2005-0317
http://dx.doi.org/10.2108/zsj.26.409
http://dx.doi.org/10.1016/j.ygcen.2009.04.015
http://dx.doi.org/10.1146/annurev.ne.15.030192.001035
http://dx.doi.org/10.1016/j.ygcen.2010.02.010
http://dx.doi.org/10.1210/en.2018-00550
http://dx.doi.org/10.1002/aja.1002020405
http://dx.doi.org/10.2108/zsj.26.409
http://dx.doi.org/10.1016/j.ygcen.2009.04.015
http://dx.doi.org/10.1146/annurev.ne.15.030192.001035
http://dx.doi.org/10.1016/j.ygcen.2010.02.010
http://dx.doi.org/10.1210/en.2018-00550
http://dx.doi.org/10.1002/aja.1002020405

	1 Introduction
	2 Developmental and morphological homology
	3 Functional homology
	4 Conclusions and prospects
	References

