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a b s t r a c t
The hypothalamic-pituitary (HP) system, which is specific to vertebrates, is considered to be an evolutionary innovation that emerged prior to or during the differentiation of the ancestral jawless vertebrates
(agnathans) leading to the neuroendocrine control of many complex functions. Along with hagfish, lampreys represent the oldest lineage of vertebrates, agnathans (jawless fish). This review will highlight our
discoveries of the major components of the lamprey HP axis. Generally, gnathostomes (jawed vertebrates) have one or two hypothalamic gonadotropin-releasing hormones (GnRH) while lampreys have
three hypothalamic GnRHs. GnRH(s) regulate reproduction in all vertebrates via the pituitary. In gnathostomes, there are three classical pituitary glycoprotein hormones (luteinizing hormone, LH; follicle stimulating hormone, FSH; and thyrotropin, TSH) interacting specifically with three receptors, LH-R, FSH-R,
and TSH-R, respectively. In general, FSH and LH regulate gonadal activity and TSH regulates thyroidal
activity. In contrast to gnathostomes, we propose that lampreys only have two heterodimeric pituitary
glycoprotein hormones, lamprey glycoprotein hormone (lGpH) and thyrostimulin, and two lamprey glycoprotein hormone receptors (lGpH-R I and –R II). Our existing data also suggest the existence of a primitive, overlapping yet functional hypothalamic-pituitary-gonadal (HPG) and HP-thyroidal (HPT)
endocrine systems in lampreys. The study of basal vertebrates provides promising models for understanding the evolution of the hypothalamic-pituitary-thyroidal and gonadal axes in vertebrates. We
hypothesize that the glycoprotein hormone/glycoprotein hormone receptor systems emerged as a link
between the neuroendocrine and peripheral control levels during the early stages of gnathostome divergence. Our discovery of a functional HPG axis in lamprey has provided important clues for understanding
the forces that ensured a common organization of the hypothalamus and pituitary as essential regulatory
systems in all vertebrates. This paper will provide a brief snapshot of my discoveries, collaborations and
latest findings including phylogenomic analyses on the origins, co-evolution and divergence of ligand and
receptor protein families from the perspective of the lamprey hypothalamic-pituitary system.
Ó 2017 Elsevier Inc. All rights reserved.

1. Introduction
Hagfish and lampreys are the only two surviving members of
the oldest lineage of vertebrates, the agnathans. Vertebrates are
classified into two major groups, the gnathostomes (jawed vertebrates) and the agnathans (jawless vertebrates). Gnathostomes
constitute all other living vertebrates including the bony and cartilaginous fishes and the tetrapods. Up until recently, it was generally believed that two large-scale genome duplications (2R)
occurred during the evolution of early vertebrates (Forey and
Janvier, 1994; Heimberg et al., 2010; Holland et al., 1994; Janvier,

2010; Near, 2009; Ohno, 1970; Smith et al., 2013; Vandepoele
et al., 2004). In 2015, Smith and Keinath (2015) based on comparative mapping data proposed that there was only one single wholegenome duplication along with many smaller duplications that
occurred in the basal vertebrate lineage and that their data did
not necessarily support a hypothetical second 2R. Regardless
whether there were one or two whole genome duplications, the
occurrence(s) of 1R and/or 2R in basal vertebrates coincided with
the specialization and diversification of the hypothalamicpituitary (HP) endocrine axes.

2. The beginnings
⇑ Address: Department of Molecular, Cellular and Biomedical Sciences, 46 College
Road, 316 Rudman Hall, University of New Hampshire, Durham, NH 03824, USA.
E-mail address: sasower@unh.edu
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In the late 1970s, it was thought that lampreys did not have
the same neuroendocrine control of reproduction as in the
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gnathostomes (i.e., the jawed vertebrates). This was in part due to
their apparent lack of the typical anatomical hypothalamicpituitary connection. Of all vertebrates, the agnathans (basal vertebrates) do not have nervous or vascular communication between
the brain and neurohypophysis (Tsuneki and Gorbman, 1975). This
had led to speculation that nervous regulation of the agnathan pars
distalis occurred by diffusion of brain peptides from the adjacent
neurohypophysis and third ventricle. Anatomical and experimental
studies provided evidence to support the concept of hypothalamic
control of anterior pituitary (adenohypophysis) function in hagfish
and lampreys by diffusion of the neurohormones from the neurohypophysis/third ventricle to the pars distalis of the anterior pituitary (King et al., 1988; Nozaki et al., 1994; Tsuneki, 1988; Tsuneki
and Gorbman, 1975). In 1988, in a collaboration with Dr. Joan King
(Tufts University), electron microscopy was done and the results
showed beautiful micrographs demonstrating that there was an
additional route of diffusion of gonadotropin-releasing hormone
(GnRH) into the third ventricles in lamprey hypothalamus and
then transported to the anterior pituitary via tanycytes (King
et al., 1988). These studies along with others led to the view that
there are three classical types of brain regulation for anatomical
control of the pituitary: portal system via the median eminence
(tetrapods), direct innervation (teleosts) and diffusion (agnathans)
(Sower, 2015a). More recent information has challenged this classical model in teleosts and hagfish. It was shown that in addition to
direct innervation, there is also neurovascular control of gonadotropes in a teleost fish, zebrafish (Golan et al., 2015). Nozaki and
Sower (2016) also suggested based on immunohistochemical studies that hagfish may have both a diffusional model of regulation of
the pituitary as well as a ‘‘pre-median eminence.” During the
course of evolution, the structural features of the pituitary and
hypothalamus have apparently evolved from essentially a simple
diffusional model in agnathans to more complicated connections,
direct innervation and vascular, in gnathostomes. The
hypothalamic-pituitary (HP) system, which is specific to vertebrates is considered to be more primitive in lampreys representing
an evolutionarily intermediate axis in the development of the pituitary from the extinct agnathans to the later evolved gnathostomes
as reflected by the anatomical connections (Sower et al., 2009).

3. Lamprey life cycle
Lampreys are seasonal animals and responsive to environmental cues including temperature and photoperiod. Considering that
the reproductive cycle is highly synchronous with the life cycle
supported the concept in the early 1980s that indeed there would
likely be neuroendocrine control over various physiological processes such as reproduction and development (Sower, 2015b).
There are approximately 40 species of lampreys, which are classified as parasitic or nonparasitic. Lampreys are semelparous; i.e.
they spawn only once in their lifetime after which they die. Sexual
maturation is thus a synchronized process coordinated with the
life stages of the lamprey (Fig. 1). Sea lampreys (Petromyzon marinus) begin their lives in fresh water as blind, filter-feeding larvae.
During the larval phase, all lampreys have primary oocytes followed by sexual differentiation shortly before metamorphosis in
which the gonads convert to testes or continue as oocytes
(Hardisty and Potter, 1971). During sexual differentiation of males,
the primary oocytes degenerate, and the remaining germ cells
change to spermatogonia (Hardisty and Potter, 1971) (Fig. 1). After
approximately five to seven years in freshwater streams, metamorphosis occurs and the larval lampreys become free-swimming, sexually immature lampreys and migrate to the ocean. Lamprey
metamorphosis is a highly synchronized and programmed process
that involves significant physiological and morphological changes,

reviewed in (Youson and Sower, 2001). In the parasitic phase sea
lamprey, sexual maturation is a seasonal synchronized process.
During the long parasitic ocean phase, gametogenesis progresses
slowly. In males, spermatogonia proliferate and develop into primary and secondary spermatocytes; in females, vitellogenesis
occurs. After approximately one to two years at sea, lampreys
return to freshwater streams in late spring and undergo the final
maturational processes, resulting in production of mature eggs
and sperm, spawning and then death.
4. Discoveries and working hypothesis
This information on the coordinated life cycle of the sea lamprey led me to the question ‘‘what are the neuroendocrine factors
controlling this highly coordinated, synchronous processes during
the lamprey life cycle?” In the early 1980s, even though I was discouraged from pursuing this avenue of research from many other
scientists who did not think that lampreys and hagfish had the
same neuroendocrine control of reproduction and other processes
as all other vertebrates, I began my research in 1980 first as a postdoctoral research associate in the laboratory of Professor Aubrey
Gorbman at the University of Washington and then as faculty
member in 1983 with my own laboratory and collaborators at
the University of New Hampshire, to set out to determine the
hypothalamic-pituitary (HP) system in the control of reproduction
in lampreys.
The hypothalamic-pituitary system, which is specific to vertebrates is considered to be more primitive in lampreys representing
an evolutionarily intermediate axis in the development of the pituitary from the extinct agnathans to the later evolved gnathostomes
(Sower et al., 2009). From our research over many years, we have
hypothesized that lampreys are in an evolutionary intermediate
stage of hypothalamic-pituitary development consisting of a primitive, overlapping yet functional hypothalamic-pituitary-gonadal
(HPG) and hypothalamic-pituitary-thyroidal (HPT) axes reviewed
in (Sower, 2015b; Sower et al., 2009) (Fig. 2). Table 1 lists most
of our major landmark discoveries from my laboratory and with
my collaborators since 1983. Fig. 3 highlights the time course of
many of these discoveries. These discoveries are presented as
‘‘snapshots” in the following sections. There are also two other
papers in the current GCE issue presenting our latest findings on
the lamprey neuroendocrine system.
5. Discovery of lamprey GnRHs and GnRH receptors
In 1982, I initiated a collaboration with Professor Nancy Sherwood, University of Victoria, on the identification of
gonadotropin-releasing hormone in the sea lamprey, Petromyzon
marinus. In 1984, we collected thousands of brains from adult
sea lampreys at Hammond Bay Biological Station, Michigan. There
is a major control program by federal agencies using various techniques in attempts to control the sea lamprey population since sea
lampreys are considered ‘‘invaders and serious pests” to the fishery
in the Great Lakes. This fishery management of lampreys enabled
us to collect the thousands of brain and pituitaries from 1984
through 1990 that we used for protein purification and identification of hypothalamic and pituitary hormones. The first significant
outcome of our collaboration was the identification of lamprey
GnRH by protein purification and sequencing (now called lamprey
(l) GnRH-I published in 1986 (Sherwood et al., 1986). This was followed by the synthesis of lGnRH-I and the completion of many
physiological, immunological and anatomical studies, reviewed in
(Sower, 2015b). The identification of lGnRH-I was followed by
the identification of lGnRH-III also by protein purification (Sower
et al., 1993) in collaboration with Professor J. Michael Conlon
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Fig. 1. This figure represents a schematic representation of female (top) and male (bottom) sexual maturation during the life cycle of the sea lamprey. Sexual maturation is a
synchronized process coordinated with the three major life stages of the lamprey, larval phase, parasitic and adult phase. Lampreys are born in freshwater streams, remain as
larval lampreys for approximately 5–7 years, undergo metamorphosis and then migrate to the sea. Following a 1 to 2-year period in the ocean, the lampreys return to
freshwater to spawn, after which they die.

Fig. 2. This diagram represents our working hypothesis on the evolution of the hypothalamic-pituitary axes. We hypothesize that the hypothalamic-pituitary-gonadal (HPG)
and hypothalamic-pituitary-thyroidal (HPT) endocrine systems evolved from an ancestral, pre-vertebrate exclusively neuroendocrine mechanism by gradual emergence of
the components of a new control level (glycoprotein hormones/glycoprotein hormone receptors) concomitantly with the development of the corresponding anatomical
structure (pituitary). Protochordates (invertebrates) lack a hypothalamic-pituitary axis. The endocrine control of reproductive and thyroid functions in lamprey may reflect an
intermediary stage on the evolutionary pathway to the highly specialized gnathostome HPG and HPT axes. CRH, corticotropin-releasing hormone; CNS, central nervous
system; FSH, follicle stimulating hormone; LH, luteinizing hormone; GnRH, gonadotropin-releasing hormone; lGnRH, lamprey gonadotropin-releasing hormone; lGpH,
lamprey glycoprotein hormone; lGpH-R, lamprey glycoprotein hormone receptor; T3, triiodothyronine; T4, thyroxine; TRH, thryotropin releasing hormone; TSH, thyrotropin/
thyroid stimulating hormone; TSHR, thryotropin receptors/ thyroid stimulating hormone receptor.

(Ulster University, UK) and the identification of lGnRH-II by molecular cloning by Dr. Scott Kavanaugh, a former PhD student in my
laboratory, (Kavanaugh et al., 2008). Also, from my laboratory,
the cDNAs of lamprey GnRH-I and –III were determined by a for-

mer postdoctoral associate, Dr. Kunimasa Suzuki, and a former
PhD student, Dr. Matthew Silver, respectively (Silver et al., 2004;
Suzuki et al., 2000). The identity of these additional GnRHs led to
subsequent extensive functional and immunological studies with
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Fig. 3. This figure highlights the time course of our major landmark discoveries of
the main components of the lamprey hypothalamic-pituitary (HP) axis. lGnRH,
lamprey gonadotropin-releasing hormone; lGpH, lamprey glycoprotein hormone;
lGpHb, subunit of lGpH; lGpH-R, lamprey glycoprotein hormone receptor; TSHR,
thryotropin receptors/ thyroid stimulating hormone receptors; RFamide, lamprey
RF (Arg-Phe) amide peptide; lGpA2/lGpB5, thyrostimulin subunits.

each and combination of the three GnRHs that provided substantial
evidence that these hypothalamic GnRHs regulated the pituitarygonadal axis, reviewed in (Sower, 2015b).
From the time of discovery of the first lamprey GnRH to the
third GnRH, investigations on the role of each of the GnRHs had
and have been impeded by the lack of an identified pituitary
gonadotropin-type hormone. Even though the pituitary glycoprotein hormones had not been fully identified from lamprey pituitaries, there was substantial direct and indirect evidence of
pituitary responsiveness to each of the lamprey GnRHs (Sower,
2015b). Many of the previous functional studies examining the role
of lGnRH-I, -II, or -III relied on measurements of plasma steroids as
indicators of pituitary responsiveness to GnRH, since the full identity of the pituitary GpHs had not been identified, reviewed in
(Sower, 2015b). The three lamprey GpH subunits, lGpHb, lGpA2,
and lGpB5, that comprise the glycoprotein hormones, lGpH and
lthyrostimulin, have only recently been determined (Hausken
et al., 2017; Sower et al., 2015, 2006). Studies are ongoing in collaboration with Dr. Berta Levavi-Sivan (The Hebrew University of Jersualem, Israel) to produce recombinant lamprey GpHs, but have
not yet been completed. Therefore, studies examining the direct
actions of lamprey GpHs on gonadal and thyroidal tissues/receptors have not been performed and will be an area of fruitful
research in future studies.
Specific antisera were generated to each of the identified
GnRHs, then tested and characterized and used in immunological
and anatomical studies (Sower, 2015b). In summary, and unlike
most other vertebrates, the expression of lGnRH-I, -II and -III in
lamprey brains shows a general pattern of GnRH distribution in
the anterior preoptic-neurohypophysial tract to the neurohypophysis of adult lampreys, reviewed in (Sower, 2015b). Prominent
changes in of lGnRH-I and -III have been demonstrated throughout
the sea lamprey life cycle, including embryogenesis, larval development, and metamorphosis (Reed et al., 2002; Tobet et al.,
1995; Youson et al., 1995; Youson and Sower, 1991), which is consistent with several studies that have shown that GnRH activity
and distribution are not restricted to the final reproductive phase
(Reed et al., 2002; Root et al., 2005; Tobet et al., 1995, 1997;
Wright et al., 1994). Similar trends have subsequently been documented in other lamprey species, as reviewed in (Sower, 2015b). In
the current issue, we have presented our latest findings examining
RNA expression of lamprey lGnRH-I, -II, and -III in brains of larval,
parasitic phase and adult sea lampreys, using a highly sensitive

triple-label in situ hybridization technique (Van Gulick et al.,
2017). The two co-first authors, Emily Van Gulick and Timothy
Marquis, were undergraduates in my laboratory when they performed these experiments. In summary of these studies, our results
showed that lGnRH-I, -II, and -III have different localization and coexpression in the development and sexual maturation of lampreys,
which suggested unique physiological roles at each life stage and
sex in the developing and mature lamprey brain (Van Gulick
et al., 2017).
In lampreys, we reported the first successful cloning of the
GnRH receptor (now called lamprey GnRH-R-1) in 2005 based on
research primarily by two of my former graduate students, Dr.
Nathaniel Nucci and Dr. Matthew Silver (Silver et al., 2005). Prior
to this identification of the receptor and during the 1990s, we performed GnRH binding assays using lamprey pituitaries. In 1994, we
reported that two high-affinity, specific classes of binding sites
occurred in the lamprey pituitary performed by a former graduate
student, Dr. Christopher Knox (Knox et al., 1994). Quantitative
in vitro autoradiography was used to characterize and localize
these GnRH receptors in the anterior pituitary of the adult female
sea lamprey (Fig. 4). In 2012, a former postdoctoral associate in my
laboratory, Dr. Nerine Joseph, identified and performed functional
studies on two additional GnRH receptors, lGnRH-R-2 and -3
(Joseph et al., 2012). The three lamprey pituitary GnRH receptors
were shown to be functional and shared similar structural features
and amino acid motifs common to other known gnathostome
GnRH receptors. Since lampreys have three GnRH receptors, it is
likely that the two high affinity-binding sites in the lamprey pituitary from the Knox et al. (1994) study reflected at least two of
these receptors.
The described studies on the characterization of two highaffinity GnRH- binding sites were the first to show direct action
of GnRH on the lamprey pituitary (Knox et al., 1994). In later studies, in vitro binding analysis was performed on pituitary sections in
an effort to better understand the differential roles of the two
GnRH binding sites throughout the development and sexual maturation (stage I, II, III, and ovulation) of the female sea lamprey by
another former graduate student, Olivier Materne (Materne et al.,
1997). Two high-affinity GnRH binding sites were observed
throughout the development and final sexual maturation of female
sea lamprey (Materne et al., 1997). Concentration of sites increased
in correlation with increased gonadal maturation and brain GnRH
concentration, peaking near and at ovulation.
Following discovery of the three lamprey GnRH receptors, we
performed structural-functional studies of each of these receptors
including inositol triphosphate (IP3) and cAMP signaling, binding
kinetics, whole cell competitive binding and internalizationtruncation studies (Kosugi and Sower, 2010; Silver et al., 2005;
Silver and Sower, 2006); site-directed mutagenesis of the DRY
motif of lGnRH-R-1 (Kosugi and Sower, 2010); and quantitative
in vitro autoradiography studies (Knox et al., 1994). In summary,
lamprey GnRH-I, -II and -III each stimulated significant dosedependent IP3 and cAMP responses in lGnRH-R-1 (Kavanaugh
et al., 2008; Silver et al., 2005; Silver and Sower, 2006). Lamprey
GnRH-R-1 has a higher affinity for lGnRH-III than lGnRH-I or-II;
while only lGnRH-III and lGnRH-I activated IP3 production at
lGnRH-R-2 and -R-3, respectively (Joseph et al., 2012; Silver and
Sower, 2006). Lamprey GnRH-R-2 and -3 when stimulated with
ligands lGnRH-I, -II or -II do not elicit a cAMP response, which suggested that the key motif HVRR-like in the C-terminal tail of
lGnRH-R-1 is important for cAMP activation (Silver and Sower,
2006). At this time, we do have very little on how each or a combination of the GnRHs act with each or combination of the GnRH
receptors in stimulating the pituitary glycoprotein hormones in
any one particular reproductive and/or developmental phase of
the major life stages of the lampreys (Hausken et al., Submitted).
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Table 1
This table lists most of our major landmark discoveries from my laboratory and with my collaborators since 1983.
Major Discoveries

Significance and/or Impact

References

Hypothalamic-Pituitary Axis: We provided extensive
physiological evidence as well as subsequent
biochemical, molecular, anatomical,
immunohistochemical and functional studies that
similar to all other vertebrates, the lampreys have a
hypothalamic-pituitary axis

It had previously been thought that the extant agnathans
did not have the same neuroendocrine control as in all
other vertebrates. Our research during the past 30 years
has established the lamprey as a reference species for
studying the evolution of the vertebrate neuroendocrine
system

Reviewed in: Sower (2003), Sower (2015d),
Sower et al. (2009)

Diffusional Model: We provided experimental evidence to
show that lampreys have a diffusional type of
regulation of the pituitary from the hypothalamus

Of all vertebrates, only the agnathans and teleosts lack a
portal vascular system from the hypothalamus to the
anterior pituitary. We proposed that there are three
classical types of regulation of the pituitary that developed
in the vertebrates

Nozaki et al. (1994)

Lamprey GnRH-I, -II and -III: We determined the primary
structure or cDNA for 3 novel forms of gonadotropinreleasing hormone (GnRH) in lamprey

This work established that GnRHs are a conserved family
of peptides in vertebrates that act as hypothalamic
neurohormones and that three forms of GnRH can be
present in the brain of a single species. Our studies show
that unlike all other vertebrates, the GnRH neurons in
developing lamprey originate within proliferative zones of
the diencephalon and not in the olfactory system

(Kavanaugh et al. (2008), Silver et al. (2004),
Sower et al. (1993), Suzuki et al. (2000),
Tobet et al. (1996), Van Gulick et al. (2017)

Lamprey GnRH receptors, R-1, -2, -3: We cloned three
pituitary functional GnRH receptors that share the
structural features and amino acid motifs common to
other known gnathostome GnRH receptors

These findings indicate that recruitment of specific
pituitary GnRH receptor subtypes for particular
physiological functions seen in later evolved vertebrates
was an ancestral character that first arose in a basal
vertebrate

Joseph et al. (2012), Silver et al. (2005),
Silver and Sower (2006)

Pituitary Hormones: We identified the cDNAs of all lamprey
pituitary hormones from three families of pituitary
hormones: POM/POC, GH and glycoprotein hormones.
POC encodes for ACTH and b-endorphin. POM encodes
for MSH-B, MSH-A and b -endorphin. Growth hormone
is the only hormone from this family found in lampreys.
The two glycoprotein hormones are called lamprey
GpH and lamprey thyrostimulin

The pituitary hormones in agnathans had been an enigma
until the laboratories of Professors Sower and Kawauchi
with several other collaborators characterized hormones
from each of the three families of pituitary hormones in
lampreys

Hausken et al. (2017), Heinig et al. (1995),
Kawauchi et al. (2002), Sower et al. (2015,
2006), Takahashi et al. (1995a, 1995b)

Glycoprotein Receptors, lGpH-R I and II: We cloned two
glycoprotein receptors. The key motifs, sequence
comparisons, and characteristics of the identified GpHRs reveal a mosaic of features common to all other
classes of GpH-Rs in vertebrates

We hypothesized that there is lower specificity of lamprey
GpH and its receptor(s) in agnathans and that, during coevolution of the ligand and its receptor in gnathostomes,
there were increased specificities of interactions between
each GpH (TSH, LH, and FSH) and respective receptors

Freamat et al. (2006), Freamat and Sower,
(2008a,b, 2010)

LPXRFamide (GnIH) peptides: We identified an LPXRFamide
peptide gene encoding three peptides (LPXRFa-1a,
LPXRFa-1b, and LPXRFa-2) from the brain of sea
lamprey

In a collaboration with Professor Kazuyoshi Tsutsui,
synteny and phylogenetic analyses were performed that
showed a LPXRFamide peptide gene diverged from a
common ancestral gene likely through gene duplication in
the basal vertebrates. These results suggested that one
ancestral function of LPXRFa-2 (GnIH) may be stimulatory
in lampreys and some fish species compared to the
inhibitory function seen in mammals, birds and some fish

Daukss et al. (2012), Osugi et al. (2012,
2006)

New Nomenclature and Classification of members of the
GnRH and receptor Superfamily:

Based on extensive phylogenomics and phylogenetic
analyses, we propose that the nomenclature of the GnRH
and receptor superfamily should reflect orthology.
We propose the following: in deuterostomes, peptides and
receptors of the GnRH superfamily are referred to as GnRH
peptides and GnRH receptors; in protostomes, peptides
and receptors of the GnRH superfamily are refereed as
corozonin (or AKH/ACP-like) peptides and corozonin-like
(or ACPR/AKHR) receptors

Decatur et al. (2013), Plachetzki et al. (2016),
Smith et al. (2013)

Pituitary cell type called Proto-glycotrope: We identified a
novel pituitary cell type called proto-glycotrope in the
sea lamprey pituitary

A novel pituitary tropic cell type differentially expresses
the lamprey pituitary glycoprotein hormones, lGpH and
thyrostimulin, in overlapping and unique regions of the
anterior pituitary in different life stages of the lamprey.
The production of both lamprey glycoprotein hormones by
one cell type reinforces the concept of a less developed
and refined pituitary compared to later evolved
vertebrates

Marquis et al. (2017a,b)

As mentioned earlier, when we have sufficient recombinant pituitary glycoprotein hormones we will be able to measure the direct
response to the lamprey GnRHs including other identified neurohormones (see section below), as well as perform extensive binding studies using lamprey pituitaries from male and male from
each of the major life stages.

Previous personnel from my laboratory, Drs. Nathaniel Nucci,
Matthew Silver, Nerine Joseph and Jeffrey Hall, examined the
expression of each of the GnRH receptors by RT-PCR and in situ
hybridization in lampreys at different life stages (Hall et al.,
2013; Joseph et al., 2012; Silver et al., 2005). Fig. 4 shows a representation of the expression of lamprey GnRH-R-1, -2 and 3 in adult
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Fig. 4. A. Top, this figure is a schematic of the summary of expression of lamprey
gonadotropin-releasing hormone receptors-1, 2 and 3 (lGnRH-R) in the lamprey
brain and pituitary, modified from Hall et al. (2013). B. Bottom, this figure
represents the 2 high affinity binding sites of GnRH in the anterior lamprey
pituitary, modified from Knox et al. (1994).

lamprey brain/pituitary by in situ hybridization (Hall et al., 2013)
and expression of 2 high-affinity binding sites of GnRH in the anterior pituitary of the adult sea lamprey (Knox et al., 1994). Expression of the receptor-1 transcript was demonstrated in the pituitary
and testes RT-PCR, whereas in situ hybridization showed expression and localization of the transcript in the proximal pars distalis
of the pituitary (Silver et al., 2005). Lamprey GnRH-R-2 precursor
transcript was detected in a wide variety of tissues including the
pituitary in both male and female adult lampreys (Joseph et al.,
2012). Lamprey GnRH- R-3 precursor transcript was not as widely
expressed and was primarily expressed in the brain and eye of
male and female lamprey. A more recent study showed the presence of all three receptor transcripts in brain tissues for adult
and parasitic- phase lamprey and all three receptor transcripts
were expressed in the adult pituitaries, but not in the parasitic
pituitaries (Hall et al., 2013). In this same study, in the larval phase,
only lGnRH-R-1 was expressed in the larval brain and pituitary. In
situ hybridization also showed that lGnRH-R-2 and -3 were
expressed in the pineal tissue of female adult lampreys, restricted
to the pineal pellucida (Hall et al., 2013). Previous immunological
studies did not examine whether the three ligands of lamprey
GnRH were expressed in the pineal. The significance of two GnRH
receptors in the pineal of adult lampreys and its potential relationship to GnRH, melatonin and reproduction/development is intriguing and remains to be determined. In summary, our expression
data of both lamprey GnRHs and receptors provide an initial comparative analysis of expression suggesting differential regulation
within males and females at three different life/reproductive/
developmental stages.
6. Proposed new nomenclature of GnRH and GnRH receptors
With the continued discovery of additional GnRH peptides and
receptors from various species of vertebrates and invertebrates,
phylogenetic and functional studies have yielded various groupings of GnRHs and respective GnRH receptors, see Plachetzki
et al. (2017) for details. From my own laboratory as we have discovered the lamprey GnRH ligands and receptors, we performed
phylogenetic analyses and then later syntenic analyses and followed the ‘‘nomenclature convention” of the time period as we discovered each peptide/receptor. As an example, in 2004 and 2008,

we performed phylogenetic analysis of all available GnRH
sequences including lamprey GnRH-I, -II and -III cDNAs and
showed that the vertebrate GnRHs grouped into four paralogous
lineages: GnRH 1, 2, 3 and 4 (Kavanaugh et al., 2008; Silver et al.,
2004). This result was based on phylogenetic analyses, biochemical
function, neural distribution and developmental origin and supported the earlier model of three GnRH lineages in the gnathostomes with the agnathan peptides forming a fourth group.
However, the relationship of the lamprey type 4 paralog (lamprey
GnRH-I and -III) to the gnathostome GnRHs was unclear from these
studies. With the availability of whole genome sequences and subsequent syntenic analysis, we then proposed a new view of the vertebrate GnRH relationships emerged that included four paralog
groups with type 4 being lost in the vertebrates, lamprey GnRHII grouping with the type 2 GnRHs and lamprey-I and -III grouping
with type 3 GnRHs (Decatur et al., 2013; Roch et al., 2014). This
classification of the vertebrate GnRHs is supported by the latest
phylogenomic analyses that were done in collaboration with Dr.
David Plachetzki (UNH) (Plachetzki et al., 2016).
In 2012, following the discovery of three GnRH receptors
(lGnRH-R-1, -2, and -3) in lampreys, phylogenetic analysis adopting the classification of Millar et al. (2004) led to the proposal that
lamprey lGnRH-R-1 evolved from a common ancestor of all other
vertebrate GnRH receptors, and lamprey lGnRH-R-2 and lGnRHR-3 likely originated due to a lineage-specific gene duplication
(Joseph et al., 2012). This view of the phylogeny of the GnRH receptors has now been updated with the latest phylogenomic analyses
that have been done (Plachetzki et al., 2016).
Using leading edge phylogenomics/phylogenetics (Borowiec
et al., 2015), Dr. Plachetzki, as our collaborator, provided a significant new view and nomenclature of the evolution of the GnRH
superfamily. Based on this latest phylogenomics analyses, we
now propose a new nomenclature for the GnRH and GnRH receptor
superfamily across animals (Plachetzki et al., 2016) (Fig. 5). These
analyses are the first to use phylogenomics for the GnRH superfamily that provides an exhaustive view of the phylogeny of
GnRHs, receptors and related families. Phylogenomics provides
comprehensive analyses that include analyses from early animals
that address deeper origin (much more than phylogenetic analysis
by itself); in addition, the method can identify novel proteins/
receptors. The use of phylogenomics followed by phylogenetics is
a departure from the use of phylogenetics only since it analyses
genes and species tress simultaneously. The data from our
Plachetzki et al. (2016) paper provide strong evidence that the
nomenclature of the GnRH and receptor superfamily should reflect
orthology. In these analyses, protostome invertebrate GnRH, corazonin (CRZ) and adipokinetic hormone (AKH)/AKH/corazonin
related peptide (ACP) peptides are protostome orthologs of
deuterostome GnRHs; therefore it would be appropriate to refer
to the protostome peptide as ‘‘corazonin (or ACP/AKH) and related
peptides.”
GnRH and CRZ and related peptide receptors are members of a
very large neuromodulatory GPCR group of receptors that go deep
into Bilaterians (Plachetzki et al., 2016). Only Rfamide receptors
were found both in Bilaterians and some groups of nonbileraterans. GnRHR are present only in deuterostomes; GnRHR
and CRZR are sister groups. These data taken together from
Plachetzki et al. (2016), strongly support the presence of an ancestral receptor locus in the lineage leading to bilaterian animals that
gave rise to GnRH receptors in deuterostomes and CRZ and related
receptors in protostomes. In addition, several rounds of gene duplication and loss are required to explain the current diversity of
GnRH receptors among deuterostomes.
In summary, our data from 36 animal and animal-outgroup
genomes provided an in depth analysis of the evolutionary histories of GnRH, GnRH-related peptides, and their receptors
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Fig. 5. A schematic figure is shown of our proposed new nomenclature for the GnRH and GnRH superfamily across animals based on phylogenomic analyses (Plachetzki et al.,
2016). The data provide strong evidence that the nomenclature of the GnRH and receptor superfamily should reflect orthology. GnRH, gonadotropin-releasing hormone; CRZ,
corazonin; AKH, adipokinetic hormone; ACP, corazonin related peptide.

(Plachetzki et al., 2016). The phylogenetic depth of our selected
genomes also allows the origins of these and other gene families
to be determined. Consistent with recent analyses, we showed that
an ancestral GnRH-like peptide was present prior to the split
between deuterostomes and protostomes, and that GnRH peptides
in deuterostomes and CRZ, ACP and AKH peptides in protostomes
are the descendants of this ancestral peptide hormone. A similar
evolutionary history is evident in the receptors for these peptide
hormones, reflecting the common ancestry of these receptorpeptide pairs. Our analysis has implications for the nomenclature
of GnRH-like peptides and their receptors and we proposed a
nomenclature scheme as stated above that is consistent with this
phylogenetic understanding while accommodating important
functional differences between the different peptide-receptor pairs
across bilaterians.
7. Identity of other neurohormones in lamprey H-P axis
There are several important brain neurohormones/factors that
have been shown to stimulate/modulate gonadotropin releasing
hormone (GnRH) and/or gonadotropin synthesis and/or release in
vertebrates. In lampreys, the following neurohormones have been
discovered that have been shown to stimulate/modulate and/or
inhibit the hypothalamic-pituitary-gonadal axis includes the Rfamide peptides (GnIH; kisspeptin and PQRF), tachykinin, GABA
and neuropeptide Y (originally called peptide methioninetyrosine, PMY, a neuropeptide Y-like hormone), TRH, and estradiol
receptor, reviewed in (Sower, 2015b). Kisspeptin and TRH have
also been identified but have not been tested on whether either
of them can activate/modulate the HPG and/or HPT axes. The limitation of examining the functions of these potential neuromodula-

tors as already explained has been the lack of identity and/or
availability of the lamprey pituitary glycoprotein hormones.
RF (Arg-Phe) amide peptides, first discovered in invertebrates,
have been identified in a few species of vertebrates (e.g., in birds:
Tsutsui et al., 2000) as well as in the lamprey (Osugi et al. 2006).
In fact, since 2000, neuropeptides that have the RFamide motif at
their C-termini have been identified in the brains of several vertebrates (Osugi et al., 2006; Tsutsui et al., 2017). In collaboration
with Professor Kazuyoshi Tsutsui (Waseda University, Japan), a
novel lamprey RFamide peptide was identified and had the
sequence ofSWGAPAEKFWMRAMPQRFamide (lamprey PQRFa)
(Osugi et al., 2006). A cDNA of the precursor encoded one lamprey
PQRFa and two related peptides. These related peptides, which also
had the C-terminal PQRFamide motif, were further identified as
mature endogenous ligands. Phylogenetic analysis revealed that
lamprey PQRFamide peptide precursor belonged to the PQRFamide
peptide group. In situ hybridization demonstrated that lamprey
PQRFamide peptide mRNA was expressed in the regions predicted
to be involved in neuroendocrine and behavioral functions. This
was the first demonstration of the presence of RFamide peptides
in an agnathan brain. In subsequent studies, lamprey PQRFa at
100 mg/kg increased brain concentrations of lamprey GnRH-II in
adult female lamprey compared to controls (Daukss et al., 2012).
In these same studies, PQRFa, PQRFa-RP-1 and PQRFa-RP-2 did
not significantly change brain protein concentrations of either lamprey GnRH-I, -III, or lamprey GTH-b mRNA expression in the pituitary. These data suggested that one of the PQRFamide peptides
may act as a neuroregulator of at least the lamprey GnRH- II system in adult female lamprey. Lamprey PQRFamide peptides are
considered to have retained the most ancestral features of PQRFamide peptides.
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In another collaborative study with Professor Tsutsui, an
LPXRFamide peptide gene was identified encoding three peptides
(LPXRFa-1a, -1b and -2) from the brain of sea lamprey by synteny
analysis and cDNA cloning, and the mature peptides by
immunoaffinity purification and mass spectrometry (Osugi et al.,
2012). The expression of lamprey LPXRFamide peptide precursor
mRNA was localized in the brain and gonad by RT-PCR and in the
hypothalamus by in situ hybridization. Immunohistochemistry
showed appositions of lamprey LPXRFamide peptide immunoreactive fibers in close proximity to GnRH-III neurons, suggesting that
lamprey LPXRFamide peptides act on GnRH-III neurons. In addition, lamprey LPXRFa-2 stimulated the expression of lamprey
GnRH-III protein in the hypothalamus and gonadotropin b mRNA
expression in the pituitary. Synteny and phylogenetic analyses
provided evidence that the LPXRFamide peptide gene diverged
from a common ancestral gene likely through gene duplication in
the basal vertebrates. These results suggested that one ancestral
function of LPXRFamide peptides may be stimulatory compared
to the inhibitory function seen in later-evolved vertebrates (i.e.,
birds and mammals and some fish) (Tsutsui et al., 2017), this issue.
In time, the elucidation of the functions of these peptides will contribute to our understanding of the interrelationships of these peptides and the GnRH-GpH/throstimulin systems.
While TRH is considered the major neurohormone regulating
the pituitary in mammals, the role of TRH in non-mammalian vertebrates is much less established, reviewed in (De Groef et al.,
2006). In amphibians, reptiles, and birds, corticotropin-releasing
hormone (CRH) rather than TRH seems to be the major regulator
of TSH (Denver, 2013; Okada et al., 2009). In teleost fish, it is proposed that the fish thyroidal system is not under central control
but rather under peripheral control, reviewed in (Blanton and
Specker, 2007). Hypothalamic control of the pituitary-thyroid axis
is unknown in lampreys. To date, there are only two reports on
TRH in lampreys and neither of these reports shows that TRH regulates the pituitary gland. Youngs et al. (Youngs et al., 1985)
demonstrated that TRH was present in the pituitary, brain, and
spinal cord of larval and adult sea lamprey and adult European
river lamprey. A more extensive immunocytochemistry study
was done, in which the distribution of TRH mainly occurred in
the preoptic region and the hypothalamus in large larvae and adult
upstream migrating sea lamprey (Del Carmen De Andres et al.,
2002). Sower et al. (1985) reported that treatment of adult lamprey
with a partly purified salmon gonadotropin or a GnRH analog significantly elevated plasma thyroxine. It was hypothesized from
these early studies that one hypothalamic GnRH stimulated both
the pituitary-thyroid and pituitary gonadal axes (Sower et al.,
1985). In later studies, lamprey gonadotropin-releasing hormones
(GnRH-I and -III) were shown to be significantly correlated with
the seven stages of lamprey metamorphosis (Youson and Sower,
1991). In adult female lamprey, lGnRH-I, -II, and -III increased pituitary lGpHb mRNA expression, whereas only GnRH-III increased
lGpA2 and lGpB5 expression (Hausken et al., 2017; Sower et al.,
2006). The influence of GnRH on the three lamprey GpH subunits
implies an HPG/T overlap as previously mentioned.
Corticotropin-releasing hormone (CRH) was recently identified
in the lamprey (Endsin et al., 2017). These authors showed that
the expression of CRH was elevated prior to and at the onset of
metamorphosis, however, these changes were not significant.
Whether CRH is involved in the HPT axis is unknown. The identity
of potential hypothalamic neurohormones that may or not be
involved in thyroid activity is an area ripe for study in lampreys.
8. Discovery of lamprey pituitary glycoprotein hormones
In 1985, Professor Hiroshi Kawauchi (Kitasato University, Japan)
and I started our collaboration in the identification of the pituitary

gonadotropin(s) in the sea lamprey, Petromyzon marinus. This
eventually involved several members from each of our laboratories
and through the years expanded to include Dr. Masumi Nozaki of
Niigata University, Japan; Drs. Akiyoshi Takahashi and Shunsuke
Moriyama of Kitasato University, Japan; Dr. Jean M.P. Joss of Macquarrie University, Australia; Drs. Aubrey Gorbman and Erika
Plisetskaya, University of Washington; and Dr. John H. Youson of
the University of Toronto at Scarborough, Canada. In 2012, I started
another collaboration with Dr. Berta Levavi-Sivan (Israel) to begin
studies on the production of recombinant lamprey glycoprotein
hormones.
From 1985 to 2000, we collected thousands (>55,000) of pituitaries and brains to identify the pituitary glycoprotein hormones
and brain hormones. We were hindered by the extremely small
size (about 0.7 mg in adult sea lampreys) and the difficulty in
obtaining quantities of tissue needed for purification. Fortunately,
as explained earlier, we were able to obtain the needed tissues
by going to Hammond Bay Biological Station, Michigan, to perform
the dissections of adult sea lamprey tissues. In our first attempt to
identify the gonadotropin, we instead isolated and sequenced the
neurohypohyseal peptide, arginine vasotocin (Lane et al., 1988).
It turned out that lampreys only have one neurohypophyseal hormone; they did not have an oxytocin-like peptide. We continued
our extensive research efforts, incorporating molecular cloning
beginning in the early 1990s. The lamprey ‘‘gonadotropin” eluded
our search for many years and was the last to be identified of the
lamprey pituitary hormones (Kawauchi and Sower, 2006). Fortunately, the positive results from our many years of research were
very long fruitful collaborations and friendships; identity of all
other anterior pituitary hormones and the identity of novel glycoproteins hormones in the sea lampreys.
The most prominent glycoprotein that we first identified was
nasohypophseal factor (Sower et al., 1995), which corresponded
to the N-terminal peptide of pro-opiocortin (POC), consisting of
121 amino acids with one glycosylation site. From our continued
collaborations, we identified the adrenocorticotropin (ACTH),
melanotropins A and B (MSH A and B), and b-endorphins (b-EP).
In lampreys, ACTH and b-EP are encoded by the POC gene and
MSH-A, MSH-B and b-EP are encoded by the proopiomelanotropin (POM) gene (Kawauchi and Sower, 2006). We
identified only one member of the growth hormone family in lampreys, growth hormone (Kawauchi et al., 2002). The success of
obtaining the first pituitary glycoprotein hormone beta subunit,
(originally called GTHb now called GpHb) was done by expressed
sequence tag analysis of the pituitary cDNA library (Sower et al.,
2006). Our long search for the glycoprotein hormones had suggested that the structure of lamprey ‘‘GTH” was significantly different than from those of gnathostomes GTHs (Kawauchi and Sower,
2006). This was indeed the case, as shown by our discovery of the
alpha subunit of lamprey GpH. In collaboration with Dr. Berta
Levavi-Sivan (Israel) and Dr. Masumi Nozaki (Japan), we reported
the identity of the alpha subunit of lamprey GpH in 2015 (Sower
et al., 2015). The alpha subunit turned out not to be the classical
alpha subunit found in gnathostome GTHs and thyrotropin (TSH),
but instead was the alpha subunit of thyrostimulin. We showed
that lampreys had at least one functional, unique glycoprotein heterominer (A2/b) that is not found in any other vertebrate (Sower
et al., 2015) (Table 2).
In gnathostomes, the classical heterodimeric pituitary glycoprotein hormone (GpH) family consists of two pituitary gonadotropins
(GTHs), luteinizing hormone (LH) and follicle stimulating hormone
(FSH), and one TSH. These hormones belong to the cysteine knotforming glycoprotein hormone family that consists of a common
a-subunit (glycoprotein hormone GpH-a or GPA1) and unique bsubunits (FSHb/LHb/TSHb). In general, FSH and LH regulate gonadal activity, and TSH regulates thyroidal activity. These glycopro-
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Table 2
This table depicts the known glycoprotein hormones and receptors in gnathostomes
(jawed vertebrates) and lampreys (jawless vertebrates).

Active
GpH
Receptor
Glycoprotein
Receptor Expression
Hormone (GpH)
Luteinizing
LH-R
Gonad
hormone (LH)
Follicle stimulating
FSH-R
Gonad
hormone (FSH)

Jawed
vertebrates Thyroid stimulating
(Gnathostomes) hormone (TSH)
Thyrostimulin
Lamprey
(Jawless;
Agnatha)

lGpH
Thyrostimulin

TSH-R

Thyroid

No cognate
receptor;
binds TSHR

n/a

lGpH-R I
lGpH-R II

Gonad &
Thyroid

tein hormone subunits are not found in invertebrates. Fifteen years
ago, a novel pituitary hormone was identified and named thyrostimulin because it activated the TSH receptor (Nakabayashi et al.,
2002) but its function has not been established (Dos Santos et al.,
2009; Nakabayashi et al., 2002; Park et al., 2005; Sudo et al.,
2005). Compared with other GpHs, thyrostimulin has distinct subunits called GpA2 (a-subunit) and GpB5 (b-subunit) and are found
both in invertebrates and vertebrates. Based on phylogenetic and
syntenic analyses, the thyrostimulin subunits are considered
ancestral to the vertebrate GpHs subunits (Dos Santos et al.,
2009; Sudo et al., 2005) that is also supported by our recent phylogenomic analyses (Hausken et al., 2017). In contrast to gnathostomes, we propose that lampreys have only two heterodimeric
pituitary GpHs consisting of unique a and b subunits, lamprey
GpH (lGpH) (lGpA2/lGpHb) (Sower et al., 2015, 2006) and thyrostimulin (lGpA2/lGpB5) (Hausken et al., 2017) (Table 2). The lamprey GpH represents an ancestral type GpH not found in
gnathostomes or in hagfish. Hagfish, the only other agnathan, also
has only one glycoprotein hormone yet consists of an ancestral
type vertebrate alpha and beta subunits as shown in a collaborative study with Drs. Uchida and Nozaki, Japan (Uchida et al.,
2010, 2013). We also suggested similarly to the lamprey that the
recently identified hagfish glycoprotein has both gonadotropic
and thyrotropic functions; we also hypothesized that the ancestral
GpH did not give rise to the multiplicity of GpHs (LH, FSH, TSH, and
CG) seen in other vertebrates until the early evolution of gnathostomes. The unique glycoprotein hormone in lampreys raises many
questions on why lampreys have such a unique pituitary glycoprotein hormone—consisting of an ancestral b-like subunit of FSH, LH,
and TSH, and the a-like subunit of thyrostimulin. We hypothesized
in 2003 and 2015 that the reproductive hormones may be unlike
other vertebrate hormones since the lampreys are the only vertebrates that have a parasitic phase and thus may need to ‘‘block
or outcompete” host fish gonadotropins that the lampreys ingest
in order to maintain their own reproductive cycle (Sower, 2003,
2015).
With several personnel from my laboratory and in collaboration
with Drs. Levavi-Sivan and Masumi Nozaki, we identified and performed functional studies on the nonclassical, lamprey heterodimeric glycoprotein hormone (lGpH) consisting of the
thyrostimulin A2 subunit with the classical b subunit in the sea
lamprey (Sower et al., 2015). In these same studies, lamprey
GpA2 and lGpHb were shown to form a heterodimer by coimmunoprecipitation of lGpA2 with FLAG-tagged lGpHb. Duallabel fluorescent in situ hybridization and immunohistochemistry
showed the co-expression of individual subunits in the proximal

11

pars distalis of the pituitary. In addition, recombinant lamprey
GpH activated the lamprey glycoprotein hormone receptor I as
measured by increased cAMP/luciferase activity (Sower et al.,
2015). These data are the first to demonstrate a functional, unique
glycoprotein heterodimer that is not found in any other vertebrate.
Most recently, we now have identified the beta subunit (GpB5)
of thyrostimulin. Two personnel from my laboratory, Dr. Belen
Tizon (Research Scientist) and Krist Hausken (PhD candidate),
other members of my laboratory and in collaboration with Dr.
Berta Levavi-Sivan and her laboratory have cloned sea lamprey
GpB5, which forms a heterodimer with GpA2 to constitute a novel
lamprey pituitary thyrostimulin (Hausken et al., 2017). The fulllength cDNA of lGpB5 encoded a protein of 174 amino acids with
ten conserved cysteine residues and one glycosylation site conserved with other vertebrate GpB5 sequences. Phylogenomic and
syntenic analyses supported the basal positioning of lGpB5 to other
vertebrates. Fluorescent in situ hybridization and immunohistochemistry showed that both lGpA2 and lGpB5 are co-expressed
throughout the pituitary during each life stage, i.e., larval, parasitic,
and adult phases. Intraperitoneal injection with lGnRH-III (100 lg/
kg) increased pituitary GpA2 and GpB5 mRNA expression in sexually mature adult female lamprey. Lamprey GpA2 and GpB5
formed a heterodimer by nickel pulldown of lGpA2 using His or
FLAG-tagged lGpB5. These data provide supporting evidence that
lamprey thyrostimulin is a novel, functional pituitary glycoprotein
hormone along with lamprey GpH.
The lamprey pituitary lacks a TSH glycoprotein hormone (Sower
and Hausken, 2017). The recent findings of the lamprey GpH subunits of lGpA2 and lGpB5 along with the earlier discovery of lGpb
now allows us to begin the studies in determining how the two
proposed pituitary glycoprotein hormones differentially regulate
gonadal and thyroidal activities. Studies are ongoing to produce
recombinant lamprey GpH and thyrostimulin, but have not yet
been completed; therefore, studies on the structure-function of
the lamprey glycoprotein hormones have not been performed.

9. Discovery of a novel lamprey pituitary cell type
In the adenohypophysis (anterior pituitary) of all gnathostomes,
there are six tropic cell types: corticotropes, melanotropes, somatotropes, lactotropes, gonadotropes, and thyrotropes; each cell
type produces specific tropic hormones. In contrast, it has been
shown by comprehensive histological and immunological fiveyear studies by an undergraduate student, Timothy Marquis in
my laboratory, that there are only four tropic cell types including
corticotropes, somatotropes, melanotropes and a novel protoglycotrope in the sea lamprey (Petromyzon marinus) anterior pituitary (Marquis et al., 2017a,b). There are very limited reports on
examination of the cell type that produces the thyrostimulin subunits in gnathostomes. Previous studies have shown thyrostimulin
expression in the pituitary (Li et al., 2004) but the cell type was not
identified. In one study in humans, the subunits of thyrostimulin
(also called corticotroph-derived glycoprotein hormone), were surprisingly expressed in the corticotropes and not the gonadotropes
or thyrotropes (Okada et al., 2006). Whether this is a general pattern in mammals is not known. In lampreys, the protoglycotropes were shown to produce the lamprey glycoprotein hormone subunits of lGpH and thyrostimulin, and that it is the predominant cell type throughout all of the regions of the anterior
pituitary at all major life stages of the sea lamprey (Marquis
et al., 2017a). The production of both lamprey glycoprotein hormones by one cell type reinforces the concept of a less developed
and refined pituitary compared to later evolved vertebrates. In an
evolutionary sense, these data lend further support to the working
hypothesis that lampreys are in an evolutionary intermediate stage
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of pituitary development, leading to the more highly specialized
tropic hormones and tropic cells founds in gnathostomes (Sower,
2015b; Sower et al., 2009).
10. Discovery of lamprey pituitary glycoprotein hormone
receptors
GTHs (LH and FSH) and TSH hormone actions are mediated
through a subfamily of GPCRs, namely the GpH receptors (GpHR) (Combarnous, 1992). Known GpH-Rs share a number of unique
features. They are composed of two functionally distinct modules
of similar size: an extracellular N-terminal domain followed by a
typical GPCR segment. In mammals, the GpH/GpH-receptor system
exhibits two characteristics tightly related to their proper function
under normal physiological conditions: the specificity of their temporal and tissue expression profiles and selectivity in their interaction with the ligands (Sower et al., 2015). These characteristics
evolved during divergent evolution of the ancestral duplicated
genes that were inherently neither specific in their expression
nor selective in their ligand affinities. To date, no cognate receptor
has been identified for thyrostimulin in vertebrates.
A former PhD student from my laboratory, Dr. Mihael Freamat
identified two functional GpH-Rs (lGpH-R I and lGpH-R II) in the
sea lamprey (Freamat et al., 2006; Freamat and Sower, 2008b).
We proposed based on our data that lGpH-R I and lGpH-R II are
the only members of the GpH receptor subfamily in lampreys
(Freamat and Sower, 2008a). Based on phylogenetic analysis
(Freamat and Sower, 2008a,b), these receptors are descendants of
the TSH receptor-like molecular ancestors of the GpH-Rs in
gnathostomes and are likely the result of a whole genome duplication event hypothesized to have taken place before the divergence
of agnathans. The key motifs, sequence comparisons, and characteristics of the identified lamprey GpH-Rs revealed a mosaic of features common to all other classes of GpH-Rs in vertebrates. Both
lGpH-R I and II were shown to activate the cAMP signaling system
using COS7 cells when tested with heterodimeric-chimeric GpHs
(Freamat et al., 2006; Freamat and Sower, 2008b). In a more recent
study, testing a recombinant lamprey GpH, only GpH-R I induced
an activation of CRE-luciferase activity (Sower et al., 2015). Future
structure-function binding studies with recombinant lamprey GpH
and thyrostimulin may elucidate whether there is a cognate receptor for each ligand for each of the two lamprey GpH-Rs.
Using RT-PCR in earlier studies, lGpH-R I was primarily expressed
in the lamprey testis and lGpH-R II was expressed mainly in thyroid
tissue (Freamat et al., 2006; Freamat and Sower, 2008b). More
recently, we examined the (co)-localization and (co)-expression of
lGpH-R I and II in larval, parasitic phase, and adult sea lamprey by
dual-label fluorescent in situ hybridization (Hausken et al.,
Submitted). We also performed in vivo experiments to examine
the relationship between lGpH-R I and II expression in the ovaries

and thyroids of sexually mature, adult female lampreys following
injection with lGnRH-I, -II, or -III. In these experiments, we measured lGpH-R I and II expression by real time PCR and determined
plasma concentrations of estradiol (E2) and thyroxine (T4)
(Hausken et al., Submitted). A highly sensitive dual-label fluorescent
in situ hybridization technique showed lGpH-R I expression in the
ovaries of larval lamprey, and co-localization and co-expression of
lGpH-R I and II in the ovaries of parasitic phase and adult lampreys.
Both receptors were also highly co-localized and co-expressed in the
endostyle of larval lamprey and thyroids of parasitic and adult lampreys. Administration of lGnRH-III in our in vivo studies induced an
increase in RNA expression of lGpH-R I and II in ovaries, and only an
increase in lGpH-R II expression in the thyroids of sexually mature
adult female lamprey; concomitantly, there was a significant
increase of plasma estradiol and decrease of thyroxine concentrations. Therefore, our results provide supporting evidence that the
lamprey pituitary hormones may differentially activate the lamprey
GpH-Rs in regulating both thyroid and gonadal activities during
each of the three life stages of the sea lamprey. In addition, these
data add further evidence of the potential overlap in interactions
between the HPG and HPT axes in regulating reproduction and
development/metabolism in sea lampreys.
Therefore, at this point, a comparative perspective on this endocrine compartment in lampreys relative to the well-established
gnathostome paradigm suggests the involvement of lGpH and thyrostimulin with two GpH-Rs, as opposed to three or four classic
GpHs with three receptors in gnathostomes. The role of this
GpH/GpH-R system in lampreys has yet to be fully established.
The recent identification and characterization of GpH and thyrostimulin along with the production of recombinant hormones in
lampreys will now permit structure-function studies to be performed. Further extensive studies will be required to determine
the potential cognate receptor(s) for lGpH and thyrostimulin as
well as to examine their functional signaling mechanisms with
each of the two lamprey GpH-Rs. Such studies are important in
understanding each of their roles in regulating reproductive and/
or thyroidal activities. From the studies completed to date, my colleagues, students and I hypothesize that there is lower specificity
of GpH/GpH-R interactions in agnathans, and that specific interactions of each gnathostome GpH (TSH, LH, and FSH) with its receptor increased during co-evolution of the ligand/receptor pair
(Sower et al., 2009). (Fig. 6).
11. Summary
Since 1980, my laboratory along with collaborators has been the
driving force in elucidating the lamprey neuroendocrine system,
reviewed in (Sower, 2015b; Sower et al., 2009). We have made
many major landmark discoveries and breakthroughs related to
the origin, evolution and function of aspects of the neuroendocrine

Fig. 6. This figure represents a schematic of our hypotheses that there is lower specificity of lamprey GpH and thyrostimulin/lGpH-R interactions in agnathans, and that
specific interactions of each gnathostome GpH (TSH, LH, and FSH) with its receptor increased during co-evolution of the ligand/receptor pair as indicated by the gradient of
colors (Sower et al., 2009). FSH, follicle stimulating hormone; FSH-R, FSH receptor; LH, luteinizing hormone; LH-R, LH receptor; lGpH, lamprey glycoprotein hormone; lGpH-R,
lamprey glycoprotein hormone receptor; TSH, thyrotropin/ thyroid stimulating hormone; TSHR, thyrotropin receptors/ thyroid stimulating hormone receptor. A2, a, B5 and b
are the subunits of the GpHs.
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system. Our work showed and confirmed that the hypothalamicpituitary system was a seminal event in vertebrate evolution that
emerged prior to or during the evolution of the ancestral agnathans
(Sower et al., 2009). Our existing data suggest the existence of
primitive, overlapping yet functional HPG and HPT endocrine systems in lamprey, involving one and/or two pituitary glycoprotein
hormones and two glycoprotein hormone receptors. This is in contrast to the three or four glycoprotein hormones interacting specifically with three receptors in gnathostomes (Sower, 2015b with;
Sower et al., 2009). We hypothesize that the glycoprotein hormone/glycoprotein hormone receptor systems emerged as a link
between the neuroendocrine and peripheral control levels during
the early stages of gnathostome divergence.
However, as just reviewed, there are still many unresolved
questions concerning the regulatory role of the hypothalamicpituitary-gonadal and thyroidal axes in lampreys. How do three
identified lamprey GnRH ligands differentially regulate three GnRH
receptors at the pituitary? What other neurohormones are
involved in the HPG and HPT axes? How do two identified pituitary
glycoprotein hormones differentially regulate gonadal and thyroidal activity via two receptors, and do these dynamics change
during the lamprey life cycle? Do lampreys have unique glycoprotein hormones because of their parasitic phase and a need to block
hosts’ hormones? We have made many major discoveries; however, there are many hormones/receptors, functions, mechanisms
and processes that we lack in our understanding of the
hypothalamic-pituitary-axis in lampreys. In an evolutionary sense,
our working hypothesis is that lampreys are in an evolutionary
intermediate stage of hypothalamic-pituitary development, leading to the more highly specialized neuroendocrine control of tropic
cells and their hormones found in gnathostomes (Fig. 2). The reproductive and thyroid endocrinology of lamprey can be considered a
picture in time when these two systems were emerging, i.e. a picture modified during the hundreds of millions of years of independent evolution of the modern vertebrates. Understanding the
exquisite architecture and functional precision of these two systems from an evolutionary point of view are important not only
in the study of the mechanisms of evolutionary change of the
sequences of the protein components of these pathways but also
in the regulatory mechanisms that lead to the spatial and temporal
specificity of their expression as well as their relationships with
other endocrine systems.
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