Chapter 7

The Reproductive Hypothalamic-Pituitary Axis
in Lampreys
Stacia A. Sower

Abstract This chapter reviews the knowledge of the hypothalamic-pituitary axis
in the control of reproduction in lampreys. In gnathostomes, the hypothalamus and
pituitary have well-defined roles in the control of reproduction. Up until the late
1970s, it was thought that the agnathan lampreys did not have the same neuroendocrine control of reproduction seen in the jawed vertebrates, in part due to their lack
of the typical anatomical hypothalamic-pituitary connection. Since then and during
the past three decades, there have been rapid advances in our knowledge of the
structure and function of the hypothalamic and pituitary hormones and respective
receptors in lampreys. This chapter highlights the delineation of the neuroendocrine
system that has come from 30 years of research on the biochemical, molecular,
anatomical, immunohistochemical, and functional studies that have established that
lampreys, similar to the jawed vertebrates, have a hypothalamic-pituitary-gonadal
axis and that there is a high conservation of the mechanisms of gonadotropinreleasing hormone action. These findings also show that the neuroendocrine factors
share common functional and developmental features compared to later evolved
vertebrates.
Keywords Estradiol · GABA · Glycoprotein receptors · Gonadotropin ·
Gonadotropin inhibiting hormone · Gonadotropin-releasing hormone · GnIH ·
GnRH · GnRH receptors · Hypothalamus · Hypothalamic-pituitary-gonadal axis ·
Kisspeptin · Neuropeptide Y · NPY · Pituitary · Pituitary glycoprotein hormones ·
Petromyzon marinus · RFamide peptides · Thyrostimulin

7.1 Introduction
In the late 1970s, it was thought that lampreys did not have the same neuroendocrine control of reproduction as in the gnathostomes (i.e., the jawed vertebrates), in
part due to their lack of the typical anatomical hypothalamic-pituitary connection.
The question whether there is hypothalamic control over reproduction in lampreys
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has special significance since these fishes, along with the hagfishes, represent the
oldest lineage of extant vertebrates and hold a basal position to all other vertebrates
(see Chaps. 1, 2). However, considering that lampreys are seasonal animals and
responsive to environmental cues such as temperature and photoperiod (e.g., see
Chaps. 4, 6), it was postulated that there would be some sort of neuroendocrine
control over various physiological processes such as metamorphosis and reproduction. Testing this concept, Drs. Joe Crim (Crim et al. 1979a) and Stacia Sower et al.
(1983), as postdoctoral associates of Professor Aubrey Gorbman, performed the
first immunohistochemical study and experimental study, respectively, suggesting
that lampreys may have neuroendocrine control of reproduction. Since then and
during the past three decades, there have been rapid advances in our knowledge of
the structure and function of the hypothalamic and pituitary hormones and respective receptors in lampreys. This chapter highlights the delineation of this reproductive neuroendocrine system that has come from 30 years of research.
Modern vertebrates are classified into two major groups, the gnathostomes
(jawed vertebrates) and the agnathans (jawless vertebrates). There are only two surviving agnathan lineages—the hagfishes (order Myxiniformes) and lampreys (Petromyzontiformes)—while the gnathostomes constitute all other living vertebrates
including the bony and cartilaginous fishes and the tetrapods (see Chap. 1). In this
chapter, lampreys and hagfishes are considered to be monophyletic. Although the
phylogenetic relationship between hagfishes, lampreys, and the jawed vertebrates
is still not completely resolved (e.g., Forey and Janvier 1994; Near 2009), recent
studies have provided strong evidence for “cyclostome” (i.e., agnathan) monophyly
(Ota et al. 2007; Heimberg et al. 2010; Janvier 2010; see Chap. 2).
It is generally believed that two large-scale genome duplications (2R) occurred
during the evolution of early vertebrates, although there is controversy on whether
the 2R duplications occurred in the lineage leading to all extant vertebrates (including the hagfishes and lampreys) or whether there was one round of duplication prior
to and one round of duplication after divergence of the jawless vertebrates (Ohno
1970; Holland et al. 1994; Vandepoele et al. 2004). The sequencing, annotation and
synteny analysis (i.e., examining similar blocks of genes in the same relative positions in genomes from different species) of the sea lamprey Petromyzon marinus
whole genome—a monumental effort performed by an international group of researchers led by Professor Weiming Li (Michigan State University)—now provides
support for the first hypothesis (i.e., two rounds of genome-wide duplication in the
ancestor to both agnathans and gnathostomes; Smith et al. 2013). Genome duplications, which provide a source of genetic material for subsequent mutation, drift, and
selection, are generally considered to make new evolutionary opportunities possible
(Crow and Wagner 2006).
The hypothalamic-pituitary system is considered to be a vertebrate innovation
and seminal event that emerged prior to or during the differentiation of the ancestral agnathans (Sower et al. 2009) likely due to the two whole rounds of genome
duplication. Reproduction in vertebrates is controlled by a hierarchically organized endocrine system (Fig. 7.1). In spite of the very diverse patterns of life cycles, reproductive strategies, and behaviors, this endocrine system is remarkably

7 The Reproductive Hypothalamic-Pituitary Axis in Lampreys

307

Schematic diagram of the reproductive hypothalamic-pituitary-gonadal (HPG) system
in lampreys highlighting the GnRH-GTH system. Lampreys have three gonadotropin-releasing
hormones released from the hypothalamus in the brain (lGnRH-I, lGnRH-II, lGnRH-III), one pituitary glycoprotein hormone/gonadotropin (lGpH or GTH), and one glycoprotein receptor (lGpHR1) in the gonad (Sower et al. 2009). In comparison, gnathostomes generally have one or two
GnRHs that act as hypothalamic hormones, two pituitary gonadotropins (LH and FSH), and one
gonadal FSH receptor and one LH receptor (see Table 7.3). The hypothalamus integrates photoperiod, temperature, seasonal changes, and feedback cues and, in response, releases one or more
GnRHs that act at the pituitary controlling the pituitary-gonadal axis. (Lamprey figure courtesy of
Dr. Marty Wong; environmental icons courtesy of Wayne A. Decatur)

conserved throughout the vertebrate lineages. As this chapter describes, it has now
been clearly demonstrated that lampreys possess a hypothalamic-pituitary system.
Evidence for neuroendocrine control of reproduction in hagfishes is more recent
and far less extensive, but it likewise suggests that hagfishes possess a hypothalamic-pituitary system (Sower et al. 1995a; Sower and Kawauchi 2011; Uchida
et al. 2010, 2013). The vertebrate neuroendocrine system consists of neurosecretory neurons located in specific nuclei within the hypothalamus of the brain and
the pituitary gland or hypophysis. The vertebrate pituitary is composed of two
structural components, the neurohypophysis (posterior pituitary) that is actually
part of the brain floor and the adenohypophysis (or anterior pituitary) that is composed mostly of cords of secretory cells. The neurohypophysis in most vertebrates
(except agnathans and most teleost fishes; see Sect. 7.2) is further divided into two
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components: the pars nervosa and the median eminence that is the neurohemal
structure that conveys the neurohormones to the adenohypophysis via portal blood
vessels (Gorbman 1965).
Although the hypothalamic-pituitary-gonadal (HPG) and hypothalamic-pituitary-thyroid (HPT) systems overlap (Sower et al. 2009), this chapter focuses on the
hypothalamic-pituitary axis as it relates to reproduction. Gonadotropin-releasing
hormone (GnRH, previously called luteinizing hormone releasing hormone LHRH)
produced in the hypothalamus is a regulatory neurohormone controlling reproduction in all vertebrates (see Guilgur et al. 2006; Kah et al. 2007; Kavanaugh et al.
2008; Okubo and Nagahama 2008). Upon response to external and internal cues,
GnRH is released and acts at specific G-protein coupled receptors (GPCR) at the
pituitary gland to stimulate the synthesis and release of the gonadotropin(s), which
in turn travel via the blood and act via specific GPCRs at the gonads to stimulate
and/or regulate steroidogenesis and gametogenesis. Generally, gnathostomes have
one or two GnRHs that act as hypothalamic hormones, two pituitary gonadotropins—luteinizing hormone (LH or lutropin) and follicle stimulating hormone (FSH
or follitropin), and one gonadal FSH receptor and one LH receptor. In comparison,
lampreys have three hypothalamic GnRHs, only one pituitary gonadotropin-type
hormone, and one gonadal glycoprotein receptor (Fig. 7.1; Sower et al. 2009). This
chapter summarizes the latest information on the hypothalamic-pituitary axis in
lampreys, with a focus on its regulation of reproduction; coverage of the lamprey
gonad itself is provided by Docker et al. (in press). Most of the information available on the lamprey neuroendocrine system is from the well-studied sea lamprey,
with some information from some of the other 40 species of lampreys. Although
our knowledge of the neuroendocrine axis in lampreys is far from complete, the
following information—acquired from 30 years of research—will serve as a basis
for future studies that will continue to extend our understanding of this system in
lampreys and vertebrates in general.

7.2 Neuroanatomy of the Hypothalamus
Within all vertebrate brains, there is a region called the hypothalamus. The hypothalamus contains a number of small nuclei and is located below the thalamus, just
above the brain stem, and forms the ventral part of the diencephalon. The telencephalon and the diencephalon constitute the forebrain.
In lampreys, the hypothalamus comprises the largest part of the diencephalon
(Butler and Hodos 2005). Although there is a considerable body of reported information on the neuroendocrinology of the lamprey hypothalamus, there are relatively few modern reports on its cytoarchitecture or connections (Butler and Hodos
2005). The most ventral part of the hypothalamus surrounds the infundibular recess, a widening of the third ventricle (Nieuwenhuys 1977). The hypothalamus
receives afferent axons from all parts of the telencephalon, including the olfactory
bulb, and from both the rectum and tegmentum of the mid- and dorsal thalamus
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(Nieuwenhuys 1977; Butler and Hodos 2005). Efferents from the lamprey hypothalamus are mainly to the tegmentum of the midbrain (the mesencephalon) and the
hindbrain (rhombencephalon), as well as to the dorsal thalamus, ventral thalamus,
and the olfactory bulb (Nieuwenhuys 1977; Butler and Hodos 2005).
In mammals, releasing hormones are secreted from the terminal boutons in the
median eminence and enter the vascular portal network through capillary beds (Butler and Hodos 1996). The releasing hormones subsequently act on the glandular
tissue of the adenohypophysis, inducing the synthesis and release of the anterior
pituitary hormones (Butler and Hodos 1996). Of all vertebrates, only the agnathan
and non-osteoglossomorph teleost fishes lack a portal vascular system (median eminence) for transferring neurohormones from the hypothalamus to the adenohypophysis (Gorbman 1965; Tsuneki and Nozaki 1989; Fig. 7.2). The adaptive importance
of such a portal system is that it makes possible central nervous regulation of such
vital processes as reproduction by external (and internal) cycling environmental
conditions. The teleosts have solved this structural problem by direct innervation
of the pars distalis in the anterior pituitary by appropriate neurosecretory neurons
from the adjacent hypothalamus (Gorbman et al. 1983). The agnathans, however,
have no nervous or vascular communication between the brain and neurohypophysis (Tsuneki and Gorbman 1975), leading to speculation that nervous regulation of
the agnathan pars distalis is by diffusion of brain peptides from the adjacent neurohypophysis, across the thin connective tissue layer that separates the neural from the
glandular tissues (Nozaki et al. 1975).
Proof that diffusion is an adequate basis for brain regulation of the pars distalis
has rested on such experiments as those of Nozaki et al. (1975) and Tsukahara et al.
(1986), who injected substances of varying molecular size (a colloidal particulate
dye, a protein, and an ion) into the third ventricle of the inshore hagfish Eptatretus
burgeri. Staining revealed that, within minutes of injection, significant amounts of
molecular substances as large as the protein horseradish peroxidase (44 kDa) had
diffused from the third ventricle, through the neurohypophysis, to the pars distalis.
These authors also suggested that tanycytes, special ependymal cells located in the
floor of the third ventricle and with processes extending deep into the hypothalamus,
might also be responsible for transport. There were concerns that experiments with
hagfishes might not represent the diffusion hypothesis fairly (Nozaki et al. 1994)—
e.g., because of aberrant features of their adenohypophysis (Norris and Carr 2013)
and because they may not have an environmentally regulated reproductive cycle
(Gorbman and Dickhoff 1978)—but subsequent anatomical evidence also supported the concept of a “diffusional median eminence” in lampreys (King et al. 1988;
Tsuneki 1988; Nozaki et al. 1994). In both sea lamprey and Pacific lamprey Entosphenus tridentatus, GnRH-like neurons identified by immunocytochemistry were
shown to project their fibers primarily into the neurohypophysis from the preoptic
region (PO; also abbreviated POA for preoptic area, or PON for preoptic nucleus)
of the hypothalamus (Crim et al. 1979a, b; Nozaki and Kobayashi 1979; Nozaki
and Gorbman 1984; King et al. 1988). Crim (1981) and King et al. (1988) also
showed that GnRH neurons project into the third ventricle, and likewise suggested
that there might be an additional route of GnRH movement via secretion into the
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Schematic of the three types of regulation of the adenohypophysis (anterior pituitary)
developed in the vertebrates: the agnathan diffusional type (in hagfishes and lampreys), the teleostean direct innervational type (in non-osteoglossomorph teleosts), and the vascular type seen in all
other vertebrates (e.g., cartilaginous fishes, most non-teleost bony fishes, and tetrapods). AdenoAH
NH
NE), portal blood
P
1R
2R) of whole genome
duplication in vertebrates are shown. (Adapted from Nozaki et al. 1994)

third ventricle and transport by tanycytes to the adenohypophysis (King et al. 1988).
As in hagfish, experimental studies in sea lamprey showed that horseradish peroxidase, injected into the third ventricle of the brain of adults, rapidly passed (within
5–15 min) through the neurohypophysis, which forms the floor of the third ventricle, and diffused throughout the connective tissue separating the adenohypophysial
follicles from the neurohypophysis and into intracellular spaces in the adenohypophysis (Nozaki et al. 1994). These authors concluded that neurosecretory peptides
like GnRH diffuse from the brain (neurohypophysis) to the adenohypophysis, and
thus regulate its secretory activity in lampreys.
It thus appears that, in the evolutionary sense, there have been three types of
brain regulation of the adenohypophysis developed in the vertebrates: the agnathan
diffusional type, the teleostean direct innervational type, and the vascular type seen
in all other vertebrates (Nozaki et al. 1994; Fig. 7.2). These authors suggested that
the principal advantage of the vascular median eminence type of control of the pars
distalis by the brain is that it permitted development of larger and thicker glands as
vertebrates became larger and more complicated in form and the distance between
the hypothalamus and pituitary increased significantly. Teleost fishes secondarily
acquired a new system of integration with direct release of the neurohormones into
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the adenohypophysis (Lagios 1970; Peter et al. 1990), whereas in extant agnathans,
structural features of the pituitary and surrounding tissues appear to have evolved
to make diffusion as efficient as possible for pituitary regulation by brain peptides
(Nozaki et al. 1994).

7.3 Pituitary: Neurohypophysis and Adenohypophysis
As stated above, the pituitary gland of lampreys (as in all other vertebrates) consists
of the neurohypophysis and adenohypophysis. The neurohypophysis, which is not
as highly developed in lampreys as it is in hagfishes (Gorbman et al. 1983), consists
of a thin anterior section that is the floor of the diencephalon. The posterior part is
somewhat thickened and is the terminating neurohemal structure for neurons whose
cell bodies are in the preoptic region of the hypothalamus (Fig. 7.3b, c); it is thus
similar to the pars nervosa found in most other vertebrates (Gorbman et al. 1983).
The lamprey adenohypophysis, in contrast to the neurohypophysis, is much better
differentiated than in hagfishes (see Sower and Kawauchi 2011). As in the jawed
fishes, it is differentiated into the rostral pars distalis (RPD), the proximal pars distalis (PPD), and the pars intermedia (PI). Neither the hagfishes nor lampreys have
the anatomical equivalent of a median eminence to convey the neurohormones to
the adenohypophysis; brain regulation of the pituitary is achieved instead via diffusion (see Sect. 7.2).
The adenohypophysis of the pituitary gland in turn secretes a number of protein
hormones that regulate a variety of physiological processes in vertebrates. The adenohypophysial hormones can be classified, on the basis of structural and functional
similarity, into three groups: (1) the proopiomelanocortin (POMC) family; (2) the
growth hormone/prolactin/somatolactin (GH/PRL/SML) family; and (3) the glycoprotein hormone (GpH) family which includes gonadotropins (GTHs) and thyroidstimulating hormone (TSH or thyrotropin) and that now also includes thyrostimulin (Kawauchi and Sower 2006; Sower et al. 2009); another member of the GpH
family, chorionic gonadotropin (CG), is not expressed in the pituitary and is only
found in placental mammals (see Sect. 7.10). The POMC family includes adrenocorticotropin (ACTH) and melanocyte stimulating hormone (MSH). The classical
(Kawauchi et al. 1989
ificity (Kawauchi et al. 1989; Swanson et al. 1991; Huhtaniemi 2005). Somatolactin
is only found in bony fishes (including sturgeons, teleosts, and lungfishes; Amemiya et al. 1999; Fukamachi and Meyer 2007). Each hormone family is believed
to have evolved from an ancestral gene by duplication and subsequent mutations
(Kawauchi and Sower 2006; Fukamachi and Meyer 2007).
The pituitary hormones in agnathans had been an enigma until the laboratories of
Professors Kawauchi and Sower with other collaborators characterized hormones
from these three families in the sea lamprey (Kawauchi and Sower 2006). In general,
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a A schematic diagram of the lamprey pituitary consisting of the adenohypophysis
(divided into the rostral pars distalis RPD, proximal pars distalis PPD, and pars intermedia PI) and
neurohypophysis. Main sites of expression of the following adenohypophysial hormones are indiACTH
GH
MSH). ACTH (and one
POC
POM) gene (Drawing courtesy of Professor Hiroshi
Kawauchi). b Diagrammatic representation of the system of GnRH cells and their projections in
the brain of the lamprey. The brain is viewed from the front so that the telencephalon appears as
oc) is seen on the ventral surface rostral to the adenoA
N). Projections of ventral preoptic cells join those of the
dorsal preoptic cells to form the preoptico-hypophyseal tract; both these cell groups project along
the external surface of the brain to the neurohypophysis and their processes directly contact the
midline third ventricle. c
circles
broken lines) in approximate mid-sagittal planes in the brain of the sea lamprey. Dorsal thalamus
DT
Hyp
NH
PI), proximal pars distalis
PPD
PON
PD
T) are shown; T is
found within the midbrain; Hyp (including PO) and DT are located within the forebrain. (Adapted
from Nozaki and Gorbman (1984). b was originally published in King et al. (1988) and reproduced
with kind permission from Springer Science+Business Media)

pituitary cells of a given type are located in specific regions of the adenohypophysis
(Fig. 7.3a). ACTH and MSH, together with distinct endorphins in the sea lamprey,
are encoded by two distinct genes, proopiocortin (POC) and proopiomelanotropin
(POM), respectively, while they are encoded by the same POMC gene in the jawed
vertebrates (Heinig et al. 1995; Takahashi et al. 1995a, b). The POC and POM are
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expressed specifically in the RPD and PI, respectively. ACTH cells are distributed
in most parts of the RPD, as well as some in the PPD, whereas MSH cells are found
in almost all parts of the PI (Nozaki et al. 1995). Growth hormone (GH) appears
to be the only member of the GH/prolactin/somatolactin family in the sea lamprey
(Kawauchi et al. 2002). Its gene consists of five exons and four introns spanning
13.6 kilobases, which is the largest among known GH genes. GH is expressed in the
cells of the dorsal half of the PPD (Fig. 7.3a).
Within the glycoprotein hormone (GpH) family, although two GTHs (LH and
FSH) were known from all taxonomic groups of gnathostomes by the 1990s (Suzuki et al. 1988; Kawauchi et al. 1989; Quérat et al. 2000, 2004), only one GTH
has been identified in the agnathans, in both lampreys (Sower et al. 2006) and
hagfishes (Uchida et al. 2010, 2013; see Sect. 7.10). Further discussion of the
potential origin and/or divergence of the GTHs among vertebrates is provided in
(Fig. 7.3b).

7.4 Gonadotropin-Releasing Hormone (GnRH) Isoforms
The primary structure of the first GnRH (GnRH-I) in lampreys was determined by
Sherwood and Sower and colleagues in 1986 (Sherwood et al. 1986). The primary
structure of a second form (GnRH-III) was determined in 1993 (Sower et al. 1993),
and the complementary DNA (cDNA) encoding a third form (GnRH-II) was cloned
and identified in 2008 (Kavanaugh et al. 2008). In the 1986 Sherwood et al. paper,
the amino acids but not the sequence of a second putative form of GnRH were
identified and it was called lamprey GnRH-II. Therefore, when lamprey GnRH-III
was discovered in 1993, it was called -III instead of -II. This was fortunate since
the lamprey GnRH-II (which was not the same as identified in 1986) turned out
to be a GnRH-2 type form. Like GnRH in all other vertebrates (see below), lamprey GnRH is a decapeptide (Table 7.1). Similar to other neuropeptides, GnRH is
derived from a larger precursor protein (or prohormone), prepro-GnRH, which is
then processed to the final decapeptide (Suzuki et al. 2000). The precursor protein
is a tripartite molecule, consisting of a signal peptide; the GnRH decapeptide and
cleavage (or processing) site; and a GnRH-associated peptide, GAP (Suzuki et al.
2000). The GnRH-I, -II, and -III prohormone peptides consist of 87, 105, and 93
amino acid residues, respectively, in the sea lamprey. Each of the GnRH precursor
proteins are expressed by separate genes (Suzuki et al. 2000; Silver et al. 2004); the
cDNA encoding these precursors are 638, 694, and 718 nucleotides (or base pairs,
bp) in length in sea lamprey for prepro-lamprey GnRH-I, -II, and -III (Suzuki et al.
2000; Silver et al. 2004; Kavanaugh et al. 2008). In seven other lamprey species
(including representatives from all three families; see below), the cDNA encoding
prepro-lamprey GnRH-II was 666–774 bp in length and encoded 92 or 94 amino
acids (Silver et al. 2004).
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Amino acid sequences of the 15 vertebrate GnRH decapeptides. Non-identical residues are in bold. The GnRHs are divided into three types:
GnRH-1; GnRH-2 and GnRH-2-like; and GnRH-3. GnRH-I and -III in lampreys share a common ancestry with both GnRH-2 and -3 (see Sect. 7.4). The
original names such as mammal and guinea pig GnRH are based on the taxon in which the forms were discovered. Lamprey GnRH-I and -III are the only
vertebrate GnRHs to have different amino acids, Glu and Asp, respectively, in the sixth position. As is standard for peptides, the sequences are given from
amino terminus to carboxyl terminus; the NH2 at the carboxyl terminus indicates that it terminates as a carboxamide
1

2

3

4

5

6

7

8

9

10

pGlu
pGlu
pGlu
pGlu
pGlu
pGlu
pGlu
pGlu
pGlu

His
Tyr
His
His
His
His
His
His
His

Trp
Trp
Trp
Trp
Trp
Trp
Trp
Trp
Trp

Ser
Ser
Ser
Ser
Ser
Ser
Ser
Ser
Ser

Tyr
Tyr
Tyr
Tyr
Tyr
Tyr
Phe
His
His

Gly
Gly
Gly
Gly
Gly
Gly
Gly
Gly
Gly

Leu
Val
Leu
Leu
Leu
Met
Leu
Leu
Leu

Arg
Arg
Gln
Trp
Ser
Asn
Ser
Asn
Ser

Pro
Pro
Pro
Pro
Pro
Pro
Pro
Pro
Pro

GlyNH2
GlyNH2
GlyNH2
GlyNH2
GlyNH2
GlyNH2
GlyNH2
GlyNH2
GlyNH2

pGlu
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His
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Trp
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His
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Trp
Trp
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GlyNH2
GlyNH2
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Pro

GlyNH2

pGlu
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His
His

Trp
Tyr

Ser
Ser

His
Leu

Asp
Glu

Trp
Trp

Lys
Lys

Pro
Pro
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GlyNH2

S. A. Sower

GnRH
GnRH-1
Mammal
Guinea Pig
Chicken-I
Rana
Seabream
Whitefish
Medaka
Catfish
Herring
GnRH-2 and
GnRH-2-like
Chicken-II
Dogfish
Lamprey-II
GnRH-3
Salmon
GnRH-2/3
Lamprey-III
Lamprey-I
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The GnRH family currently includes at least 32 GnRHs, with 15 having been
identified from representative vertebrate species (Kavanaugh et al. 2008), 10 from
non-vertebrate chordates (all from the urochordates or tunicates; Adams et al.
2003), at least six from protostomian invertebrate species (molluscs and annelids;
Tsai and Zhang 2008; Zhang et al. 2008; Sun et al. 2012), and one putative GnRH
from the deuterstome echinoderms (Rowe and Elphick 2012). Whereas all chordate GnRHs are decapeptides, non-chordate GnRHs identified to date consist of
11 or 12 amino acids (Tsai and Zhang 2008; Sun et al. 2012). Each new GnRH
was named according to the first species in which that particular peptide sequence
was found (see Fernald and White 1999; Table 7.1), although these GnRHs are
not restricted to these taxa; chicken-II, for example, is found in all gnathostomes
(Fernald and White 1999; Kavanaugh et al. 2008). To date, two to three GnRHs
have been identified in lampreys (see above) and representative species of all classes of gnathostomes (Gorbman and Sower 2003; Guilgur et al. 2006; Kah et al.
2007; Kavanaugh et al. 2008; Okubo and Nagahama 2008), and growing evidence
suggests that at least two GnRH forms are expressed within the brain of any one
species (Kah et al. 2007; Kavanaugh et al. 2008). Chromatographical and immunocytochemical studies have identified a GnRH molecule in the brain of both Pacific
hagfish Eptatretus stouti (Braun et al. 1995) and Atlantic hagfish Myxine glutinosa
(Sower et al. 1995a). This GnRH was characterized as being more structurally similar to lamprey GnRH-III than to any other vertebrate GnRH (Sower et al. 1995a),
but its gene and primary structure has not yet been identified. Lampreys are thus
the earliest evolved group for which multiple GnRH isoforms have been identified.
Early analyses by Grober et al. (1995) and Fernald and White (1999) suggested
that there were three paralogous (i.e., related by duplication) groups of GnRH
(GnRH-1, GnRH-2, and GnRH-3) in gnathostome brains. Most vertebrate species
have forms from the GnRH-1 and GnRH-2 groups; GnRH-3 has been found only
in teleosts (Fernald and White 1999; Chen and Fernald 2008), although not all
teleost species possess three forms (Guilgur et al. 2006). The primary amino acid
sequences of GnRH-2 and GnRH-3 forms are highly conserved in gnathostomes.
The primary amino acid sequence of chicken GnRH-II (GnRH-2) is identical from
sharks to mammals, and only one other GnRH-2 sequence, dogfish GnRH (Lovejoy et al. 1992), is known. Salmon GnRH found only in teleosts is the only known
GnRH-3 in gnathostomes (Kah et al. 2007). GnRH-1 sequences, however, have
diverged within the gnathostome lineage (Table 7.1). The GnRH-1 neurons are
primarily located in the forebrain (i.e., the preoptic area of the hypothalamus or
telencephalon); GnRH-2 is produced primarily in the midbrain or mesencephalon,
and the teleost-specific GnRH-3 neurons are located in the terminal nerve ganglion near the olfactory bulb (Fernald and White 1999; Guilgur et al. 2006; Kah
et al. 2007; Chen and Fernald 2008).
More recent reviews of GnRHs and their respective receptors have proposed
various other scenarios on the phylogenetic relationships among gnathostome
GnRHs and receptors (e.g., Guilgur et al. 2006; Kah et al. 2007; Okubo and Nagahama 2008), but agnathan GnRHs were not included. Inclusion of lamprey GnRHs,
including prepro-lamprey GnRH-III cDNAs from all three lamprey families, had
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previously suggested four paralogous lineages: GnRH1, -2, -3, and -4 (Silver et al.
2004). This study, using phylogenetic analysis, function, neural distribution, and
developmental origin, confirmed the model of three gnathostome GnRH lineages
and placed lamprey GnRH-I and -III into a fourth group. Identification of two mollusc GnRHs and one annelid GnRH suggested a fifth group consisting of invertebrate GnRHs, and upheld the fourth group of lamprey GnRH-I and -III (Tsai and
Zhang 2008; Zhang et al. 2008).
The subsequent discovery of a third lamprey GnRH, GnRH-II, however, offered
a new paradigm of the origin of the vertebrate GnRH family (Kavanaugh et al.
2008). Phylogenetic analyses suggested that, although lamprey GnRH-I and -III
were included within a fourth vertebrate GnRH group, lamprey GnRH-II appeared
sister to all the gnathostome GnRHs. These authors thus hypothesized that, likely
due to a genome/gene duplication event, an ancestral gene gave rise to two lineages
of GnRHs—the gnathostome GnRH and lamprey GnRH-II. The gene duplication
events that generated the different fish and tetrapod paralogous groups likely took
place within the gnathostome lineage, after its divergence from the ancestral agnathans (Kavanaugh et al. 2008).
However, recent synteny data provide evidence for an alternate view of the
evolution of the GnRH family and suggest that all duplication events that generated the different fish and tetrapod GnRH groups likely took place before the split
of the ancestral lamprey and gnathostome lineages (Decatur et al. 2013; Smith
et al. 2013). GnRH-1 has been lost from lampreys, as it has in zebrafish Danio
rerio (Kuo et al. 2005). In addition, the analysis corroborates recent views (Kim
et al. 2011; Tostivint 2011) that GnRH-3 was lost in the tetrapod lineage and
did not arise in the teleost lineage as a result of a third round of whole genome
duplication (3R; Decatur et al. 2013). There is not any biochemical evidence in
lampreys for an extant GnRH-4-like paralog which was proposed to have arisen
from tetraploidizations in the early stages of vertebrate evolution (Tostivint 2011).
Furthermore, there was not any obvious GnRH-4-like candidate identified from
preliminary analysis of the genome, suggesting that the homolog of this gene was
lost in lampreys, similar to its loss in the other vertebrate lineages. With respect to
the agnathans and GnRH, the analysis of the synteny agrees with the previous proposal in that lamprey GnRH (lGnRH)-I and -III resulted from a duplication event
within the lamprey lineage (Kavanaugh et al. 2008; Decatur et al. 2013). However,
the data now suggest a substantially different view of the evolutionary history of
the GnRH family in vertebrates. Significantly, the current evidence suggests that
all of the genome duplication events that generated the different fish and tetrapod
paralogous groups (Kuraku et al. 2009) likely took place before the divergence of
the ancestral agnathan and gnathostome lineages and that the GnRHs in lampreys
that were previously proposed (erroneously) as members of group IV (lGnRH-I
and -III) share a more recent common ancestry with GnRH-2 and -3 (GnRH-2/3;
Table 7.1). Given the single amino acid difference between mature lGnRH-II and
GnRH-2, it is proposed that a GnRH-2-like gene existed before the lamprey/gnathostome split (Decatur et al. 2013).
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7.5 Immunolocalization of GnRH in the Brain
As stated above (see Sect. 7.4), in gnathostomes, the GnRH-1 neurons are primarily
located in the preoptic area of the hypothalamus, GnRH-2 predominates in extrahypothalamic regions (i.e., the midbrain and numerous peripheral tissues, although
there are species in which chicken GnRH-II is found in the hypothalamic region),
and the teleost-specific GnRH-3 neurons are located in the terminal nerve ganglion
near the olfactory bulb (Fernald and White 1999; Guilgur et al. 2006; Chen and
Fernald 2008; Kavanaugh et al. 2008). As described in the following sections, it
appears that lampreys may possess three hypothalamic GnRHs, and their respective predominance during different stages of the life cycle may help to infer their
functions.

7.5.1 GnRH-I and GnRH-III Distribution and Localization
In lampreys, there is a general pattern of GnRH distribution in the anterior-preopticneurohypophysial tract to the neurohypophysis of adult lampreys as determined by
immunocytochemical studies using mammalian GnRH antisera (e.g., Crim et al.
1979a, b; Nozaki and Kobayashi 1979; Nozaki et al. 1984; King et al. 1988) or,
following determination of the primary amino acid structure of lamprey GnRHI (Sherwood et al. 1986), with specific lamprey GnRH antisera (e.g., Tobet et al.
1995, 1996; Eisthen and Northcutt 1996). These findings were later verified with
antisera to lamprey GnRH-III and -II (e.g., Tobet et al. 1996; Fig. 7.4). In the earlier
studies using mammalian GnRH or lamprey GnRH-I antisera, GnRH immunoreactive cells were shown to project their fibers primarily into the neurohypophysis
from the preoptic area in adult Pacific lamprey (Crim et al. 1979b), western brook
lamprey Lampetra richardsoni (Crim et al. 1979a), sea lamprey (Nozaki and Kobayashi 1979; Nozaki et al. 1984; King et al. 1988), and silver lamprey Ichthyomyzon unicuspis (Eisthen and Northcutt 1996). As described by King et al. (1988),
immunopositive neuronal perikarya (i.e., cell bodies) were present in an arc-shaped
population extending from ventral to dorsal preoptic areas. Fibers from these cells
projected to the neurohypophysis via the preoptico-hypophyseal tract, but in addition also protruded into the third ventricle. Additionally, some fibers coursed along
the external surface of the brain, suggesting the release of GnRH into meningeal
compartments.
In a later study designed to distinguish GnRH-I and -III, specific antisera were
generated, followed by the use of two kinds of immunostaining: one was a single
immunostaining by one of the two GnRH antisera using two successive sections;
the other was double immunostaining of a single section (Nozaki et al. 2000). In
adult sea lamprey brain, a dense accumulation of neuronal cells immunoreactive
(ir) to antisera against either lamprey GnRH-I or -III was found in the arc-shaped
preoptico-anterior hypothalamic area. Additional smaller numbers of irGnRH
cells were found in the periventricular zone of the posterior hypothalamus. In the
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Schematic diagrams of coronal sections illustrate the position of cells containing immunoreactive lamprey GnRH-III in a representative 47-day-old larval lamprey. Immunoreactive (ir)
cells are represented by solid black circles. Different shades of gray indicate the cell-rich medial
zone and the fiber-rich lateral zone of the diencephalon (sections A–G) and mesencephalon (section H), and the telencephalon (T) that was comprised of more loosely packed cells (sections A–C).
The cell-rich medial zone of the diencephalon was only 10–20 cells deep at this point in developV
Hb
Th
PA
Hy), and mesenM) are shown. Representative photomicrographs (C’ and E’) from a 66-day-old larval
lamprey at schematic levels C and E are presented on the right. Arrows in the photomicrographs
indicate the positions of cells containing ir lamprey GnRH-III. Dark but immunonegative mela(This figure was originally published in Tobet et al. (1996) and reproduced with permission of
John Wiley & Sons, Inc.)

above-mentioned locations, the distribution of both irGnRH-I and -III cells was
intermixed and very similar, but the cells exhibiting GnRH-III immunoreactivity were distinctly different from those exhibiting GnRH-I immunoreactivity. The
relative numbers of irGnRH-III cells were larger than those of irGnRH-I cells
in the preoptico-anterior hypothalamic area, and more than 90 % of GnRH cells
in the posterior hypothalamus were irGnRH-III cells (Nozaki et al. 2000). Both
irGnRH-I and -III cells projected their fibers primarily into the neurohypophysis. The relative densities of the accumulated irGnRH-III fibers were similar to
those of irGnRH-I fibers in the anterior neurohypophysis but higher than those
of irGnRH-I fibers in the posterior neurohypophysis. In larval sea lamprey, the
majority of irGnRH in the brain was lamprey GnRH-III (Tobet et al. 1995; see
Sect. 7.5.2). However, in contrast to the findings above where irGnRH-III cells
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in adults appeared to be distinct from irGnRH-I cells (Nozaki et al. 2000), these
authors showed co-localization of GnRH in cells (i.e., when lamprey GnRH-I was
seen, it was in cells that appeared to contain both forms of GnRH). A later study
using in situ hybridization also supported co-localization of the mature GnRH-I
and -III proteins in cells of the preoptic region of adult sea lamprey, as did Youson
et al. (2006) throughout the life cycle of the non-parasitic American brook lamprey
Lethenteron appendix (see Sect. 7.5.2). Further detailed studies using multiple immunostaining will be needed to distinguish whether the three different forms (i.e.,
including the more recently-discovered GnRH-II; Kavanaugh et al. 2008) are colocalized or found in distinct cells.
Immunohistochemical studies also provide evidence for the presence of lamprey
GnRH-I and -III in the brain of representatives of the two Southern Hemisphere
lamprey families, Geotriidae and Mordaciidae (Sower et al. 2000). Moreover, the
distribution pattern of irGnRH cell bodies and fibers in adult specimens from these
families was similar to that observed in the Holarctic lampreys (e.g., sea and Pacific
lampreys). The situation in the larvae, however, was somewhat different. Wright
et al. (1994) and Tobet et al. (1995) studied the distribution of lamprey GnRH in
the brain of larval and metamorphosing sea lamprey, and found extensive irGnRH
cell bodies and tracts. In the pouched lamprey Geotria australis, Sower et al. (2000)
found some of these irGnRH cell bodies and tracts, but they were less widely distributed, being confined to the dorsal preoptic area (POA), with simple tracts projecting only to the rostral and caudal neurohypophysis. The more extensive tracts
described for sea lamprey larvae were found only in the adult pouched lamprey.
This reduced distribution of lamprey GnRH in the brain of the pouched lamprey
larvae may be related to the later development of the gonads in this species as compared to sea lamprey. In large, premetamorphic pouched lamprey, the testis is still
small and apparently undifferentiated with only a few germ cells present among
numerous somatic cells (Hardisty et al. 1986; see Docker et al. in press). A more
intriguing difference between pouched and sea lampreys is the presence of irGnRH
cells in the adenohypophysis (anterior pituitary) of both larvae and adults of the former species. There is no mention of these cells in any of the sea or Pacific lamprey
studies (Nozaki et al. 1984; King et al. 1988; Wright et al. 1994; Tobet et al. 1995),
which suggests that they were not observed in these Northern Hemisphere species.
The significance of these cells in the pituitary of pouched lamprey remains to be investigated, but they may indicate an additional regulatory pathway that is unknown.
With the identity of a third lamprey GnRH, further detailed studies will be needed
to examine GnRH in the anterior pituitary.

7.5.2

Distribution and Activity of GnRH at Different Stages
of the Life Cycle

Several studies have examined GnRH distribution at different stages of the lamprey life cycle and show that GnRH activity is not restricted to the final reproductive phase. There have been many immunohistochemical studies showing GnRH
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distribution in the brain throughout the life cycle of the sea lamprey (King et al.
1988; Wright et al. 1994; Tobet et al. 1995, 1996, 1997; Nozaki et al. 2000; Reed
et al. 2002; Root et al. 2005), for example, and in the pouched lamprey from the
Southern Hemisphere (Sower et al. 2000). Prominent changes have been demonstrated during embryogenesis (Tobet et al. 1996), larval development (e.g., Tobet
et al. 1995), and metamorphosis (e.g., Youson and Sower 1991, 2001). In larval sea
lamprey, both lamprey GnRH-I and -III are found in the cell bodies in the rostral
hypothalamus and preoptic area (Wright et al. 1994; Tobet et al. 1995). However,
the majority of irGnRH in developing larval lampreys was GnRH-III, which suggests that this is the more active form during early gonadal development (Tobet
et al. 1995). A small number of cells found in the caudal hypothalamus contain only
irGnRH-III, which may constitute a functional subgroup within the population of
GnRH neurons (Tobet et al. 1995). In lampreys undergoing metamorphosis, there
is a large increase in reaction product in all GnRH-containing cells and fibers in the
rostral and preoptic hypothalamic areas (Crim et al. 1979a; Wright et al. 1994; Tobet et al. 1995). In addition, there is a noted increase of irGnRH cells in the ventral
hypothalamic area in larger larvae and during metamorphosis, which suggests that
these cells play a unique role during metamorphosis (Tobet et al. 1995).
In the most comprehensive study of its kind to date, Youson et al. (2006) investigated brain GnRH immunoreactivity throughout the entire lamprey life cycle
(with the exception of embryogenesis) in the non-parasitic American brook lamprey. Whereas both the sea and pouched lamprey are parasitic as adults (i.e., delaying sexual maturity for one or more years after metamorphosis, during which time
the sexually immature juveniles feed on actinopterygian fishes), non-parasitic lampreys begin sexual maturation before the completion of metamorphosis and bypass
the adult feeding phase altogether (see Docker 2009; Docker and Potter in press).
Youson et al. (2006) found neurosecretory cells and fibers that were immunoreactive (ir) with sea lamprey GnRH-I and -III antisera in the neurohypophysis and
preoptic area of the brain of late larval, metamorphosing (stages 1–7; see Chap. 4),
juvenile, and prespawning and spawning adults. Using the antisera and preabsorption testing first validated by Tobet et al. (1995) and then again by Nozaki et al.
(2000), this study found that there were some cells and fibers that seem to contain
both forms of the hormone (see Sect. 7.5.1). An earlier immunohistochemical study
on larval and maturing adult western brook lamprey, also non-parasitic, used an
antiserum to mammalian GnRH to show some life-cycle differences in immunoreactivity that were related to the events of metamorphosis and sexual maturation
(Crim et al. 1979a).
Consistent with previous studies in larval sea lamprey (Tobet et al. 1995), Youson et al. (2006) also found that intensity of immunoreactive staining in the preoptic area of the American brook lamprey is higher (or at least equivalent) for the
GnRH-III peptide than it is for GnRH-I prior to metamorphosis. Brain concentrations based on radioimmunoassay (RIA) likewise indicate that most of the immunoreactivity for GnRH in sea lamprey during the larval stage and early metamorphosis is GnRH-III (Sower 2003). The situation is reversed, however, following
metamorphosis. In the American brook lamprey, staining intensity of GnRH-III is
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superseded at mid-metamorphosis (stage 4) by GnRH-I (Youson et al. 2006). Likewise, the RIA data indicate that—although GnRH-III seems to predominate in sea
and western brook lamprey up to stages 6 and 4 of metamorphosis, respectively—
GnRH-I appeared to be the dominant adult form (Youson et al. 1995; Youson and
Sower 2001). This provides further evidence that metamorphosis is a prominent
phase of upregulated activity for GnRHs to act either locally or on other components of the reproductive axis. This activity is likely consistent for all lampreys,
irrespective of their adult life history, although Youson et al. (1995) observed that
levels of both forms were lower in the non-parasitic western brook lamprey than in
the parasitic sea lamprey. The dominance of GnRH-III in larvae, however, seems
to run counter to the view that it is the more active form during gonadal maturation
(Sower 2003), since the histological observations indicate that the gonads of stage
4 American brook lamprey were in a maturation phase and GnRH-I intensity is the
most prominent (Youson et al. 2006). However, the intensity of staining for GnRHIII indicates a continuous rising trend up until the last stage (7) of metamorphosis.
Tobet et al. (1995) noticed a large increase in immunoreactive product (mostly
GnRH-III) in GnRH-containing cells and fibers during sea lamprey metamorphosis
and suggested that GnRH-III is important during maturation of GnRH cells and fibers. This role of maturation of GnRH cells, that attained their positions in the preoptic and hypothalamic areas before metamorphosis, is possibly a key event at this
interval of ontogeny. If GnRH-III is to be accepted as the form that is most active
during gonadal maturation, then what—given that GnRH-I is the dominant GnRH
in both mid- to late metamorphic American brook and sea lampreys—is the function of GnRH-I at the same stage of metamorphic development of a non-parasitic
and parasitic lamprey when the latter will not undergo sexual maturation for at least
another year (see Sect. 7.7)?
The aforementioned results of the distribution of the immunoreactive cell bodies
and fibers in the brain of American brook lamprey (Youson et al. 2006) corresponds
to that described in earlier immunohistochemical studies of lampreys of different
species (Crim et al. 1979a, b; King et al. 1988; Wright et al. 1994; Tobet et al.
1995; Nozaki et al. 2000; Sower et al. 2000; Reed et al. 2002; Root et al. 2005).
In larval and metamorphic stage 1–3 animals, most ir fibers were confined to the
dorsal region of the neurohypophysis, directly beneath the ventricular lining of
ependymal cells. The lower irGnRH in larvae followed by apparently more peptide
with which to immunoreact during metamorphosis is similar to that found in other
studies (Crim et al. 1979a; Wright et al. 1994; Tobet et al. 1995; Root et al. 2005).
However, the apparent increased synthesis of GnRH peptide is further suggested
by the changing appearance of the ir neurons in the Youson et al. (2006) study. The
ir neurons in the larval, metamorphic, and adult stages of this study were rounded,
early elongated cuboidal, and pear-shaped, respectively. This pattern of changes
in neuronal shape is similar to that found in sea lamprey (King et al. 1988; Tobet
et al. 1995). The striking increase during metamorphosis in irGnRH in a ventral
hypothalamic cell group caudal to the optic chiasm that was barely detectable in
larvae, coupled with their location and the orientation of their processes, led the authors to speculate that the cell group might have a role during metamorphosis or in
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subsequent development of the reproductive system. This cell group was also noted
in sea lamprey at the same time in the life cycle (Tobet et al. 1995). Unfortunately,
the RIA study of the non-parasitic western brook lamprey did not have data for the
last stage (7) of metamorphosis or juveniles for comparison with this study (Youson
et al. 1995). The intensity data of the preoptic area indicate that this is the peak time
for GnRH-I, and perhaps GnRH-III, in American brook lamprey. Furthermore, the
western brook lamprey whole brains showed a prominent increase of both forms
during metamorphosis, with GnRH-I being the dominant form at maturity (Youson
et al. 1995), perhaps indicating its role in reproductive behavior (Sower 2003; see
Sect. 7.7). At the time of maturity, the preoptic area of the brain of American brook
lamprey had declining intensity of immunoreactivity. Given that the neurohyphophysis shows intense immunostaining during the immediate time preceding and
during spawning in this species, it may not be feasible to compare whole brain
concentrations of western brook lamprey with intensity of immunoreactivity in the
preoptic area of American brook lamprey. Histological comparisons of mammalian
LHRH immunoreactivity in non-reproductive and reproductive adults of western
brook lamprey show intense staining of the neurohypophysis in both adult types
but only intense staining of PO cells and fibers during reproduction (Crim et al.
1979a). The Youson et al. (2006) study provided monthly observations of immunoreactivity during the critical period of final sexual maturation from January to May
to show, in the PO area, a relatively constant intensity of staining until the spawning period when this area of the brain was greatly depleted of immunoreactivity
but the neurohypophysis was intensely stained. During their spawning migration,
sea lamprey have equal numbers of GnRH-I and -III fibers in the anterior neurohypophysis but higher numbers of GnRH-III fibers in the posterior neurohypophysis
(Nozaki et al. 2000). It appears that, in agnathans, hormones such as GnRH can
diffuse from the neurohypophysis to the adenohypophysis (Nozaki et al. 1994; see
Sect. 7.2); the existence of this diffusion pathway would explain the intense staining of the neurohypophysis in reproductive adults of non-parasitic species (Crim
et al. 1979a; Youson et al. 2006).
In summary, these results collectively suggest that metamorphosis is an important phase of stimulation to the reproductive system of lampreys, irrespective of
their adult life history type, and that GnRH-I and -III may have different roles in the
development of sexual maturation in both adult types (Sower 2003; see Sect. 7.7).
These studies were done before the identification of lamprey GnRH-II; therefore, it
is likely that lamprey GnRH-II also has a distinct role in sexual maturation.

7.5.3 GnRH-II Distribution
With the identification of the third form of lamprey GnRH, lamprey GnRHII, specific antisera were also generated (Kavanaugh et al. 2008). In this case,
both in situ hybridization and immunohistochemical studies were done. In situ
hybridization of the brain showed expression and localization of the transcript
in the hypothalamus, medulla, fourth ventricle, and olfactory regions, whereas
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immunohistochemistry using a specific antiserum showed mostly ir-lamprey
GnRH-II nerve fibers originating from cells in the arc-shaped hypothalamic/preoptic areas ending at the neurohypophysis, and proposed to form the preopticohypophyseal GnRH tract. The distribution of irGnRH-II neurons was quite similar
to distributions of lamprey GnRH-I and -III neurons, which were studied previously in the sea lamprey brain (Nozaki et al. 2000). In the Kavanaugh et al. (2008)
study, there did not appear to be irGnRH processed to protein in the olfactory or
midbrain regions of the adult brain. This is similar to previously reported immunohistochemical studies, both irGnRH-I and -III were found in the cell bodies of
the rostral hypothalamus and preoptic area in larval and adult sea lamprey and not
expressed in extra-hypothalamic regions of the brain (Tobet et al. 1995; Nozaki
et al. 2000; see Sect. 7.5.1). Although dual-label in situ hybridization indicated
that GnRH-I and -III messenger RNA (mRNA) are co-localized in the same cells
in the preoptic nucleus/hypothalamic regions in adult lamprey (Root et al. 2005;
see Sect. 7.5.1), in the Kavanaugh et al. (2008) study, it was difficult to know
whether GnRH-II is co-localized in GnRH-I and/or -III cells or present in different GnRH cells because anti-GnRH-II used in the present study exhibited slight
cross-reactivity to both GnRH-I and -III. These in situ and immunohistochemistry
data show that lamprey GnRH-II is expressed and processed in the hypothalamuspreoptic region, but further detailed examination of all three GnRH ligands and
receptors during the developmental and maturational stages will be critical in our
full understanding of the neuroendocrine system in lampreys.

7.6 Developmental and Spatial Relationship Studies
of GnRH and GABA
7.6.1 Origin of GnRH Neurons
The system of GnRH neurons is intimately connected to the olfactory system
from the earliest points in development and functionally into adulthood in all
vertebrates that have been studied (Tobet et al. 1996). Neurons that contain forms
of GnRH that govern the hypothalamic-pituitary-gonadal axis are thought to be
derived from progenitor cells in embryonic olfactory placodes (Tobet et al. 1996).
The early data from the late 1980s and early 1990s from gnathostomes including
mouse Mus musculus (Schwanzel-Fukuda and Pfaff 1989; Wray et al. 1989a, b),
chicken Gallus gallus (Akutsu et al. 1992; Murakami and Arai 1994; Norgren
and Gao 1994) and amphibians (Murakami et al. 1992; Northcutt and Muske
1994) showed that these critical neurons migrate from birth sites in epithelia of
medial olfactory placodes, across the nasal compartment and cribriform plate to
the forebrain. Although these results led to suggestions that some GnRH neurons
have a nasal origin in all vertebrates, there is evidence (outlined below) to suggest that GnRH neurons in lampreys are not derived from the olfactory placode
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(Muske 1993; Tobet et al. 1996). The characterization of GnRH neuronal system
development and function has become much more complicated because there are
many different forms of GnRH (see Sect. 7.4), and some GnRHs such as GnRH-2
may not regulate pituitary gonadotropin (Tobet and Schwarting 2006). It is likely
that neurons producing different forms within the same species may have different developmental origins (Gorbman and Sower 2003; Amano et al. 2004).
As described above, data showing GnRH immunoreactive neurons in adult
(Crim et al. 1979a, b; King et al. 1988; Wright et al. 1994; Tobet et al. 1995)
and larval (Crim et al. 1979a; Wright et al. 1994; Tobet et al. 1995) lampreys
showed cells restricted to a single bilateral dense arc along the third ventricle in
the rostral hypothalamus and preoptic area. Neurons containing lamprey GnRHIII, which is a more prevalent form of GnRH in early development (Youson and
Sower 1991), were found in the preoptic area/hypothalamus of larval lampreys,
and the only fibers visible in olfactory regions originated from these more caudal
cells (Tobet et al. 1995). The absence of GnRH cells and fibers in the olfactory
system is consistent with the suggestion that lamprey GnRH neurons are not
derived from the olfactory placode (Muske 1993). To experimentally address the
question of the origin of GnRH in lampreys, experiments were conducted in the
mid-1990s to characterize the earliest development of neurons containing lamprey GnRH using antisera directed against lamprey GnRH-I or -III in relation to
the developing olfactory system by collaborators Stuart Tobet and Stacia Sower
(Tobet et al. 1996). Eggs from fertile adult sea lamprey were fertilized in the
laboratory, and larvae were maintained for up to 100 days. GnRH neurons were
visualized within the lamprey preoptic area and hypothalamus as soon as GnRH
was detectable (22 days after fertilization). The number of neurons increased
with age through day 100. GnRH neurons were never seen within the olfactory
system. As shown in a representative schematic diagram and data from immunohistochemistry, the position of cells containing irGnRH-III in a representative
47-day old larval lamprey were noted in the same location in the preoptic-area/
anterior hypothalamus (Fig. 7.4). No immunoreactive cells were noted in the
telencephalic lobes.
In addition, in these same studies, the cells and fibers of the olfactory system
were identified using the lectin, Grifonia Simplicifolia-1 (GS-1) (Tobet et al. 1996).
Overlap between the olfactory and GnRH systems were at the level of fiber projections. GS-1 reactive cells of apparent placodal origin did not enter the region of
the preoptic area or hypothalamus that contained GnRH neurons. Recently-divided
cells were labeled with the thymidine analog, bromodeoxyuridine (BrdU). The positions of BrdU-labeled cells after different survival times suggested a predominant
medial-lateral radial neuron migration with a small number in positions suggestive
of migration between the olfactory epithelium and the telencephalic lobes. Regardless of survival time, these cells were always found close to their entry point into
the brain, suggesting minimal rostral-caudal migration. Based on these results, Tobet et al. (1996) hypothesized that GnRH neurons in developing lamprey originate
within proliferative zones of the diencephalon and not in the olfactory system.

7 The Reproductive Hypothalamic-Pituitary Axis in Lampreys

325

Based on the overlap of olfactory- and GnRH-containing fibers from prolarval
stages to metamorphosis, olfactory stimuli may play a major role in the regulation
of GnRH secretion in lamprey.

7.6.2 Distribution of GABA Neurotransmitter
The distribution of the amino acid neurotransmitter gamma-aminobutyric acid
(GABA) in neurons in the brain and central nervous system has been examined in
adult animals representing several classes of vertebrates. In the vertebrate species
examined, GABA neurons were shown to be distributed throughout the brain and
have been found consistently in the preoptic area of the hypothalamus and in the
olfactory bulbs of the telencephalon (Domenici et al. 1988; Franzoni and Morino
1989; Martinoli et al. 1990; Bennis et al. 1991; Lauder 1993; Medina et al. 1994;
Barale et al. 1996). Co-localization of dopamine and GABA neurons were also
observed in the dopaminergic populations of adult sea lamprey (Barreiro-Iglesias
et al. 2009). A few studies have examined the spatial relationship of GABAcontaining neurons to regions of the brain containing gonadotropin-releasing
hormone (GnRH or LHRH) neurons. GABA is considered the primary inhibitory
neurotransmitter in the central nervous system across all vertebrates, although
its action can be excitatory if chloride concentrations are higher inside target
cells than outside (Cherubini and Conti 2001). GABA plays an important role
in the regulation of GnRH and gonadotropin (GTH) release in vertebrates (Kah
et al. 1992; Sloley et al. 1992; Trudeau et al. 1993a, b, c, 2000). In the rat Rattus
rattus, GABAergic axons synapse on LHRH neurons found in the preoptic area
(Leranth et al. 1985). In teleost fishes, GABA-containing cell bodies were found
in the preoptic area and tuberal regions of the hypothalamus (Martinoli et al.
1990), and studies suggest that GABA is important in the early development of
the teleost central nervous system (Ekstrom and Ohlin 1995; Doldan et al. 1999).
Furthermore, direct innervation of the neurohypophysis and adenohypophysis by
GABA neurons has been demonstrated in goldfish Carassius auratus (Kah et al.
1987; Kah and Dufour 2010). Only a limited number of studies examining the
distribution and functions of GABA as related to GnRH have been completed in
fish, and only one in developing lamprey (Reed et al. 2002).
In the Reed et al. (2002) study, the topographic distribution of GABA- and GnRHcontaining cells was examined in the brains of developing and adult sea lamprey
using immunocytochemistry and in situ hybridization. In the prolarval sea lamprey,
distinct populations of GABA-containing cells were visible in the forebrain by 20
days after fertilization. These GABA-containing cells occurred throughout the olfactory bulb region of the telencephalon and in the diencephalon, particularly in the
periventricular region of the rostral preoptic area. The GABAergic cells remained
distributed in these separate populations throughout the lamprey prolarval developmental stages. In the adult sea lamprey, GABAergic elements appeared ubiquitous
throughout the brain, making cell bodies of origin difficult to discern. Nonetheless,
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cell bodies were discernible in the rostral hypothalamus. The distribution of cells
containing GABA was then compared to that of GnRH-I cells using brain sections
matched for coronal or horizontal planes within the diencephalon from both larval
and adult lamprey. The GnRH-containing cells were found in the same distribution
as described previously (Tobet et al. 1996), with GnRH-containing cells arising in
the rostral diencephalon after 20 days of development. This study showed that in
the lamprey, GABA-containing cells are discernable earlier in development than
GnRH-containing cells. The GABA-containing cells were first visualized in the
hypothalamus at 10–20 days after fertilization, whereas GnRH appeared in the same
region as GABA between 20 and 30 days after fertilization. The matched section
analysis in the Reed et al. (2002) study suggested that GABA and GnRH cell populations in the rostral hypothalamus and preoptic area are closely apposed, yet likely
distinct (Fig. 7.5).
To further establish a proximate relationship between GABA and GnRH, glutamate decarboxylase (GAD, the GABA-synthesizing enzyme) and GnRH mRNA
expression were examined by in situ hybridization in the brains of larval lamprey,
thus providing the first GAD expression data for an agnathan (Reed et al. 2002).
Similar to the results obtained by immunocytochemistry, GnRH and GAD mRNA
were present in cell populations in and around the third ventricle of the hypothalamus. If the close proximity of these elements in the developing and adult hypothalamus provides for specific neural communication, then there is the potential
for a regulatory role for GABA on GnRH neuronal development and reproductive
function in the lamprey (Reed et al. 2002).
GABA is one of the earliest neurotransmitters to appear in the brain during
development (Lauder et al. 1986; Roberts et al. 1987; Barale et al. 1996
et al. 1998), thus it is not surprising that GABA might affect GnRH neuronal
development in the lamprey. Studies in the zebrafish demonstrated that GABA
was distributed in discrete brain regions during early development (Doldan et al.
1999). Another study also described the developmentally dependent appearance
of GABA-ir neurons in the early brain of another teleost, the threespine stickleback Gasterosteus aculeatus; GABA appeared to be expressed in the first differentiated neuronal populations of the brain (Ekstrom and Ohlin 1995). In the African clawed frog Xenopus laevis tadpole, GABA was found in the prosencephalon
(which later forms the telencephalon and diencephalon) along the prosencephalic
vesicle, and in the ventral thalamus and the hypothalamus early in embryonic
development (Barale et al. 1996). In the rat, a population of GABAergic neurons
was found in the diencephalon, including the hypothalamus, early in development. In teleosts, GABA neurons emerge early in development within the rostral
prosencelphalon (Ekstrom and Ohlin 1995; Doldan et al. 1999). In amphioxus
Branchiostoma lanceolata, GABA-ir cells were localized caudal to the infundibular organ, which is thought to correspond to the GABA-ir fibers observed in
the ventral hindbrain of Xenopus embryos (Anadón et al. 1998). Taken together
with the results obtained in the Reed et al. (2002) study, it appears that the early
establishment and development of GABAergic systems is a phylogenetically old
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Schematic diagrams
of sagittal (a), coronal (b),
and horizontal (c) sections
illustrating the positions of
GABA and lamprey GnRH
immunoreactive (ir) cells
in the heads and brains of
larval sea lamprey (days
30 or 40). Round circles
represent GABA ir cells
and filled teardrop shapes
represent lamprey GnRH ir
cells within the preoptic area/
rostral hypothalamus. The
horizontal plane chosen (c)
shows the different rostralcaudal populations for cells
containing ir GABA and is
located dorsal to the region
containing GnRH neurons.
HB), diencephalon
Di
m), olfactory
OB/T),
OE),
V) are shown.
(This figure was originally
published in Reed et al.
(2002) Copyright © 2002
Karger Publishers, Basel,
Switzerland)

developmental pattern. The early appearance of GABA could be due to its suggested dual role as a trophic factor as well as a neurotransmitter (Lauder 1993).
If the GABA-containing cells defined in the Reed et al. (2002) study communicate with the GnRH-containing cells that were found in close proximity, then this
could provide a mechanism for GABA in influencing the development and establishment of GnRH cell populations in the sea lamprey. Studies on the physiological
role of GABA, in relation to GnRH, at any stage during the life cycle of the sea
lamprey are limited (Root et al. 2004, 2005). In the mouse, it has been shown that
GABA influences the development of the GnRH system (Fueshko et al. 1998; Bless
et al. 2000). GABA is transiently expressed during development (von Bartheld and
Rubel 1989; Barale et al. 1996; Tobet et al. 1996), and in explants from embryonic
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mice, synaptic input from GABAergic cells caused spontaneous activity in GnRH
neurons (Kusano et al. 1995). The published results in other species suggest that
GnRH neurons possess GABA receptors and are responsive to GABA early in development. The data to date show that GABA is present early in the development
of the prolarval sea lamprey as well as in the larval and adult stage lamprey brains
(Reed et al. 2002; Root et al. 2005). The GABA cells clustered in several distinct
populations within the forebrain. One of the populations of GABA cells, in the
rostral hypothalamus/preoptic area, was closely apposed to GnRH cells in the same
region. Based on the results of this study, the authors hypothesized that GABA influences the development and function of GnRH neurons in the sea lamprey (Reed
et al. 2002). As stated above, this suggests that the early establishment and development of GABAergic systems within the lamprey brain, particularly the forebrain, is
a phylogenetically ancient pattern.
The cDNA of lamprey GnRH-III had not yet been identified at the time of the
Reed et al. (2002) study. With the cloning of lamprey GnRH-III (Silver et al. 2004)
and lamprey GAD (Lariviere et al. 2002) cDNAs, the relationship between mRNA
expression of these genes in the sea lamprey were compared using dual-label in situ
hybridization in adult, juvenile, and larval sea lamprey (Root et al. 2005). In this
study, GAD-expressing cells were distributed in several populations throughout the
adult sea lamprey brain (Fig. 7.6). A population of GAD-expressing cells was localized in the olfactory bulb of the telencephalon, a second smaller cell population
was seen in the ventral anterior hypothalamic region, and a third larger cell population was identified, stretching from the medial ventral hypothalamus and neurohypophysis along the dorsal and ventral divisions of the periventricular arcuate
nucleus to the anterior region of the rhombencephalon (Fig. 7.6; Root et al. 2005).
GAD-expressing cells were also detected in the dorsal thalamus, widely scattered
between the habenular region and the optic tectum. A similar distribution of GAD
populations was observed in larval and metamorphosing lampreys, although the
reaction product did not appear to be as concentrated as in adults.
These data suggested a relationship of the GnRH- and GABA-expressing neurons in the ventral hypothalamus. Dark reaction product was detected in the hypothalamus near the preoptic region stretching along the ventral hypothalamus and
neurohypophysis in the adult sea lamprey. In the brain of parasitic-phase lampreys,
GAD-expressing neurons were detected in this same region of the hypothalamus
along the neurohypophysis. In larvae, GAD mRNA was seen in the developing
medial and ventral hypothalamic regions. What is significant is that these GADexpressing cells were observed in similar regions of the hypothalamus as GnRHexpressing cell populations in all three lamprey life stages. Under the fluorescent
microscope, GAD-expressing cells were seen remarkably close to those populations expressing GnRH in the preoptic area suggesting direct interaction between
these neurons. These data are in agreement with previous immunocytochemistry
data from Reed et al. (2002) where GABA-immunoreactive neurons were detected
near GnRH-immunoreactive neurons. This possible interaction between GABAergic neurons and GnRH neurons is further supported by recent in vitro and in vivo
studies. In vitro administration of muscimol (GABA receptor A agonist) in adult
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DIG)-labeled in situ hybridization for lamprey glutamate decarboxylase
GAD) in adult lamprey and schematic diagram illustrating GAD expression. Digital photographs
of sagittal tissue sections from adult (a–d) sea lamprey brains showing distinct cell populations
expressing lamprey GAD mRNA. Reaction product was detected in the olfactory bulb (a), preoptic nucleus and ventral hypothalamus (b), dorsal thalamus extending to the base of the habenular
region (c), and ventral and dorsal periventricular arcuate nuclei (d
from Root et al. 2005)

female sea lamprey showed an increase in GnRH-III release compared to controls,
whereas in vivo administration of GABA and muscimol showed an increase of both
forms of GnRH compared to controls in adult female sea lamprey brains (Root et al.
2004). These data suggested that GABA has a direct action on GnRH neurons as a
neurotransmitter.
The occurrence of GAD mRNA expression in the forebrain of the sea lamprey
is further supported by previous immunocytochemical studies for GABA in larval
(Melendez-Ferro et al. 2001, 2002; Reed et al. 2002) and adult (Pombal et al. 1997;
Pombal and Puelles 1999) lamprey, by a GAD microassay study (Wald et al. 1981),
and by GAD in situ hybridization studies in other fishes (Anglade et al. 1999).
These studies have shown collectively that both GABA and GAD are present and
that GAD is functionally active in the sea lamprey. Melendez-Ferro et al. (2002) and
Reed et al. (2002) separately demonstrated that GABA is present in the forebrain of
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the embryonic and larval lamprey, appearing in the telencephalon and diencephalon
20 days after fertilization. In the olfactory bulb, Melendez-Ferro et al. (2001) reported that at least five types of cells containing GABA were present in all of the olfactory layers, with the majority present in the glomerular layer and the regions surrounding the olfactory nerve. In the Root et al. (2005) study, GAD-expressing cells
were detected in the glomerular layer and mitral and granular cell layers, agreeing
well with data presented by Melendez-Ferro et al. (2001) with regard to distribution and intensity. These data suggested that GABA is involved in processing in the
olfactory bulb of lampreys. GAD-expressing cells located in the dorsal thalamus
near the optic tectum suggest a possible role for GABA as a neurotransmitter affecting the optic nerve in the lamprey. Neurons projecting to the medial hypothalamus
and eventually to the rhombencephalon support a role in the oculomotor system as
suggested by Melendez-Ferro et al. (2001). Although these data offer support to the
above hypotheses, they are not definitive evidence and, as such, further research is
needed. The Root et al. (2005) study has shown that GAD mRNA is expressed in
four distinct cell populations in the lamprey brain, ranging from the telencephalon
and diencephalon of the forebrain to the mesencephalon and rhombencephalon of
the midbrain and hindbrain. The close distribution of GAD and lamprey GnRH in
the preoptic region also reported further supports the hypothesis that GABA might
act on the reproductive axis through the feedback on GnRH neurons (Reed et al.
2002; Root et al. 2005).

7.7 Biological Activity of GnRHs
Prior to the 1980s, there was little evidence for a regulatory influence of the hypothalamus on the pituitary-gonadal axis in agnathans (Sower 1997, 2003). The
first experimental evidence of the neuroendocrine control of reproduction in lampreys was obtained using a mammalian GnRH analog (Sower et al. 1983). This was
followed by the subsequent identification of lamprey GnRH-I in 1986 (Sherwood
et al. 1986), lamprey GnRH-III in 1993 (Sower et al. 1993), and lamprey GnRH-II
in 2008 (Kavanaugh et al. 2008; see Sect. 7.4). The many functional studies that
followed in testing these GnRHs and respective analogs along with the immunohistochemical and anatomical studies have clearly demonstrated that lampreys are
the most basal vertebrates for which there are demonstrated functional roles for
multiple GnRH neurohormones that are involved in pituitary-reproductive activity (Sower 2003; Sower et al. 2009) (Table 7.2). Investigations on the role of each
of the GnRHs in lampreys had and have been impeded by the lack of a purified
gonadotropin that can be used in assays to directly measure pituitary response/function. Even though gonadotropin(s) have not been fully identified from lamprey pituitaries, there is substantial direct and indirect evidence of pituitary responsiveness
to lamprey GnRHs. As each of the GnRHs has been identified, biological activity
has been assessed by indirect measures of determining steroidogenesis or gametogenesis in in vivo or in vitro studies (Sower et al. 1985b, 1987, 1995b; Sower
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Schematic representation of the actions of lamprey GnRH-I, -II, and -III at the pituitary-gonadal axis. Inositol phosphate (IP) activity was determined
by stimulation with increasing doses of lamprey GnRH-I, -II, or -III using each of transiently transfected lamprey GnRHR-1, -2, or -3 receptors. Lamprey
GnRH-I ligand did not activate the lamprey GnRHR-2 or -3. The pituitary or gonadal response represents an overall summary of data from various studies
when the lampreys were treated either with in vivo or in vitro GnRH ligands at different doses when held at water temperatures above 15 °C or below 15 °C (see
Sect. 7.7). OH-steroids = steroids with an additional hydroxyl group at the C15 position; nd not determined
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1989; Deragon and Sower 1994; Barannikova et al. 1995; Gazourian et al. 1997,
2000; Kavanaugh et al. 2008). The first direct evidence of GnRH stimulating the
pituitary was provided by Knox et al. (1994), in which the lamprey pituitary was
shown to contain two high-affinity binding sites for GnRH. Other methods for directly measuring pituitary responsiveness were done using co-cultures of pituitaries and gonads with varying doses of GnRH (Sower 1990; Gazourian et al. 2000;
Kavanaugh et al. 2008) and receptor binding studies (Materne et al. 1997; Knox
et al. 1994). Most recently, the cDNAs of three GnRH pituitary receptors have been
identified, and it has been shown that each receptor activated the inositol triphosphate (IP3) or cAMP signaling system; stimulation with lamprey GnRH-I, -II or -III
led to dose-dependent responses in COS7 cells transiently transfected with lamprey
GnRH-R-1, -2, -3 (Silver et al. 2005; Silver and Sower 2006; Joseph et al. 2012).
In addition, seasonal correlations between changes in brain GnRHs and gametogenic and steroidogenic activity of the gonads in adult male and female sea lamprey
have been demonstrated (Fahien and Sower 1990; Bolduc and Sower 1992; Sower
et al. 2011). While these studies strongly support the actions of GnRHs directly
or indirectly at the pituitary, it will be unknown how these GnRHs differentially
regulate the pituitary-gonadal axis until the gonadotropin/glycoprotein hormone(s)
responses can be measured.
As stated previously, in 1986, the primary structure of GnRH-I was identified
in the sea lamprey (Sherwood et al. 1986). Using synthetic lamprey GnRH-I and
analogs, various studies provided the first evidence of neuroendocrine control of reproduction in lampreys (Sower et al. 1983, 1985b; Sower 1987, 1989, 1990; Fahien
and Sower 1990; Sower and Larsen 1991; Youson and Sower 1991; Bolduc and
Sower 1992). Once lamprey GnRH-III was identified in 1993, the first experimental
studies were done and showed that lamprey GnRH-III was also a neurohormone
involved in reproduction, based on its ability to produce a significant elevation of
estradiol in adult female sea lamprey (Sower et al. 1993) and on the occurrence of
this peptide in lampreys at different stages of metamorphosis coinciding with the
acceleration of gonadal maturation (Youson and Sower 1991).

7.7.1 Plasma Sex Steroid Responses to GnRH
Concentrations of plasma estradiol (E2) and progesterone (P) have been used as
measures of pituitary response to GnRH, reproductive development, and gonadal
activity in sea lamprey (Sower 1987, 1989, 1990) and other lampreys (reviewed
in Bryan et al. 2008). E2 is considered to be a major reproductive hormone in both
male and female lampreys (Sower et al. 2011). The role of E2 in reproduction is
further supported by the cloning of an estrogen-like receptor in sea lamprey (Thornton 2001). In sea lamprey and Arctic lamprey Lethenteron camtschaticum, E2 concentrations increased during spermiation (Fukayama and Takahashi 1985; Sower
et al. 1985a; Fahien and Sower 1990) and decreased during ovulation (Sower et al.
1985a; Bolduc and Sower 1992). In the first reported study examining sex steroid
profiles in the Pacific lamprey during overwintering and sexual maturation, E2
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concentrations were usually higher in males than in females and increases coincided
with the development of secondary sex characteristics (Mesa et al. 2010). In another
study, there were higher plasma concentrations of E2 in females compared to males
and, in both sexes, plasma E2 significantly increased as the season progressed, correlating with a temperature increase that is in general agreement with these earlier
studies (Sower et al. 2011). In males, higher E2 concentrations corresponded to
males that have mature sperm (Fukayama and Takahashi 1985; Sower et al. 1985a;
Linville et al. 1987) and are consistent with the presence of an estrogen receptor in
the testis (Ho et al. 1987). While E2 is considered to be a major steroid involved
in reproductive processes, the precise function(s) of E2 in both male and female
lampreys need to be elucidated. There are still many questions remaining as to the
type of steroids that are synthesized and their respective functions (reviewed in
Bryan et al. 2008; Docker et al. in press). For example, there is growing evidence
that all lampreys produce gonadal steroids that are different from those of other
vertebrates by possessing an additional hydroxyl group at the C15 position (Bryan
et al. 2006, 2008
in both sea and Pacific lampreys when GnRH was administered (Bryan et al. 2004;
Young et al. 2004). These studies suggested that GnRH-III was more potent than
GnRH-I in Pacific lamprey (Young et al. 2004), but only in some instances for sea
lamprey (Bryan et al. 2004; Young et al. 2004). In addition, there is evidence that
precursor to vertebrate androgens, is the main androgen (Bryan et al. 2008), but
much more detailed research will be required on the steroids and respective receptors in lampreys.
Sower (1989) demonstrated that lamprey GnRH-I stimulated plasma P and E2
in adult male sea lamprey after single and two successive injections of lamprey
GnRH-I. In this same study, lamprey GnRH-I was determined to induce spermiation in adult male sea lamprey compared to controls after four successive injections of lamprey GnRH-I. Lamprey GnRH-III was also shown to stimulate plasma
concentrations of both P and E2 in the adult male lamprey after a single injection
of lamprey GnRH-III, and induce spermiation after four successive injections of
lamprey GnRH-III (Deragon and Sower 1994). In both studies, neither lamprey
GnRH-III nor lamprey GnRH-I appeared to produce a dose-related response in
plasma concentrations of E2 and P. The percent spermiation data demonstrated that
the injection of adult male sea lamprey with lamprey GnRH-III induced a higher
percent spermiation after days 16 and 21, indicating that lamprey GnRH-III may be
more potent as a neurohormone than lamprey GnRH-I in the adult male sea lamprey. This is supported by the fact that lamprey GnRH-III brain content concentration was determined to be three times greater than that of lamprey GnRH-I (Sower
et al. 1993) and about four times greater than that of lamprey GnRH-II (Sower et al.
2011). In another study, both lamprey GnRH-I and -III stimulated steroidogenesis
and induced ovulation in adult female sea lamprey during their final reproductive
stage (Gazourian et al. 1997
lamprey stimulated plasma E2 concentrations in lamprey held at each of three water
temperatures, 13, 17, and 19 °C, corresponding to increasing stages of maturation.
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body weight induced ovulation in 100 or 88 % of lampreys, respectively, compared
to 21 % in controls by day 31. In contrast to the Deragon and Sower (1994) study, in
which lamprey GnRH-III was more potent than lamprey GnRH-I in inducing spermiation in adult male sea lamprey, the results from the Gazourian et al. (1997) study
indicated that lamprey GnRH-I and -III are equally potent in inducing ovulation and
stimulating steroidogenesis in female sea lamprey. The varying results from these
studies are likely reflected in the timing of injections, water temperature, and slight
differences in reproductive stages.
The hypothalamic role of lamprey GnRH-II is not well understood at this time.
Lamprey GnRH-II was shown to be biologically active as determined by significantly increased concentrations of plasma E2 in the in vivo studies and significantly
increased media E2 in the co-culture ovary/pituitary in vitro studies (Kavanaugh
et al. 2008). Lamprey GnRH-III was slightly less effective, compared with lamprey
GnRH-II. In these co-culture ovary/pituitary studies, media E2 was significantly
potentiated, compared with media E2 from ovary culture treated with lamprey
GnRH-II. In the ovary culture only, and similar to earlier studies on lamprey GnRHI and -III (Gazourian et al. 2000), lamprey GnRH-II also had a slight direct effect
on stimulating media E2, compared with controls. In the Kavanaugh et al. (2008)
study, administration of GnRH-II in vivo and in vitro induced significant pituitarygonadal responses. However, until the release rates of lamprey GnRH-I, -II and
-III are known, and gonadotropins directly measured, the differences in potency
between the GnRHs can only be inferred.

7.7.2 Effect of Temperature on GnRH Activity
Early experiments in sea lamprey suggested that injections of salmon gonadotropin or a mammalian GnRH analog (see below) were insufficient to evoke ovulation at lower temperatures (13 °C) despite being sufficient to elevate plasma E2
(Sower et al. 1983), but did induce ovulation when the temperature was increased
to 21 °C (Table 7.2). Temperature has been considered an important environmental factor for the final maturational processes in adult sea lamprey (Fahien and
Sower 1990; Sower 1990; Bolduc and Sower 1992). Upstream spawning sea lamprey kept at temperatures below 15.5 °C will not ovulate or spermiate unless the
temperature is elevated close to their optimal spawning temperatures of 21 °C
(Sower 1990), and decreased spawning activity has been associated with sudden
drops in temperature (Applegate 1950; Manion and Hanson 1980; Linville et al.
1987). In the European river lamprey Lampetra fluviatilis, a rise in temperature
(from 6 to 8 °C) was shown not to be a necessary factor for development of secondary sex characteristics and spermiation/ovulation, but there was a delay in
sexual maturation of more than one month compared to controls held at increasing
temperatures (6–11 °C; Larsen 1973). However, the normal spawning temperature is only 8–11 °C for the river lamprey (Hagelin and Steffner 1958; Jang and
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Lucas 2005), so the low temperatures were not as extreme as those used in the
sea lamprey studies. Temperature is considered to be an important environmental
factor for initiating spawning activity in lampreys in general (see Chap. 6). Thus,
it would be of great interest to know the dynamic and temporal patterns of the
GnRH ligands and receptors held under varying photoperiod and temperature regimes during the reproductive cycles.

7.7.3 Structure-Function Activity of GnRH and Analogs
A series of studies, summarized in the following paragraphs, evaluated the biological effects of mammalian and lamprey GnRH and respective analogs (i.e., synthetic
peptides designed to interact with the GnRH receptor and modify its effect). Because GnRH molecules are simple decapeptides (see Sect. 7.4), they can be easily
synthesized and different amino acids can be inserted at any position to produce
analogs that can be more or less potent than the natural form (Harvey and Carolsfeld
1993). Such analogs can either activate the receptor (i.e., be agonists) or block the
receptor (i.e., be antagonists). In the above-mentioned Sower et al. (1983) study
(Sect. 7.7.2), injections of the synthetic agonist of mammalian GnRH ([D-Ala6,
Pro9] NEt mammalian GnRH) significantly elevated plasma E2 and advanced ovulation by at least several weeks in adult female lamprey. Note that in these analogs,
D means that a D-amino acid, the mirror image form of the naturally occurring
L-forms, has been inserted at that position (making the analog more resistant to
degradation), and NEt means that the analog is missing the tenth amino acid and
instead ends with an ethylamide (Harvey and Carolsfeld 1993). In the same 1983
study, a mammalian GnRH antagonist ([Ac-3 Pro1, 4-FD-Phe2, D-Trp3,6] mammalian GnRH), which is a competitive inhibitor of GnRH in mammalian systems, had
no apparent effect on plasma E2 concentrations or on timing of ovulation. These
data confirmed that the receptors for GnRH in the sea lamprey are specific and can
distinguish between variants in this molecule.
[D-Phe2,6, Pro3] lamprey GnRH was one of the first lamprey GnRH analogs
tested and found to be a putative antagonist (Sower 1987). It inhibited ovulation in mature female lamprey, and inhibited spermiation and reduced plasma P
concentrations in male sea lamprey (Sower 1987, 1989). Some GnRH-I analogs
(but not GnRH-III) have been shown to influence spawning behavior in lampreys
(Sower 2003). Such effects of GnRH-I and analogs on spawning behavior in adult
male and female sea lamprey were investigated by Sower and Hanson (1992)
during three successive spawning seasons. In each of these experiments, three
or four groups of 12 sea lamprey each were injected two times with saline, lamprey GnRH-I, lamprey GnRH-I agonist [D-Ala6, Pro9 NEt lamprey GnRH], or a
GnRH-I antagonist [D-Phe2,3, Pro3 lamprey GnRH]. After the second injection, the
lamprey were introduced into an artificial stream channel and behaviors of spawning activity, resting, nest building, swimming, and fanning were monitored. In
one of the experiments, spawning behavior was inhibited in females treated with

336

S. A. Sower

a lamprey GnRH-I agonist or antagonist compared to controls. However, in the
males, lamprey GnRH-I agonist or antagonist stimulated earlier spawning activity compared to the controls. In another experiment of this study, lamprey GnRH
antagonist induced earlier spawning activity in males, while lamprey GnRH agonist inhibited spawning activity, and lamprey GnRH delayed spawning activity
compared to the controls. These data suggested that lamprey GnRH-I influences
spawning behavior in sea lamprey. Furthermore, the responses to lamprey GnRH-I
and analogs were different in males compared to females, suggesting that different neuroendocrine mechanisms may be involved (Sower 2003). In later studies examining the effects of lamprey GnRH-III on behavior, it was shown that
this GnRH ligand did not influence the lamprey spawning behaviors (Sower and
Hanson unpublished data).
The above studies evaluating the biological effects of lamprey GnRH-I and -III
and analogs were done prior to the discovery of lamprey GnRH-II, a type 2-like
GnRH (see Sect. 7.4). The expression pattern of GnRH-2 varies from species to
species in jawed vertebrates, but is generally expressed in the brain and numerous
peripheral tissues (Gorbman and Sower 2003; Kah et al. 2007). The function(s)
of GnRH-2 in peripheral tissues and brain, however, have not been established. In
the brain of gnathostomes, GnRH-2 predominates in extrahypothalamic regions
and has been suggested to act as a neuromodulator/neurotransmitter, although
there are species in which GnRH-2 is found in the hypothalamic regions and acts
at the pituitary in stimulating gonadotropin function (King and Millar 1991). Several laboratories have been examining the role of gnathostome GnRH-2 in reproductive behavior. GnRH-2 appears to have one or more regulatory functions
acting as a neurohormone or neuromodulator distinct from stimulation of LH secretion (Rissman et al. 1995). In several mammalian species, exogenous GnRH-2
treatments can regulate various behaviors such as promoting mating and reducing
short-term food intake (Temple et al. 2003; Kauffman and Rissman 2004a, b). In
birds, it was shown that the GnRH system in songbirds is modulated by social
context (Stevenson et al. 2008). Confirming that lamprey GnRH-I (and its receptor) is involved in lamprey behavior and examining the potential roles of lamprey
GnRH-II and -III (and their receptors) will require detailed studies and is ripe for
investigation.
The effects of lamprey GnRH-I, -III, and analogs on plasma E2 in male landlocked sea lamprey were determined at different temperatures and different stages
of reproduction (Gazourian et al. 2000). Both lamprey GnRH-I and lamprey GnRHIII significantly elevated plasma E2 levels for 24 h at 8 °C, but not at 16 °C. This is
consistent with a previous study, where injections of lamprey GnRH-I significantly
elevated plasma E2 levels in male sea lamprey for up to 48 h at a low temperature,
10 °C (Sower 1989). In female sea lamprey, it was found that plasma E2 remained
significantly elevated for 24 h after injections of lamprey GnRH-I and -III at 13 °C,
but not at 19 °C (Gazourian et al. 1997). These combined data suggest a greater
metabolic turnover or degradation of lamprey GnRH, GTH, or their respective receptors at higher temperatures or later stages of reproductive maturity. In an in vitro
study, lamprey GnRH-I and -III significantly stimulated the pituitary to release a
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putative GTH capable of stimulating the ovaries to release E2 when incubated at
18 °C (Gazourian et al. 2000). [D-Glu6] lamprey GnRH-I at all doses suppressed
pituitary response on the testis at 14 °C, whereas cyclo-[Glu6-Trp7-Lys8] lamprey
GnRH-I only suppressed the pituitary at a dose of 100 and 1,000 ng/ml. It was proposed that the constrained analogs might interact with the pituitary GnRH receptor
and in turn inhibit putative GTH release or cause the release of a substance capable
of inhibiting steroidogenesis in the lamprey testis.
Lamprey GnRH-I and lamprey GnRH-III are the only vertebrate GnRHs that
do not have glycine in the sixth position (see Sect. 7.4); instead they have amino
acid substitutions glutamate and aspartate, respectively (Sower et al. 1993). Thus,
in earlier studies, cyclized GnRH analogs were examined to test whether the close
proximity of the N and C termini is important for binding of GnRH-I to its receptor in lampreys. Sower et al. (1995b) determined the in vivo effects of two lamprey GnRH-I analogs with substitutions of D-glutamate and glycine in the sixth
position of the molecules, [D-Glu6] lamprey GnRH-I and [Gly6] lamprey GnRH-I,
respectively. Two additional analogs, cyclo-[Glu6-Trp7-Lys8] lamprey GnRH-I and
cyclo-[D-Glu6-Trp7-Lys8] lamprey GnRH-I, with their respective R groups linked
by amide bonds at positions six and eight, were also studied to determine how
restricting the flexibility of the molecule would influence its activity. In the Sower
et al. (1995b) study, [Gly6] lamprey GnRH-I acted antagonistically by delaying
ovulation by 3 weeks as compared to controls, while [D-Glu6] lamprey GnRH-I
advanced ovulation. All GnRH-I analogs tested significantly elevated plasma E2
levels compared to controls, suggesting that the sixth position of the lamprey GnRH
peptide is important for its function. The suggested active conformation of mam6
-Leu7, which brings the
putative binding sites on the amino and carboxy termini into proximity (Struthers
et al. 1985). Considering that lamprey GnRH-I and -III have different amino acids
in the sixth position, it is possible that lamprey GnRH-I or -III have a different
conformation compared to the putative conformation of the other members of the
vertebrate GnRH family.
In the Gazourian et al. (2000) study, GnRH analogs were tested which had modifications in the second and third positions of the native molecule. The putative binding domains of the mammalian GnRH molecule are considered the amino and carboxy termini (Struthers et al. 1985); therefore, substitutions of amino acids in these
termini may affect receptor binding and/or activation. In this study, the activity of
[Phe2] lamprey GnRH-I, [Trp3] lamprey GnRH-I, and others was examined. In the
in vivo studies, [Phe2] lamprey GnRH-I elevated plasma E2 levels after 4 hours, but
had no effect after 24 h. In the in vitro studies, [Phe2] lamprey GnRH-I only stimulated E2 production with 1,000 ng/ml at 14 and 18 °C. Since this analog initially had
a stimulatory effect on plasma E2 levels and acted directly on the testis, it apparently was able to bind, and subsequently activate, the GnRH receptor. The inability
of this analog to sustain elevated plasma E2 levels for 24 h suggests that this analog
was susceptible to enzymatic degradation which shortened its plasma half-life. The
presence of an endopeptidase capable of degrading mammalian GnRH analogs at
the His2-Trp3 position has been suggested (Brudel et al. 1994); however, it is not
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known whether this enzyme is active in the lamprey system. Lamprey GnRH-I is
the only member of the vertebrate GnRH family to have an amino acid other than
tryptophan in the third position. In the Gazourian et al. (2000) study, replacement of
the native Tyr3 of lamprey GnRH-I with tryptophan rendered the analog completely
inactive, suggesting that the third position of lamprey GnRH-I is critical for binding
and/or activation of the receptor.
The effects of [Gly6] lamprey GnRH-I, [Gly6] lamprey GnRH-III, [D-Glu6] lamprey GnRH-I, and cyclo-[Glu6-Trp7-Lys8] lamprey GnRH-I were examined in the
male sea lamprey (Gazourian et al. 2000). Substitution of the native sixth position
amino acid of lamprey GnRH-I or -III with glycine resulted in increased potency of
the analogs for 24 h in vivo. Cyclo-[Glu6-Trp7-Lys8] lamprey GnRH-I or [D-Glu6]
lamprey GnRH-I also stimulated plasma E2 in vivo. In the in vitro studies, [Gly6]
lamprey GnRH-I at all doses and [Gly6] lamprey GnRH-III at 100 and 1,000 ng/
ml directly stimulated E2 production in the testis of the male lamprey incubated
at 14 °C. At 18 °C, only 1,000 ng/ml of [Gly6] lamprey GnRH-I and -III directly
elevated E2 production. These data support the Gazourian et al. (2000) in vivo data
with both [Gly6] lamprey GnRH-I and -III elevating E2 levels. In addition, cyclo[D-Glu6-Trp7-Lys8] lamprey GnRH-I at 10 and 1,000 ng/ml directly stimulated the
testis at 14 °C, whereas [D-Glu6] lamprey GnRH-I at 100 and 1,000 ng/ml significantly stimulated E2 production at 18 °C. Sower et al. (1995b) also showed that
cyclo-[D-Glu6-Trp7-Lys8] lamprey GnRH-I and [D-Glu6] lamprey GnRH-I elevated
E2 levels in vivo. The lower activity of [Gly6] lamprey GnRH-I and -III at 18 °C, as
compared to 14 °C, may be due to increased enzymatic degradation of the peptide
or the inability of the peptide to interact with the receptor, which may be enhanced
at lower temperatures. In the in vivo studies, it is possible that the noted increase in
E2 was due to both the direct activation of the GnRH analogs on steroidogenesis in
the testis and the action of the lamprey GnRH analog acting through the pituitarygonadal axis.
It is proposed that the substitution of Gly6 may have modified the structure of the
molecule, possibly promoting the conformation required for receptor interaction, or
that the substitution of Gly6 augmented the resistance of the molecule to enzymatic
degradation (Gazourian et al. 2000). Enzymatic degradation of both mammalian
GnRH and salmon GnRH primarily results in cleavage of the Tyr5-Gly6 or Gly6Leu7 bond (Goren et al. 1990). If these enzymes are present in the sea lamprey, a
substitution of the less-bulky glycine in the sixth position should have resulted in
increased degradation and decreased activity of the molecule. Since the Gly6 substituted analogs consistently acted as the more potent analogs, this suggests that there
may be different enzymes at work in the sea lamprey compared to other vertebrates.
In light of the newly identified lamprey GnRH receptors (see Sect. 7.8) and
tools of molecular biology, testing the lamprey GnRH analogs in GnRH receptor assays can provide critical information on the functions of each of the amino
acid residues of the GnRHs and analogs. New methods in molecular biology now
allow one to screen many different GnRH analogs using transiently transfected
cell lines all year long (e.g., Kavanaugh et al. 2008); the studies described above
tested GnRH and analogs on sexually maturing lamprey, and were thus limited
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to the final reproductive period of approximately six weeks every spring. There
is now the opportunity of being able to fully evaluate the structure-function of
each GnRH and respective analogs with each of the three GnRH receptors using
transient cell lines.

7.7.4 Direct Gonadal Effects of GnRH
In a number of different species of vertebrates, GnRH has been detected in a wide
range of tissues including the ovary and testis, although the functions in these tissues are not well understood and most often suggest that it acts in a paracrine function, that is, through release into adjacent cells or surrounding tissue rather than into
the bloodstream (Gore 2002). In the goldfish, the expression of GnRH-2 and GnRH
receptor were observed in the testis (Yu et al. 1998). In lampreys, it has been shown
that lamprey GnRH-III has a direct steroidogenic effect on sea lamprey gonads, as
evidenced by an increase in E2 levels (Gazourian and Sower 1994; Gazourian et al.
2000). Both lamprey GnRH-I and -III (1,000 ng/ml) had significant direct effects
on sea lamprey testes. Based on the evidence that neither lamprey GnRH-I (Millar
and King 1987; Fahien and Sower 1990) nor lamprey GnRH-III (Sower unpublished data) had been detected in the plasma of the sea lamprey, it was proposed
that GnRH does not exert direct effects on the gonads via systemic circulation in
the lamprey. In addition, GnRH binding sites have been demonstrated in both the
testis and the ovary of the adult sea lamprey using an analog of mammalian GnRH
([D-Lys6] mammalian GnRH) as a labeled ligand (Gazourian et al. 1997). Scatchard
analysis suggested the presence of a high-affinity binding site in both the testis
and the ovary (Gazourian et al. 1997). In this study, a single class of high affinity/
high capacity binding sites was characterized in the testes with an equilibrium dissociation constant (Kd) of 0.187 nM and binding capacity of 1.55 pmol/mg protein.
Ovarian data also demonstrated the presence of a single class of high affinity/high
capacity binding sites with a Kd of 0.286 nM and binding capacity of 2.08 pmol/mg
protein, respectively. The tissue expression data from the cloning of the first GnRH
receptor (lamprey GnRHR-1) showed that the GnRH receptor was expressed in testis (Silver et al. 2005). The direct gonadal effects of GnRH and presence of high affinity binding sites suggest that there is a GnRH-like factor produced locally in sea
lamprey gonads acting via GnRH receptors that may modulate gonadal function.

7.8 GnRH Receptors
7.8.1 Early Studies, 1990s
Many studies on the binding characteristics and kinetics of the GnRH receptor in
vertebrates were performed throughout the 1970s and 1980s. In the early 1990s,
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Tsutsumi et al. (1992) reported the first successful cloning of a GnRH receptor
from the mouse using a homology-based PCR amplification scheme (Tsutsumi
et al. 1992). Since this landmark study, more than 83 GnRH receptors have been
cloned in invertebrates and vertebrates (see Millar et al. 2004; Sower et al. 2004;
Silver et al. 2005). In lampreys, the first successful cloning of the receptor was reported in 2005 (Silver et al. 2005). Prior to this identification and during the 1990s,
GnRH binding assays were performed using lamprey pituitaries. In 1994, it was
reported that two high-affinity, specific classes of binding sites occurred in the lamprey pituitary (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. Scatchard analysis revealed two classes of high-affinity
binding sites with Kds of 1.5 × 10 M and 5 × 10 M. Binding to the GnRH receptors was saturable, reversible, tissue specific, and time and temperature dependent.
At the time, with the exception of the goldfish, only a single class of GnRH binding sites had been demonstrated in the following teleosts: stickleback (Andersson
et al. 1989), African catfish Clarias gariepinus (De Leeuw et al. 1988), seabream
Sparus aurata (Pagelson and Zohar 1992), and winter flounder Pseudopleuronectes
americanus (Crim et al. 1988). Since the Sower laboratory has now cloned three
GnRH receptors (GenBank accession numbers: lGnRHR-1, AF439802; lGnRH-R2,
HM641828; lGnRH R3, HM641829; Silver et al. 2005; Joseph et al. 2012), it is
likely that the two high affinity-binding sites in the lamprey pituitary from the Knox
et al. (1994) study reflect two distinct receptors.
Displacement studies showed that a labeled mammalian GnRH analog could be
displaced by chicken GnRH-I (GnRH-1), chicken GnRH-II (GnRH-2), synthetic
mammal and salmon GnRHs, lamprey GnRH-I, lamprey GnRH-III, D-Ala6-Pro9
NEt mammalian GnRH, and D-Phe2,6-Pro3 lamprey GnRH (Knox et al. 1994). The
proximal pars distalis region of the anterior pituitary contained most of the GnRH
binding sites with slight binding in the rostral pars distalis. Subsequent studies on
2006) showed that the
immunoreactive GTH cells are located in the proximal pars distalis of the pituitary,
confirming the findings of the location of the lamprey GnRH receptors.
These described studies on the characterization of two high-affinity GnRHbinding 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, and to characterize the affinity for
GnRH binding sites of four potential lamprey GnRH antagonists in the sexually mature male landlocked sea lamprey (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. All four lamprey GnRH analogs demonstrated two
specific binding compartments of high- and low-affinity with inhibition constants
comparable to those of the native lamprey GnRH-I and -III.
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7.8.2 Cloning, Identification and Functional Studies of Lamprey
GnRH Receptors
GnRH action is mediated through high affinity binding with the GnRH receptor
(GnRH-R), a class A or rhodopsin-like seven transmembrane G-protein coupled receptor (GPCR). GnRH receptors have been classified typically as type-1 (without a
C-terminal tail) and type-II (with a C-terminal tail) (Silver et al. 2005; Guilgur et al.
2006). The type-1 GnRH receptor is unique among all GPCRs in that this receptor
lacks the highly conserved intracellular carboxy-terminal (C-terminal) tail. A fulllength transcript encoding a functional GnRH-R-1 was isolated and cloned from the
pituitary of the sea lamprey (Silver et al. 2005; Guilgur et al. 2006). Recently, the
full-length cDNA of lGnRHR-2 and lGnRHR-3 were cloned (Joseph et al. 2012).
The cloned receptors retain the conserved structural features and amino acid motifs
of other known GnRHRs and include C-terminal tails. lGnRHR-1 was shown to
activate the inositol triphosphate (IP3) signaling system; stimulation with lamprey
GnRH-I, -II or -III led to dose-dependent responses in COS7 cells transiently transfected with lamprey GnRH-R-1 (Silver et al. 2005; Kavanaugh et al. 2008). The
phylogenetic placement, structural, and functional features of lGnRHR-1 suggested
that it is representative of an ancestral GnRH receptor.
More than 83 GnRH receptor cDNAs have been cloned since 1992 (Sect. 7.8.1).
With the description of the catfish GnRH receptor 1, which was the first identified
GnRH receptor to retain the evolutionarily conserved intracellular C-terminal tail,
it has become evident that a major structural difference within the GnRH receptor family is the presence or absence of the intracellular C-terminal tail. This tail
has been shown to affect not only effective GnRH binding and activation of signal
transduction, but desensitization and internalization pathways as well (Heding et al.
1998; Pawson et al. 1998; Blomenrohr et al. 1999; McArdle et al. 1999; Willars
et al. 1999; Vrecl et al. 2000; Hislop et al. 2005). Multiple GnRH receptors have
been characterized in several species of vertebrates, suggesting that most organisms
likely contain two or more functional GnRH receptors in the pituitary and brain (Illing et al. 1999; Millar et al. 2001; Neill et al. 2001; Okubo et al. 2001; Wang et al.
2001; Bogerd et al. 2002; Seong et al. 2003). Investigations in these organisms have
demonstrated differential tissue distribution of GnRH receptor subtypes, as well as
changes in receptor transcript expression based on reproductive stage (Illing et al.
1999; Wang et al. 2001).
A full-length transcript encoding a functional type-II GnRH receptor (lGnRHR-1) was isolated and cloned from the pituitary of the sea lamprey (Silver et al.
2005). This study was the first to identify a pituitary GnRH receptor transcript in an
agnathan. The cloned receptor retains the conserved structural features and amino
acid motifs of other known GnRH receptors (Fig. 7.7) and notably includes a Cterminal intracellular tail of about 120 amino acids, the longest C-terminal tail of
any vertebrate GnRH receptor identified to date. The lamprey GnRH receptor-1
was shown to activate the inositol phosphate (IP) signaling system; stimulation with
either lamprey GnRH-I or lamprey GnRH-III led to dose-dependent responses in
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Schematic representation of the gonadotropin-releasing hormone receptors (GnRHR)
and conserved motifs. GnRH receptors have been classified typically as type-I (without a carboxyterminal tail) and type-II (with a C-terminal tail). The type-I GnRH receptor is unique among all
G-protein coupled receptors (GPCRs) in that it lacks the highly conserved intracellular C-terminal
tail. Lamprey GnRHR-1 is a type-II receptor with the longest C-terminal tail of any vertebrate
GnRH receptor identified to date, but it retains the conserved structural features and amino acid
motifs of other known GnRH receptors. (Figure courtesy of Dr. Nathaniel Nucci)

transiently transfected COS7 cells. Furthermore, analyses of serially truncated lamprey GnRH receptor-1 mutants indicate that perturbations of the C-terminal tail
disrupt IP accumulation; however, the tail-less lamprey GnRH receptor-1 was not
only functional but was also capable of stimulating IP levels equal to wild type.
Expression of the receptor transcript was demonstrated in the pituitary and testes
using reverse transcriptase PCR (RT-PCR), whereas in situ hybridization showed
expression and localization of the transcript in the proximal pars distalis of the
pituitary. The phylogenetic placement and structural and functional features of this
GnRH receptor suggested that it is representative of an ancestral GnRH receptor.
In addition to having an important role in lamprey reproductive processes, the extensive C-terminal tail of this lamprey GnRH receptor may have great significance
for understanding the evolutionary change of this vital structural feature within the
GnRH receptor family.
Silver and Sower (2006) performed a series of experiments examining cAMP
responses, binding kinetics, whole cell competitive binding assays, and internalization studies of the lamprey GnRH receptor-1 using a series of three C-terminal tail
truncations (80, 40, and 0 amino acids) to better describe the functional significance
of this unique vertebrate GnRH receptor. Activation of the lamprey GnRH receptor
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was shown to stimulate cAMP production in a dose-dependant manner when treated
with either lGnRH-I or lGnRH-III. Truncation analysis indicated that the membrane-proximal 40 amino acids (aa) of the lamprey GnRH receptor C-terminal tail
contain a motif required for cAMP accumulation. Saturation binding assays using
the wild type and truncated lamprey GnRH receptors revealed that all of the three
truncated lamprey GnRH receptors were capable of binding lGnRH-I. Competitive,
intact cell-binding assays suggested that the lamprey GnRH receptor is lamprey
GnRH-III selective, based on the observed pharmacological profile. Finally, the
lamprey GnRH receptor-1 was shown to undergo rapid ligand-dependent internalization, which was significantly diminished in the tail-less truncated form. These
studies showed that this unique lamprey GnRH receptor-1 shares several characteristics of both type I and type II GnRH receptors which suggests that this receptor
has retained ancestral characteristics that can provide insight into the function and
evolution of the vertebrate GnRH receptor family (Silver et al. 2005; Silver and
Sower 2006).
Pituitary GnRH receptors are thought to primarily signal through Gq/11, resulting
in the stimulation of the IP3s messenger system; however Gs activation and cAMP
signaling has been reported as well (Arora et al. 1995; Stanislaus et al. 1998; Grosse
et al. 2000; Liu et al. 2002; Oh et al. 2005). G-protein coupling to type I GnRH
receptors clearly occurs within the intracellular loops (ILs), where several motifs
have been identified that may be involved in G-protein coupling. For instance, the
DRxxxI/VxxPL motif in IL2 and a conserved Ala residue in IL3 have been linked to
Gq/11 coupling (Arora et al. 1995; Myburgh et al. 1998), while a BBxxB (where B is
any basic amino acid) in IL1 was shown to be required for Gs coupling (Arora et al.
1998). Furthermore, the presence or absence of the C-terminal tail in the type II or
type I GnRH receptors could possibly explain the signaling disparity between the
two groups, whereas an HFRK motif in the membrane proximal region of the bullfrog type II GnRH receptor-1 was recently shown to be required for cAMP signaling, but not for IP signaling (Oh et al. 2005). In the Silver and Sower (2006) study,
lamprey GnRH receptor-1 was shown to activate the cAMP signaling system, in a
dose-dependent manner, in transiently transfected COS7 cells. Lamprey GnRH-III
was a more potent activator of this system compared with lamprey GnRH-I, which
supports the previous hypothesis, based on IP activation (Silver et al. 2005), that the
lamprey GnRH receptor-1 is lamprey GnRH-III selective. These data have several
interesting implications. The lamprey GnRH receptor-1 activates both the cAMP
and IP signaling systems; however, the IP system is activated at an approximately
10-fold lower concentration of both lamprey GnRH-I and lamprey GnRH-III, and
is also activated to a greater magnitude of approximately 4.5-fold, compared with
c. 1.7-fold (lamprey GnRH-I) or c. 2.1-fold (lamprey GnRH-III) accumulation of
cAMP. Not unexpectedly, truncation of the lamprey GnRH receptor C-terminal tail
interfered with cAMP signaling; this is partially recovered by the 40 aa tail mutant,
and lost again in the tail-less mutant form. The exact nature of GPCR/G-protein
coupling is still in question since no conserved motifs that can be generally used
to define G-protein specificity have been identified, nor has any particular domain
been shown to be required. These current data indicate that a motif within the first
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40 aa of the lamprey GnRH receptor-1 is involved in the Gs coupling, which is proposed by these authors to be the ‘HFRK’-like motif (histidine–valine–arginine–arginine (HVRR) in lamprey) located within the membrane proximal region of the Cterminal tail (Silver and Sower 2006). Furthermore, this region contains the BBxxB
shown to be involved in Gs coupling in type I GnRH receptors, in which case this
motif is located in the first IL (Arora et al. 1998).
Two full-length cDNAs encoding novel GnRH receptors, lGnRH-R-2 and
lGnRH-R-3, were identified and classified as type III receptors (Joseph et al. 2012).
Analysis of the encoded amino acid sequences showed conservation of the characteristic motifs of GnRH receptors and high overall similarity to previously identified GnRH receptors. The ligand specificity and activation of intracellular signaling
studies showed ligands lGnRH-II and -III induced an IP response in lGnRH-R-2
and lGnRH-R-3, whereas no response was detected at either receptor with lGnRH-I
stimulation. lGnRH-II was a more potent activator of lGnRH-R-3 than lGnRH-III.
lGnRH-R-2 has a higher binding affinity in response to lGnRH-III than lGnRH-II,
whereas lGnRH-R-3 has a higher binding affinity in response to lGnRH-II than
IGnRH-III. Stimulation of lGnRH-R-2 and lGnRH-R-3 with increasing doses of
each of the three GnRH ligands did not elicit a cAMP response supporting evidence
that a key motif (HVRR-like) in the C-terminal tail is required for cAMP activation.
Lamprey GnRH-R-2 precursor transcript was detected in a wide variety of tissues
including the pituitary in both male and female adult lampreys. Lamprey GnRHR-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 parasiticphase 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. From
the phylogenetic analysis, lGnRH-R-1 is proposed to have evolved from a common
ancestor of all vertebrate GnRH receptors, and lGnRH-R-2 and lGnRH-R-3 likely
occurred due to a local gene duplication within the lamprey lineage. In summary,
the findings of three receptor subtypes in the sea lamprey suggest that the plasticity in evolutionary 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.
The highly conserved DRY (Asp-Arg-Tyr) motif located at the end of the third
transmembrane of G-protein-coupled receptors has been described as a key motif
for several aspects of GPCR functions (Rovati et al. 2007). However, in the case of
the vertebrate gonadotropin-releasing hormone receptor (GnRHR), the amino acid
in the third position in the DRY motif is variable. The other notable characteristic
of GnRHRs is the variation of a DRY motif of GPCRs that is a highly conserved
amino acid triplet at the end or junction of the third transmembrane domain and the
second intracellular loop. There are variable substitutions of the third amino acid in
the DRY motif of GnRHRs from different classes of vertebrates. This region potentially contributes to GnRHR function. In many cases, type I receptor DRY motif is
substituted with DR‘S’, while type II has DR‘H/Q’. To date, there are few reports
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about the functional significance of the Ser in DRS of type I receptors (Arora et al.
1995, 1997; Byrne et al. 1999). Thus, the functional significance of this variation
of the DRY motif, particularly the type II GnRHR, has not been established. In the
lamprey, the third amino acid of the DRY motif in lGnRHR-1 is His, while it is most
often His/Gln in the type II GnRHR. To investigate the functional significance of
the substitution of DRY to DRH in the GnRHR-1, second messenger signaling, ligand binding, and internalization of the wild-type and mutant lGnRH receptors were
characterized with site-directed mutagenesis (Kosugi and Sower 2010). Treatment
of the DRE151 and DRS151 mutant receptors with lamprey GnRH-I significantly
reduced IP compared to wild-type (DRH151) and DRY151 receptors. The LogIC50 of
of DRE151, DRS151,
50
151
and DRX mutants, yet these same mutants were shown to significantly reduce
cell-surface expression. However, the DRY151 mutant compared to the wild-type receptor increased cell-surface expression, suggesting that the reduction of IP production was due to the level of the cell-surface expression of the mutant receptors. The
rate of internalization of DRX151 (35.60 %) was reduced compared to wild-type and
other mutant receptors. These results suggested that His151 of the lamprey GnRH
receptor-1 may play a critical role in the retention of a certain level of cell-surface
expression for subsequent cellular second messenger events.

7.9 Other Brain Neurohormones Potentially Involved in
the Hypothalamic-Pituitary Axis: NPY, GnIH, TRH
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 some teleost fishes, those neurohormones/factors include dopamine, neuropeptide Y (NPY), gamma-aminobutyric
acid (GABA), and more recently gonadotropin-inhibitory hormone (GnIH) and
kisspeptin (KiSS) (Kah and Dufour 2010). In lampreys, GABA (as described in
Sect. 7.6.2) and NPY have been shown to be involved with brain GnRH and reproduction (Conlon et al. 1994; Root et al. 2004, 2005; Fig. 7.8).
Many factors have been identified in vertebrates that are able to modulate reproductive events through the influence on the hypothalamic-pituitary-gonadal axis.
Two such modulators have been found to establish relationships with GnRH neurons from the earliest stages of their development. Thus, NPY, GABA, and dopamine (teleost fishes only) have been shown to influence reproductive processes in
vertebrates, and have been found in and around GnRH neurons during their migration in several different species. In sea lamprey, both NPY (originally called peptide methionine-tyrosine, PMY, a neuropeptide Y-like hormone) and GABA were
determined to interact with the reproductive neuroendocrine axis (MacIntyre et al.
1997; Reed et al. 2002). NPY is a 36 amino acid peptide that has been shown to
act at the level of the hypothalamus and pituitary to alter GnRH and gonadotropin
(GTH) release, respectively (reviewed in Larhammar 1996). Immunocytochemical
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Schematic diagram of the lamprey hypothalamic-pituitary-gonadal (HPG) axis. The
following have been identified in lampreys: three GnRH ligands (lGnRH-I, -II, and -III); three
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studies have determined that, in both teleosts and mammals, NPY-containing cells
can be identified in close proximity to GnRH-containing cells (Larhammar 1996).
In teleosts, NPY is able to stimulate GnRH and GTH release from the hypothalamus
and pituitary and potentiate GnRH-induced GTH release when conducive steroidal
conditions exist (Larhammar 1996). Whether NPY exerts a stimulatory or inhibitory effect at either of these levels has proven to be highly dependent on the hormonal milieu. In some cyprinid fishes, dopamine has been demonstrated to inhibit
GTH release (Peter et al. 1978; Peter and Paulencu 1980; Chang et al. 1983) while
in many other teleost fishes, particularly marine species, dopamine has not been
shown to inhibit GTH release (Copeland and Thomas 1989). The role of dopamine
has not been examined in lamprey neuroendocrinology.
Lamprey NPY was isolated first from the intestine and then from the brain of the
sea lamprey (Conlon et al. 1991, 1994). Lamprey NPY is structurally more similar
to mammalian NPY than other NPY-family members as it has the same amino acid
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residues at key positions identified in all other vertebrate forms of NPY (Conlon
et al. 1991). Studies showed that lamprey NPY suppressed estradiol (E2) levels
in female sea lamprey (MacIntyre et al. 1997). It was further demonstrated that
lamprey NPY elevated brain lamprey GnRH-I and -III content, which is consistent
with the function of NPY observed in other vertebrates (MacIntyre et al. 1997). At
this time, it is undetermined whether NPY altered E2 concentration through direct
action at the ovaries or if it affected pituitary function. Our understanding of NPY
in lamprey reproduction is far from complete; further research would elucidate the
interrelationships of lamprey NPY with the neuroendocrine system.
In 2000 and 2003, two new brain hormones were identified called GnIH and
kisspeptin, respectively, which act on the hypothalamic-pituitary axis (Tsutsui
et al. 2000; Seminara et al. 2003). GnIH is a dodecapeptide first identified in quail
Coturnix japonica and shown to inhibit the synthesis and release of gonadotropins (Tsutsui et al. 2000). Subsequently, GnIH, which belongs to the LPXRF-amide
family of peptides (see below), has been described in fish but its actions on the
hypothalamic-pituitary axis have not been elucidated (Tsutsui et al. 2007). The
Kiss1/GpR54 system was discovered and shown to be the central gatekeeper in the
regulation of GnRH and puberty in mammals (Seminara et al. 2003; Seminara and
Crowley 2008). In mammals, the kisspeptin system acts in regulating many aspects
of reproductive functions including the mediation of steroid feedback (Roa et al.
2009). In adult sea lamprey brains, estrogen receptor expression was shown in the
hypothalamic region using RT-PCR and in situ hybridization (Sower and Baron
2011). A key question remains as to whether E2 acts directly on GnRH-expressing
neurons, or indirectly through a mechanism utilizing GABA or kisspeptin. Root
et al. (2005) identified GABA-expressing neurons in close proximity to neurons
expressing lamprey GnRH (see Sect. 7.6.2), supporting the possibility of an indirect
action of E2 on GnRH. However, the critical evidence needed in order to establish
the direct and/or indirect nature of E2–GnRH interaction in lampreys lies in the determination of cellular co-localization between GABA, GnRH, kisspeptin, and estrogen receptor. In teleosts, there are two KiSS genes, KiSS1 and KiSS2, expressed
in hypothalamic and preoptic neurons; however, similar to GnIH, our knowledge
of the functions of these new neurohormones on the hypothalamic-pituitary axis
are limited (Felip et al. 2009; Kitahashi et al. 2009). While two kisspeptin genes
(KiSS-1 and KiSS-2) were identified in the lamprey genome (Lee et al. 2009), the
cloning and function of kisspeptin(s) and respective receptors in lampreys has not
yet been elucidated.
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) and recently,
in the lamprey also (Osugi et al. 2006). In fact, over the past decade (2000–2010),
neuropeptides that have the RFamide motif at their C-termini have been identified
in the brains of several vertebrates (Osugi et al. 2006). Based on the structures of
vertebrate RFamide peptides, to date, at least five groups of the RFamide peptide
family have been documented as follows: (a) PQRFamide peptide group (Yang
et al. 1985; Yang and Martin 1995; Bonnard et al. 2001, 2003; Burlet-Schiltz et al.
2002); (b) LPXRFamide (X = L or Q) peptide group, including GnIH (Tsutsui et al.
2000; Fukusumi et al. 2001; Satake et al. 2001; Chartrel et al. 2002; Koda et al.
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2002; Sawada et al. 2002; Ukena et al. 2002, 2003a, b; Ubuka et al. 2003; Yoshida
et al. 2003; Osugi et al. 2004); (c) prolactin-releasing peptide (PrRP) group (Fujimoto et al. 1998; Hinuma et al. 1998; Moriyama et al. 2002; Seale et al. 2002); (d)
metastin group, including metastin and kisspeptin (Kotani et al. 2001; Ohtaki et al.
2001); and (e) pyroglutamylated RFamide peptide (QRFP) group (Chartrel et al.
2003; Fukusumi et al. 2003).
Among the RFamide peptide groups, PQRFamide peptides, such as neuropeptide FF (NPFF) and neuropeptide AF (NPAF), share a common C-terminal ProGln-Arg-Phe-NH2 motif. LPXRFamide (X = L or Q) peptides, such as GnIH, frog
growth hormone-releasing peptide (fGRP), goldfish LPXRFamide peptide, and
mammalian RFamide-related peptides (RFRPs), also share a C-terminal Leu-ProLeu/Gln-Arg-Phe-NH2 motif (Osugi et al. 2006). Such a similar C-terminal structure suggests that these two groups may have diverged from a common ancestral
gene. Osugi et al. (2006) sought to clarify the evolutionary origin and divergence
of these two groups, by identifying novel RFamide peptides from the brain of sea
lamprey. A novel lamprey RFamide peptide was identified by immunoaffinity purification using the antiserum against LPXRFamide peptide. The lamprey RFamide
peptide did not contain a C-terminal LPXRFamide motif, but had the sequence
SWGAPAEKFWMRAMPQRFamide (lamprey PQRFa). 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 belongs to the PQRFamide peptide group. In situ hybridization
demonstrated that lamprey PQRFamide peptide mRNA is 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 µg/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
the PQRFamide peptides may act as a neuroregulator of at least the lamprey GnRHII system in adult female lamprey. Lamprey PQRFamide peptides are considered to
have retained the most ancestral features of PQRFamide peptides.
In another study, 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
sion in the pituitary. Synteny and phylogenetic analyses provide evidence that the
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LPXRFamide peptide gene diverged from a common ancestral gene likely through
gene duplication in the basal vertebrates. These results suggest 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). In time, the
elucidation of the functions of these peptides will contribute to our understanding
of the interrelationships of these peptides and the GnRH-GTH system.
In mammals, thyrotropin-releasing hormone (TRH) is considered a major hypothalamic hormone that acts on the pituitary to stimulate the synthesis and release
of thyrotropin hormone (TSH, a member of the pituitary glycoprotein family; see
Sect. 7.3); TSH in turn acts on the thyroid gland to stimulate the synthesis and/or
release of the thyroid hormones, thyroxine and triiodothyronine. TRH has also been
shown to release pituitary growth hormone (GH) (Guillemin 1978; Schally 1978)
and prolactin (PRL) (Jackson and Reichlin 1977). The role of TRH in non-mammalian vertebrates is much less established (reviewed in De Andrés et al. 2002). To
date, there are only two reports on TRH in lampreys. Youngs et al. (1985) showed
that TRH was present in the pituitary, brain, and spinal cord of larval and adult sea
lamprey and adult European river lamprey, as determined by radioimmunoassay.
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 (De Andrés et al. 2002). Sower
et al. (1985b) 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 studies that one hypothalamic GnRH stimulated both the
pituitary-thyroid and pituitary gonadal axes. In later studies, lamprey GnRH-I and
-III were shown to be significantly correlated with the seven stages of lamprey
metamorphosis (Youson and Sower 2001). Unlike the induction of frog metamorphosis and even amphioxus metamorphosis by thyroid hormones (Paris et al. 2008),
thyroid hormones do not stimulate the process of metamorphosis in lamprey (see
Chap. 4). Metamorphosis in sea lamprey is characterized by a significant decline
in thyroid hormones, changes in lipid metabolism, and elevated GnRH (Youson
and Sower 2001). Subsequently, it has been determined that lampreys likely have
only one pituitary glycoprotein hormone (GTH-like hormone) and one gonadal
glycoprotein receptor and one thyroid glycoprotein receptor (Freamat et al. 2006;
Sower et al. 2006; Freamat and Sower 2008a; see Sect. 7.10). Therefore, the working hypothesis (as of 2009) for these authors is that the glycoprotein hormone/
glycoprotein hormone receptor systems in lampreys are strongly interconnected
(Sower et al. 2009).
The actions and interactions of these various neurohormones/neuromodulators
are not known in lampreys and whether one or a combination of these hormones exert a stimulatory or inhibitory effect on the GnRH system is likely highly dependent
on the hormonal milieu as well as the fish’s reproductive and developmental stage
and environmental factors including photoperiod and temperature. Further studies
will be required to gain an understanding of the complexity of the hypothalamicpituitary axis in controlling reproduction in lampreys.
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Number of identified pituitary glycoprotein hormones to date in the different groups
of vertebrates. The duality of the gonadotropin hormones and thyroid hormone-stimulating horTSH) has been established in all gnathostomes, as shown. As noted, there is only one
glycoprotein hormone in hagfishes and one in lampreys that cannot be assigned to luteinizing
LH
FSH), or TSH; LH, FSH, and TSH are not found
in invertebrates. The two subunits of thyrostimulin, a new member of the vertebrate glycoprotein
pituitary hormone family, are the ancestral units of LH, FSH, and TSH (see Sect. 7.10). There
is one putative thyrostimulin in lampreys. (Data obtained from NCBI Uni-ProtKB, Sower et al.
unpublished data)
LH
FSH
TSH
Thyrostimulin
Mammals
52
58
65
41
Birds
5
9
8
5
Reptiles
4
6
4
2
Amphibians
9
10
3
1
Bony fishes
82
38
25
8
Cartilaginous fishes
1
2
0
1
Agnathans
Hagfish: 1 GpH
Lamprey: 1
Lamprey: 1GpH

7.10 Lamprey Gonadotropin-Glycoprotein Hormone
Family
In gnathostomes, the classical pituitary glycoprotein hormone (GpH) family consists of two pituitary GTHs, LH and FSH, one thyroid-stimulating hormone (TSH),
and a new member, thyrostimulin. In placental mammals, there is an additional
member of the glycoprotein hormone family called chorionic gonadotropin (CG).
Sect. 7.3). Two GTHs have been identified in all taxonomic groups of gnathostomes
(Suzuki et al. 1988; Kawauchi et al. 1989; Quérat et al. 2000, 2004; Huhtaniemi
2005; Table 7.3). After more than 20 years of intensive investigations, the laboratories of Sower and Kawauchi along with their students and collaborators identified
and it was shown to be localized in the proximal pars distalis (PPD) of the anterior
pituitary (Sower et al. 2006).
Previous evidence from physiological and immunohistochemical studies had
strongly supported the presence of a GTH-like molecule in lampreys (Sower 2003;
Sower et al. 2006). Hypophysectomy and substitution therapy with pituitary extracts or mammalian GTHs indicated pituitary regulation of the gonads in European river lamprey (Larsen 1965). Injection of salmon GTH preparation into adult
spawning sea lamprey advanced ovulation by several weeks and elevated plasma
estradiol levels (Sower et al. 1983). Two high-affinity binding sites for lamprey
GnRH-I and -III were found in the PPD of sea lamprey pituitary (Knox et al.
1994) and the cDNA of one pituitary GnRH receptor-1 was cloned and shown to
be expressed in the PPD (Silver et al. 2005). Moreover, GTH-like immunoreactivity was identified in cells distributed in the ventral half of the PPD (Nozaki et al.
1999, 2001). These pituitary cells in the PPD were stained intensely by anti-ovine
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itaries of adult sea lamprey that were close to spawning. One would expect a high
content of GTH based on the reproductive stage and physiological data obtained
from GnRH studies (Sower 2003). Sower et al. (1985b) speculated that perhaps
the difficulty in identifying the lamprey GTH was due to its parasitic nature. Perhaps the lamprey had a “different” GTH and receptors in order for its system not
to respond to other fish gonadotropins that could influence its own reproductive
cycle when the lamprey was in its parasitic feeding phase, consuming the blood
and other bodily fluids of its host. However, the fact that lampreys responded to
salmon GTH did not support this speculation—although, as will be described
than 20 years, the Sower and Kawauchi laboratories tried to isolate gonadotropin,
assumed to be a heterodimer glycoprotein as in other vertebrates, from the pituitary extracts from landlocked adult female sea lamprey. However, despite these
exhaustive efforts using molecular and biochemical techniques, no molecule related to LH or FSH was found. During these early years, a glycoprotein homodimer called nasohypophysial factor (NHF) was identified (Sower et al. 1995b)
that corresponded to the N-terminal peptide of proopiocortin (Takahashi et al.
1995b). This NHF molecule was always found as the predominant glycoprotein
(Sower et al. 1995b). Moreover, there were numerous unsuccessful attempts using
sponding to conserved regions for the gonadotropin subunits. Finally, the success
by expressed sequence tag analysis of the pituitary cDNA library (Sower et al.
2006) that allowed identification of three out of 2,208 clones showing sequence
a homologous position to those of LH, FSH, and TSH and three N-glycosylation
sites (Sower et al. 2006
proposed to control receptor binding specificity (i.e., the region between the 10th
and 12th Cys residues) suggested that the proposed heterodimer would be more
like a FSH than a LH (Cosowsky et al. 1997). The mature protein showed similar
Scyliorhinus canicula (Quérat et al.
2001), sturgeon Acipenser baeri (Quérat et al. 2000), and lungfish Neoceratodus
forsteri (47 %) (Quérat et al. 2004
1997; Moyle
et al. 2004). This is a highly conserved subunit interaction in most, if not all, gonadotropins, and slightly different than TSH. An unusual feature of the lamprey
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receptor specificity, relative to other fish GTHs lampreys may encounter during
their parasitic life phase (although one would assume that much of the ingested
proteins would be digested by the intestinal system).
protein, the antiserum against the synthetic peptide corresponding to the deduced
amino acid sequence specifically stained most cells in the ventral half of the PPD,
which had also been stained with anti-ovine LH (Nozaki et al. 1999). The results
agree well with the GnRH-binding study showing GnRH-binding sites in the PPD
(Knox et al. 1994). On the basis of sequence identity and histochemical characterobtain the definite proof, these authors examined whether GnRH could stimulate
2006
in adult lamprey, both GnRH-I and GnRH-III stimulated the expression of mRNA
lamprey pituitary hormone genes such as GH, POC, and POM gene were investigated (see Sect. 7.3). The results demonstrated that lamprey GnRH also stimulated
expression of GH, but not that of POC and POM in vivo. The stimulation of GH
and GTH by GnRH is not novel in non-mammalian vertebrates. In previous studies,
GnRH induced GH and GTH secretion from the goldfish pituitary (Marchant et al.
1989). These authors suggested that the secretion of GH and GTH in the goldfish
are regulated, at least in part, through a common releasing factor, GnRH, whereas
somatostatin and dopamine appear to act independently as GH and GTH release
inhibitory factors, respectively (Marchant et al. 1989). Combining the biochemical
characteristics, sequence identity, location of the GTH-like protein in the anterior
pituitary and stimulation of GnRH, Sower et al. (2006) concluded that the identified
glycoprotein hormone is gonadotropin-like in the lamprey pituitary.
The duality of gonadotropins (i.e., the presence of LH and FSH) has been established in all classes of gnathostomes (see Sect. 7.3). In the sea lamprey, however, Sower et al. (2006
takes a position as an outgroup. In addition, immunohistochemical data suggested
that there are no other cells that produce GTH. It has been shown that ACTH cells
are in the RPD; GH and GTH cells are in the PPD; and MSH cells are in the PI (Nozaki et al. 1995; Fig. 7.3a). In later immunohistochemistry studies, GTH-like cells
were not observed in the pituitary during the larval and metamorphic stages, but the
numbers increased markedly during the parasitic period (Nozaki et al. 2008). These
results strongly suggest that duality of GTH was established after the divergence of
gnathostomes and agnathans.
The presence of a single GTH-like glycoprotein in agnathans was further supported by the first identification of gonadotropin in a hagfish. Recently, the presence
and identity of a functional GpH was elucidated from the brown hagfish Paramyxine atami (Uchida et al. 2010). In contrast to the lamprey, phylogenetic analyses
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that the duality of the gonadotropins appeared with the gnathostomes.
To date, there has been no evidence to support the presence of TSH in lampreys
(Kawauchi and Sower 2006). It now appears that lampreys have thyrostimulin and
not TSH (Sower unpublished data; see paragraph below) In an earlier study from
Sower et al. (1985b), a partly purified salmon gonadotropin and an analog of GnRH
stimulated the elevation of thyroxine in adult female sea lamprey. These authors
suggested the possibility that the thyroid and gonad may both be activated by one
glycoprotein hormone. Uchida et al. (2010, 2013) have also suggested that the recently-identified hagfish glycoprotein has both gonadotropic and thyrotropic functions; they hypothesize 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. More recently, two kinds of glycoprotein hormone receptors (lGpHR I and II) have been cloned in the sea lamprey: one (lGpH-R I) is predominantly
expressed in the gonad and the other (lGpH-R II) is predominantly expressed in the
thyroid tissue (Freamat et al. 2006; Freamat and Sower 2008a; see Sect. 7.11). A
single GTH molecule may stimulate the gonads and thyroid glands through these
receptors (Sower et al. 2009).
A fifth heterodimeric GpH in gnathostomes (after FSH, LH, TSH, and CG) was
discovered in 2002 and termed thyrostimulin due to its thyroid-stimulating activity
(Nakabayashi et al. 2002). The vertebrate thyrostimulin is expressed in the pitu-

Drosophila melanogaster),
Sudo et al. (2005) proposed that an ancestral heterodimeric GpH existed before the
divergence of vertebrates and invertebrates, and that a later gene duplication event
in vertebrates produced the thyrostimulin (GpA2 and GpB5) and GTH/TSH (GpA1
ies in which GpB5 (Dos Santos et al. 2009; Tando and Kubokawa 2009) and GpA2
(Dos Santos et al. 2009, 2011) were identified from amphioxus, a basal chordate.
We now report the identification and characterization of a functional novel glycoprotein hormone, lamprey GpH (Sower et al. unpublished data). It consists of
any other vertebrate. Our compelling new data (including cloning of the full-length
with mammalian GpA2 than GpA1 subunits (Sower et al. 2009, unpublished data).
In situ hybridization revealed the GpA2 in lampreys is expressed in the rostral pars
distalis, proximal pars distalis, and pars intermedia (Sower et al. unpublished data).
was lost in the lamprey lineage; this is supported by syntenic and phylogenetic
analyses. After the gnathostome-agnathan divergence, subsequent gene duplica2009).
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We thus propose that, during the course of lamprey evolution, GpA2 became
stimulating hormone. This raises many questions, however, on why lampreys have
lampreys have a parasitic phase and need to “block” response to host fish gonadotropins? In lampreys, there are three hypothalamic GnRHs: how do three GnRHs
regulate one pituitary glycoprotein hormone and perhaps the putative thyrostimulin? How does one pituitary glycoprotein hormone differentially regulate the gonad
and thyroid? The overlapping of the pituitary-gonadal axis and pituitary-thyroid
axis will be addressed in future studies. Furthermore, whether the lamprey thyrostimulin has a functional role in mediating the processes of the gonad or thyroid
has yet to be determined. In gnathostomes, a cognant receptor has not been shown
for thyrostimulin, nor has the function of thyrostimulin been established (Kleinau
and Krause 2009); while thyrostimulin has been shown to activate the human TSHreceptor, it is not considered a major regulator of the thyroid gland.
In lampreys, therefore, the organization of the HPG axis is similar to that in
gnathostomes in its most fundamental features, but with a simplified structure. The
lamprey HPG axis overlaps with the pituitary-thyroid axis and involves a single
glycoprotein hormone and perhaps thyrostimulin interacting with two receptors;
this suggests an evolutionary plasticity of the gonadotropin/thyroid hormone stimulating hormone(s) in this basal group of vertebrates.

7.11 Glycoprotein Hormone Receptors
GTH and TSH hormone actions are mediated through a subfamily of GPCRs,
namely the GpH receptors (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 prototypical GPCR
segment. The extracellular N-terminal domain is primarily responsible for highaffinity hormone binding and contains a central portion of nine Leu-rich repeat
motifs, flanked by N- and C-terminal Cys-rich clusters. The C-terminal half of
the receptor contains a transmembrane region with seven hydrophobic transmemC-terminal domain (Grossmann et al. 1997; Dufau 1998; Ascoli et al. 2002; Moyle
et al. 2005). To date, approximately 79 GpH-Rs have been identified and described
in 36 different species, mostly in mammals but also in three species of birds, two
reptile species, one amphibian, and ten fish species (Hovergen Database, http://
pbil.univ-lyon1.fr).
Until recently, there had been no GpH-Rs described in any agnathan species.
One functional GpH receptor (lGpH-R I) (Freamat et al. 2006) was identified from
lamprey testis and a second functional GpH-R receptor (lGpH-R II) was identified
and shown to be expressed mainly in thyroid tissue (Freamat and Sower 2008a).
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These authors hypothesized that lGpH-R I and lGpH-R II are the only members
of the GpH receptor subfamily in lampreys (Freamat and Sower 2008a). They are
descendants of the TSH receptor-like molecular ancestors of the GpH-Rs in gnathostomes and are likely the result of the genome duplication event hypothesized to
have taken place before the divergence of agnathans (Sidow 1996; Kuratani et al.
2002).
The 719-amino acid full-length cDNA encoding lGpH-R I is highly similar and
likely a homolog of the vertebrate GpH-Rs (including LH, FSH, and TSH receptors;
Freamat et al. 2006). The key motifs, sequence comparisons, and characteristics of
the identified GpH-R reveal a mosaic of features common to all other classes of
GpH-Rs in vertebrates. The lGpH-R I was shown to activate the cAMP signaling
system using human chorionic gonadotropin (hCG) in transiently transfected COS7
cells. The highest expression of the receptor transcript was demonstrated in the
testes using RT-PCR. The high expression of lGpH-R I in the testis and the high
similarity with gnathostome gonadotropin hormone receptors suggest that lGpH-R
I functions as a receptor for lamprey GTHs.
The second GpH receptor (lGpH-R II) in the sea lamprey is a 781-residue protein
and is approximately 43 % identical with mammalian TSH-R and FSH-R representative sequences (Freamat and Sower 2008a). Similar to these two classes of
mammalian receptors, lGpH-R II is assembled from 10 exons. A synthetic ligand
activated the lGpH-R II expressed in COS7 cells but to a lesser extent than lGpH-R
I. The most obvious feature of the coding sequence of lGpH-R II is the presence
of a long linker fragment called signaling specificity domain (SSD) or “hinge” located between the Leu Rich Domain (LRD) of the extracellular segment and the
transmembrane domain. This is one of the longest linker fragments described in all
vertebrate GpH receptors. This is in contrast with the similar region of the lGpH-R
I, which is the shortest SSD/hinge segment among all vertebrate GpH-Rs (Freamat
et al. 2006). Molecular phylogenetic analysis of vertebrate GpH-R protein sequences provide evidence that the two lamprey GpH receptors form a sister group with
gnathostome TSH receptors, suggesting that the ancestral receptors are more TSH
receptor-like.
Therefore, at this point, a comparative perspective on this endocrine compartment in lampreys relative to the well established gnathostome paradigm suggests
the involvement of one pituitary GpH, possibly thyrostimulin, and two GpH-Rs as
opposed to three or four dimeric hormones and 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 a GpA2 and GpB5 in lampreys (see
Sect. 7.10) will now permit experimental studies to be performed. The existence
of a thyrostimulin in lampreys with a distinct binding specificity to GpH-R I and
II cannot be excluded. From the studies completed to date, Sower and colleagues
(e.g., Freamat and Sower 2008a, b, 2010) hypothesized that there is lower specificity of lamprey GpH and its receptor in agnathans and that, during co-evolution of
the ligand and its receptor in gnathostomes, there were increased specificities of
interactions between each GpH (TSH, LH, and FSH) and its receptor.
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7.12 Conclusions and Perspectives
Lamprey reproductive neuroendocrinology is still a young science, considering that
the first paper identifying lamprey GnRH-I was published in 1986, anatomical studwas identified in 2006. From the relatively short time from the late 1970s when virtually nothing was known about the neuroendocrine system in lampreys to the present,
there is now an impressive body of knowledge. The molecular, biochemical, and
functional studies of GnRHs, GTHs, and respective receptors show that these neuroendocrine factors share common functional and developmental features compared
to later evolved vertebrates. Further comparative studies of the GnRH and GTH
families will help provide clues on the evolution of reproductive mechanisms and insights into our understanding of gene duplication, structure-activity relations, and the
molecular evolution and functional diversity of reproductive hypothalamic and pituitary hormones. With such increasing knowledge from genomics and proteomics,
it will be necessary for us to understand the extent and intensity of changes in gene
expression levels due to hormones, the interactions between signaling pathways due
to hormones, and induced structural and functional changes to cells—all over a range
of ontogenetic stages and under a wide variety of environmental conditions.
The hypothalamic-pituitary (HP) system is considered to be a seminal event that
emerged prior to or during the differentiation of the ancestral agnathan vertebrates
(Sower et al. 2009). Reproduction in vertebrates is controlled by a hierarchically organized endocrine system. In spite of the very diverse patterns of life cycles and reproductive strategies and behaviors, this endocrine system is remarkably conserved
throughout the gnathostome lineages. A new paradigm was proposed by Sower
et al. (2009) in that the neuroendocrine control of reproduction and thyroid functions in the agnathan sea lamprey exhibits an overlapping, simplified organization
represented by one glycoprotein hormone putatively interacting with two receptors.
Therefore, a working hypothesis is 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 (Fig. 7.9). This
transforming paradigm serves as a model for analysis of the evolutionary mechanisms leading to emergence of the highly specialized gnathostome endocrine axes.
Thus, the phylogenetic position of lampreys as a basal vertebrate allows them to
be a basis for understanding genes that arose in the vertebrates. Techniques ranging from those of classical physiology to the sophisticated techniques of molecular
biology and knowledge of the lamprey genome now available has greatly aided the
expansion of our understanding of the neuroendocrine system. Yet, there are many
challenges that lie ahead; future research can include the elucidation of the complexities of the GnRH–GnRH receptor system, the array of other neuroendocrine
hormones, the GTH–GTH receptor system, and of course how these systems control reproduction during each of the reproductive stages and reproductive behavior.
Future research will increase our understanding and insight into the molecular and
functional evolution of brain and pituitary hormones and receptors in lamprey.

Sower et al. (2009
HPG
HPT) endocrine systems
evolved from an ancestral, pre-vertebrate, exclusively neuroendocrine mechanism by gradual emergence of the components of a new control level (GpHs/GpHRs) concomitantly with the development of the corresponding anatomical structure (pituitary). The endocrine control of reproductive and thyroid functions in
lampreys may reflect an intermediary stage on the evolutionary pathway to the highly specialized gnathostome HPG and HPT axes. Abbreviations: corticotropin
CRH
FSH
LH), thyrotropin stimulating
TSH
FSH-R
LH-R
TSH-R); other
abbreviations are as in Fig. 7.8. (This figure was originally published in Sower et al. (2009) and reproduced with permission of Elsevier)

7 The Reproductive Hypothalamic-Pituitary Axis in Lampreys
357

358

S. A. Sower

Abbreviations and Acronyms
aa
ACTH
BrdU
cAMP
cDNA
CG
E2
fGRP
FSH
GABA
GAD
GH
GnIH
GnRH
GnRHR

Amino acid
Adrenocorticotropic hormone
Bromodeoxyuridine
Cyclic adenosine monophosphate
Complementary DNA
Chorionic gonadotropin
Estradiol
Frog growth hormone-releasing peptide
Follicle stimulating hormone or follitropin
Gamma-aminobutyric acid
Glutamate decarboxylase
Growth hormone
Gonadotropin-inhibitory hormone
Gonadotropin-releasing hormone
Gonadotropin-releasing hormone receptor

GPCR
GpH
GS-1
GTH
hCG
HP
HPG
IL
IP
IP3
Ir
Kd
KiSS
LH
LHRH
LRD
mRNA
MSH
NHF
NPAF
NPFF
NPY
P
PD

G-protein coupled receptors
Glycoprotein hormone
Grifonia Simplicifolia-1
Gonadotropin
Human chorionic gonadotropin
Hypothalamic-pituitary
Hypothalamic-pituitary-gonadal
Intracellular loop
Inositol phosphate
Inositol triphosphate
Immunoreactive
Equilibrium dissociation constant
Kisspeptin
Luteinizing hormone or lutropin
Luteinizing hormone releasing hormone
Leu Rich Domain
Messenger RNA
Melanocyte stimulating hormone, or melanotropin
Nasohypophysial factor
Neuropeptide AF
Neuropeptide FF
Neuropeptide Y
Progesterone
Pars distalis
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PPD
Proximal pars distalis
PI
Pars intermedia
PMY Peptide methionine-tyrosine
POA
Preoptic area
POC
Proopiocortin
POM Proopiomelanotropin
POMC Proopiomelanocortin
PON
Preoptic nucleus
PO
Preoptic region
PRL
Prolactin
PrRP Prolactin-releasing peptide
QRFP Pyroglutamylated RFamide peptide
RFRP RF-amide-related peptide
RIA
Radioimmunoassay
RPD
Rostral pars distalis
RT-PCR Reverse transcriptase PCR
SML
Somatolactin
SSD
Signaling specificity domain
TRH
Thyrotropin-releasing hormone
TSH
Thyroid stimulating hormone, or thyrotropin
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